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Abstract

After lesions of the somatosensory dorsal column (DC) pathway, the cortical hand representation
can become unresponsive to tactile stimuli, but considerable responsiveness returns over weeks of
post-lesion recovery. The reactivation suggests that preserved subthreshold sensory inputs become
potentiated and axon sprouting occurs over time to mediate recovery. Here, we studied the
recovery process in 3 squirrel monkeys, using high-resolution fMRI CBV-fMRI mapping of
contralateral somatosensory cortex responsiveness to stimulation of distal finger pads with low and
high level electrocutaneous stimulation (ES) before and 2, 4, and 6 weeks after a high cervical
level contralateral DC lesion. Both low and high intensity ES of digits revealed the expected
somatotopy of the area 3b hand representation in pre-lesion monkeys, while in areas 1 and 3a, high
intensity stimulation was more effective in activating somatotopic patterns. Six weeks post-lesion,
and irrespective of the severity of loss of direct DC inputs (98%, 79%, 40%), somatosensory
cortical area 3b of all three animals showed near complete recovery in terms of somatotopy and
responsiveness to low and high intensity ES. However there was significant variability in the
patterns and amplitudes of reactivation of individual digit territories within and between animals,
reflecting differences in the degree of permanent and/or transient silencing of primary DC and
secondary inputs 2 weeks post-lesion, and their spatio-temporal trajectories of recovery between 2
and 6 weeks. Similar variations in the silencing and recovery of somatotopy and responsiveness to
high intensity ES in areas 3a and 1 are consistent with inter-individual differences in collateral
damage to and recovery of secondary (e.g. spinothalamic) pathways. Thus, cortical deactivation
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and subsequent reactivation depends not only on the degree of DC lesion, but also on the severity
and duration of loss of secondary as well as primary inputs revealed by low and high intensity ES.
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INTRODUCTION

The dorsal column of the spinal cord that terminates in the cuneate nucleus is the major
activation pathway of the hand representations in primary somatosensory cortex (area 3b),
the adjoining representation area 1, and the tactile component of areas 3a and 2. Thus, when
the dorsal columns (DC) are cut at high cervical levels (above the level where afferents from
the hand enter the spinal cord), the hand region in area 3b and other somatosensory cortical
areas become unresponsive to touch on the hand. However, over weeks to months of
recovery in monkeys with spinal cord lesions, much of the hand representation in area 3b,
and other cortical areas, becomes responsive to touch on the hand, and the pattern of
reactivation in cortex preserves aspects of the normal somatotopic order (Bowes et al., 2013;
Chen et al., 2012a; Jain et al., 1997; Qi et al., 2011). Some of this reactivation may originate
from those few primary afferents that often survive such spinal cord lesions. However the
spared afferents of the second order spinal cord neurons that normally provide sub-threshold
or modulatory inputs to the cuneate nucleus may also become an effective source of cortical
reactivation (Liao et al., 2015). The importance of these secondary inputs may increase with
increasing severity of primary deafferentation. In addition, the relative contribution of these
two components of cortical reactivation, and their relation to functional recovery, remain less
well understood, in large part because of the challenges and constraints imposed on
longitudinal studies within individual animals by the invasive nature of electrophysiological
mapping studies (Jain et al., 1997; Merzenich et al., 1983a; Merzenich et al., 1983b).
Progress in high resolution functional MRI mapping now permits non-invasive longitudinal
studies of cortical activation at high spatial resolution, with submillimeter coregistration of
functional maps across sessions (Chen et al., 2012a; Corbetta et al., 2002; Frey et al., 2008;
Lecoeur et al., 2011b; Lecoeur et al., 2011a; Makin et al., 2015a; Makin et al., 2015b;
Moore et al., 2000; Yang et al., 2014; Zhang et al., 2010). Furthermore, by comparing
cortical activation by low with high threshold pathways via low and high levels of tactile or
electrocutaneous stimulation (ES), the relative contributions of dorsal and other pathways to
local cortical innervation can be characterized (Dutta et al., 2014; Wang et al., 2012; Zhang
et al., 2007). By combining these approaches, the spatiotemporal patterns of cortical
reactivation as well as the relative contributions of reactivation of primary (low threshold
dorsal column) and expansion of secondary (high threshold spinothalamic) inputs to cortical
reactivation can be studied longitudinally in the same animal, thus controlling for inter-
animal variations in somatotopy, and lesion severity and location (Chen et al., 2012a; Yang
etal., 2014).

Here we exploit differences in the fMRI response properties of cortical areas to dorsal
column vs. spinothalamic inputs to track and characterize the afferents that drive cortical
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reactivation following varying degrees of loss of DC afferents. Thus, while tactile
stimulation of the hand effectively activates low-threshold cutaneous afferents from the
hand, contributions of higher threshold afferents from the hand and those of subsequent
second and perhaps higher level afferents in the spinal cord and brainstem may not be
revealed. Previous studies of blood-oxygen-level dependent (BOLD) contrast imaging have
shown that nociceptive stimulation in humans and non-human primates can activate area 3b,
as well as higher order areas of somatosensory cortex (Zhang et al., 2007), most likely via
the spinothalamic pathway (Bingel et al., 2004; Chen et al., 2011; Chen et al., 2012b;
DaSilva et al., 2002). Thus, pathways dependent on more intensive and even nociceptive
stimuli could contribute to cortical reactivations after DC lesions. ES levels can be adjusted
to largely activate low threshold tactile afferents or higher threshold afferents as well (Wang
et al., 2012). Co-activation of both sets of afferents may also more effectively activate higher
order spinal cord and other sensory pathways.

To monitor the spatiotemporal evolution of cortical responses resulting from sensory loss
and the origins of subsequent cortical reactivation, we collected high-resolution cerebral
blood volume (CBV)-based functional maps of somatosensory cortex from three squirrel
monkeys before and three times after a lesion of the contralateral dorsal columns at a mid-
cervical level. To examine the potential contributions of low and high threshold sensory
pathways in cortical activations and reactivation, we applied low and high ES to the distal
finger pads of digits 1-3 during imaging sessions in anesthetized monkeys. We reasoned that
the low intensity innocuous ES would selectively activate pre-lesion and spared post-lesion
low threshold primary Ap afferents, and their secondary spinal cord neuronal targets, while
high intensity nociceptive ES would recruit higher threshold A8 and C-fibers and would
more strongly activate lower threshold afferents and subsequent second order spinal cord
relays. To gain insights into the roles of low and high threshold inputs to cortical
reactivation, our study had three goals: first, to determine the spatial trajectories of recovery
of cortical responsiveness to low and high intensity ES of digits 1-3 before, and 2, 4, and 6
weeks after a DC lesion; second, to compare temporal trajectories of activation response
magnitudes in cortical areas 3b, 3a, and 1 at low and high levels of stimulation; third, to
compare the somatotopic organization revealed by ES fMRI after 6 weeks of recovery to that
obtained from microelectrode mapping using tactile stimulation.

As expected, high level ES to the digits effectively activated contralateral somatosensory
cortex before and after a large unilateral lesion of the dorsal column at a high cervical level.
Consistent with previous results, the larger, nearly complete lesion most effectively
deactivated the contralateral hand region in area 3b and adjoining areas shortly after the
lesion, while less complete lesions were less effective. Subsequent microelectrode mapping
clearly matched those of the final imaging session. The results suggest that preserved DC
afferents from the hand are important in maintenance and recovery of activation of cortex,
and that second order spinal cord pathways likely play a role in reactivation after nearly
complete lesions. In addition, the results reveal the usefulness of fMRI and electrocutaneous
stimulation of the skin in evaluating the recovery process in primates with spinal cord injury.
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MATERIALS AND METHODS

Animal preparation and DC lesion surgery

Three adult (4 yr old) male New World squirrel monkeys (Saimiri boliviensis) were used in
this study. The somatosensory cortex in these three subjects was scanned via high-resolution
functional magnetic resonance imaging (fMRI) before, and 2, 4, and 6 weeks after a DC
lesion. During the MRI scans, each monkey was anesthetized and mechanically ventilated,
with isoflurane (0.5-1.1%) delivered by a mixture of N,O/O in a 70:30 ratio. The head and
body were stabilized in an MRI compatible frame. Vital signs were monitored and
maintained throughout the imaging sessions.

After pre-lesion imaging data were collected, all animals underwent a unilateral dorsal
column lesion at cervical level C4-C5 in the spinal cord, that possibly spares some of the
primary afferent inputs from digit 1 and even digit 2 (Florence et al., 1991; Qi et al., 2011).
A DC lesion was made under aseptic conditions and general anesthesia. The animal was
intubated for ventilation, skin incision was made in the back of the neck, and muscles were
separated to expose the dorsal vertebrae near cervical level C4-C5. A small opening was
made on the dorsal arch of the vertebrae by first slicing the superficial connective tissue
between the two vertebrae outside of the spinal cord, then carefully removing small pieces
of bone on the dorsal arch of 1 segment using rongeurs. The dura and pia covering the
cervical spinal cord were resected. Unilateral dorsal columns were sectioned on the right
side of the spinal cord for all three monkeys with a pair of surgical iris scissors. To close, the
dura was replaced by Gelfilm, and muscles were re-closed and sutured using absorbable
suture. The skin was closed using surgical staples. The monkeys were carefully monitored
until they fully recovered from anesthesia before they were returned to their home cage. The
monkeys received antibiotics and analgesics for 3 days after surgery. All experimental
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.

FMRI acquisition

MRI scans were acquired at 9.4T (Agilent) using a 3 cm surface transmit-receive coil
positioned over primary somatosensory cortex (Fig. 1).

Structural Imaging—3D whole brain isotropic images were collected (TR/TE=5/2.39 ms,
128 x 128 x 128 matrix; 0.5%0.5x0.5 mm3) and used for planning of coregistered high
resolution structural and functional images. These images were also used for coregistration
of imaging studies between sessions (Lecoeur et al., 2011a, 2011c). High resolution T2*-
weighted gradient echo structural images (TR/TE 400/16 ms, 16 slices, 512x512 matrix; 68
x 68 x 500 um3 resolution) were acquired as a multi-slice oblique stack positioned for
maximal in-plane coverage of somato-sensory areas 3a, 3b and 1 (Fig. 1A). These images
were used to identify cortical venous structures used to locate somatosensory cortex and
provide structural landmarks for co-registration of fMRI maps across imaging sessions.
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CBV-fMRI—Cerebral blood volume-based functional mapping used a multi-slice multi-shot
gradient echo-echo planar imaging (GE-EPI) sequence (2-shot, TE/TR 10/750 ms, 128 x
128 matrix; 273x273 um? in-plane resolution, 2 mm thick, no gap, 4 slices). Images were
collected using the same plan coordinates, and were thus intrinsically coregistered with the
T2* weighted high resolution structural images. CBV-fMRI mapping studies began 10
minutes following a slow i.v. bolus of monocrystalline iron oxide nanocolloid contrast agent
(MION, 12 mg/kg). Each functional imaging run consisted of 300 image frames.

Activation Protocol—During a single imaging run, seven alternating 30 s blocks of
baseline and single digit electrocutaneous stimulation (ES) were delivered to digits 1, 2, or
3. ES was generated by a Grass Technologies S88 stimulator (Natus Neurology, West
Warwick, RI), stimulus isolation unit (SIU5) and constant current unit (CCU1). The
stimulation was delivered through gold leads and electrode gel (Spectra360, Parker
Laboratories, Inc, Fairfield NJ) placed on the lateral aspects of a distal finger pad. The ES
consisted of an 8 Hz train of square wave pulses each with duration 2 ms and pulse
amplitude at 2 mA (low intensity) or 4 mA (high intensity). Parallel studies confirmed that
low intensity stimulation engaged area 3b in a somatotopically organized manner consistent
with activation of low threshold primary afferents, while the high intensity, which was close
to human pain thresholds (Inui et al., 2003; Ruben et al., 2006), maximally activated areas
3a, 3b, 1 and 2 consistent with activation of both low and high threshold (primary, secondary
and possibly higher order) afferents. Specifically, the response properties of areas 3a, 3b and
1 to increasing ES intensity were measured in the same animals pre-lesion. These
measurements confirmed that 2 mA ES engaged only area 3b, whose CBV-fMRI response
increased monotonically with increasing current, saturating at ~4 mA, while areas 3a and 1
were unresponsive to ES currents below 3 mA. Beginning at 3 mA ES, area 3aand 1
responses increased monotonically with increasing current until plateauing at 6-8 mA
(Wang et al., 2012). These stimulation parameters are similar to those used in other studies
in squirrel monkeys (Schroeder et al., 1995). No movement (digit twitch) was observed
when digits were stimulated at either intensity under anesthesia.

FMRI Analysis—All data were analyzed in Matlab (MathWorks, Natick, MA). Functional
data were not smoothed in the spatial domain. The initial 5 volumes of each run were
discarded from data analysis so that only steady state signals were included. CBV time
courses were drift corrected, then temporally smoothed with a low-pass filter (0.25 Hz
cutoff). Activation maps were determined using voxel-wise correlation of fMRI signal with
stimulus waveform (Chen et al., 2007). The area of single digit activation in different brain
areas were then determined using a threshold at p < 10~ (uncorrected for multiple
comparisons) and a cluster size of k = 2. CBV signal time courses from significantly
activated voxels in each of the areas 3a, 3b, and 1 were extracted and averaged across runs
within a session, and peak amplitudes of CBV responses to stimuli were obtained and
compared.

Co-registration—Our study required longitudinal co-registration of fMRI results across
sessions, as well as co-registration of the final fMRI session with microelectrode maps, and
with histological tissue processed for architecture. High resolution T2*-weighted images
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provided the detailed vascular architecture and landmarks used for the co-registration of
structural images collected across sessions, allowing anatomic co-registration to within ~50
um between imaging sessions (Lecoeur et al., 2011b). The coordinates of those landmarks
were then used in a point-based registration algorithm to superimpose the CBV activation
maps (Chen et al., 2007). A point-based registration transformation between these two sets
of coordinates was also applied to a picture acquired during electrophysiological mapping,
allowing for an overall superposition of the CBV activation maps, electrophysiology map,
and a high-resolution T2*-weighted structural image. Once the MRI-map and the blood
vessel photograph used for electrophysiological map were aligned, the activation region of
CBYV responses could be outlined and superimposed onto the electrophysiological map.

Microelectrode mapping

To test if the CBV signals from fMRI faithfully reflect the neuronal reactivation in the
cortex, we determined the topographic maps in the deprived hand representations in areas 3b
and 1 by single microelectrode mapping methods. Neuronal responsiveness, receptive field
properties, and somatotopic maps with a high resolution (around 300 um) in deprived
somatosensory cortex were determined 1, 2 and 3 weeks following the final fMRI mapping
(i.e. 7, 8 and 9 weeks after DC lesion) for SM-BB (98% loss), SM-Ge (79% loss) and SM-A
(40% loss) respectively. This allowed us to compare the results from fMRI activation and
microelectrode mapping. Surgical procedures are fully described elsewhere (Jain et al.,
2008; Kaas and Florence, 1997; Merzenich et al., 1978; Qi et al., 2011). In brief, each
monkey was given an initial ketamine injection (10-30 mg/kg, i.m.) for sedation, followed
by isoflurane anesthesia (1-2%). After reaching a deeply anesthetized level, the monkey was
secured in a stereotaxic device for surgery and the duration of the experiment. The monkey
was then artificially ventilated. A craniotomy and durotomy were performed to expose the
forelimb regions of areas 3a, 3b, 1 and 2, and posterior parietal cortex. The opening in the
skull was covered with silicon oil to prevent desiccation. The cortical surface was
photographed, and the blood vessel pattern was used to guide the placement of electrode
penetrations, which were marked on the photograph, and were further used for alignments of
fMRI images and the microelectrode receptive field maps.

To record the responses of cortical neurons, a low impedance tungsten microelectrode
(IMQ, Microprobes, Gaithersburg, MD) was held on a stereotaxic manipulator and inserted
perpendicularly into the cortex with a hydraulic micromanipulator (Narishige International
USA, Inc, East Meadow, NY). Within the hand representations of areas 3b and 1, the
microelectrode penetrations were placed densely in ~300 um spacing with allowances for
blood vessels. An effort was made to cover most or all of the hand representations in areas
3b and 1 during the recording session. More limited recordings were obtained from areas 3a,
2, and 5. Magnitudes of multi-neuronal responses to the tapping and manipulation of the
hand, as indicated by the audio signals of the neuron firing, were constantly evaluated as the
microelectrode passed through the superficial to the middle layers of cortex (up to 700 um
depth). For each penetration, we characterized neurons’ receptive field location, size, and
stimulus preference to light touch, tapping, and joint movement stimuli, at the site where the
strongest evoked response occurred. Neurons were classified as cutaneous if they responded
to light contact on the skin or hair movement, high threshold if they required taps to the skin,
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and non-cutaneous or “deep” if they responded only to the manipulation of joints and
muscles. The minimum receptive field was determined by the area of skin where light
touches with a hand held probe activated the recorded neurons (Merzenich et al., 1978).
When a receptive field was defined, it was outlined on a drawing of the hand or other
relevant body part. At the end of the recording sessions, electrolytic lesions were made by
passing anodal direct current (10 uA) as an electrode was withdrawn from a range of depths
(i.e. 3.5—5mm) in cortex to the pial surface.

These marking lesions were later used to relate the recording results to cortical architecture
from histological tissue processing.

Co-registration of fMRI with single electrode receptive field mapping

FMRI activation maps evoked with Low and high intensity ES maps were intrinsically
coregistered within each imaging session (pre-lesion, 2, 4, 6 weeks post-lesion). Activation
maps were co-registered across sessions using automatic longitudinal registration (Lecoeur
etal., 2011a, 2011c). fMRI images were then aligned with a high resolution photograph of
the sensorimotor cortical areas after a craniotomy and durotomy that was used for more
precise electrophysiological mapping. The sulci and blood vessels alignments between these
2 images were done without knowledge of the electrophysiological mapping results; finally,
at the conclusion of the electrophysiological mapping experiment, electrolytic lesion marks
were made at strategic penetration sites (usually at electrophysiological boundaries).
Photomicrographs were taken from a tangentially cut cortical section processed for myelin,
cytochrome oxidase (CO), or vesicular glutamate transporter 2 (vGIuT2) to confirm
architectural boundaries and to locate electrolytic lesion marks. As a result, MRI images
were superimposed on the electrophysiological maps based on sulci and blood vessel
landmarks. Thus, the foci from MRI responses were transferred onto the reconstructed
electrophysiological map.

Estimates of axon sparing in cuneate nucleus

Tracer injection—To determine the levels and extents of the DC lesion, transganglionic
transport tracer cholera toxin subunit B (CTB, Sigma-Aldrich Co. LLC, St. Louis, MO) was
subcutaneously injected into the tips of digits 1, 3, and 5 of both hands (1% in dH20, 5 pl at
each injection site) while monkeys were anesthetized with 1-3% isoflurane. Procedures
followed those described previously (Florence et al., 1991; Qi et al., 2011; Qi and Kaas,
2006). To allow for appropriate transportation time, injections were placed 4 — 6 days before
terminal microelectrode mapping procedures.

Measurement of CTB labeled axon terminal fields in cuneate nucleus—In order
to quantitatively measure the distribution (areal size) of CTB-labeled terminal fields in the
cuneate nuclei of the brainstem, we used NIH Image J v.144 software (available as freeware
from http://rsbweb.nih.gov/ij/). We measured CTB-labeled terminal fields to quantitatively
estimate the effectiveness of the dorsal column lesion in each monkey. Detailed procedures
are described elsewhere (Qi et al., 2011). In brief, we measured the differences in CTB
labeled axon arbors in the cuneate nucleus of the brainstem on both lesioned and non-
lesioned sides by determining the cross-sectional area of the labeled foci in individual
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brainstem sections from caudal to rostral through the nuclei. The measured foci were those
areas that exceeded a threshold of optical density measured with NIH ImageJ software. All
measurements were then exported to Excel software for illustration purposes, and statistical
comparisons between measures of the lesion and intact sides of sections were performed in
Matlab (Wilcoxon matched-pairs signed-ranks test, a. = 0.05).

Tissue Processing—At the conclusion of the terminal microelectrode mapping session,
the monkey was given a lethal dose of anesthetic (sodium pentobarbital), and when
areflexive, perfused transcardially with phosphate buffered 0.9% saline (PBS, pH 7.4)
followed by 2-4 % paraformaldehyde in PB, and then by 2—-4% paraformaldehyde with 10%
sucrose in PB. The brain and spinal cord were removed. Cortex was separated from
subcortical structures, manually flattened, and kept flat between glass slides (see (Gharbawie
et al., 2011) for progressive steps of flattening squirrel monkey cortex). The cortex,
brainstem, and spinal cord were stored overnight in 30 % sucrose in PB for cryoprotection.
The flattened cortex was cut parallel to the surface at 40 pm thickness on a freezing
microtome, and the sections were stained for myelin (Gallyas, 1979), cytochrome oxidase
(Wong-Riley, 1979), or vesicular glutamate transporter 2 (vGIuT2, e.g., (Hackett and de la
Mothe, 2009) to reveal the cortical areal boundaries related to area 3b, the locations of the
electrolytic lesion markers, and the electrode tracks. The brainstem was sectioned in a
coronal plane and the spinal cord in the horizontal plane, both at 40 um thickness. Every
fourth section of the brainstem and every other section of the spinal cord were processed
with immunostaining to reveal CTB (Qi et al., 2011). Another series of brainstem sections
were processed for cytochrome oxidase to reveal brainstem architecture (Qi and Kaas,
2006).

Reconstructions

Spinal cord lesion—In order to reconstruct spinal cord lesions, images of the spinal cord
sections were acquired using a Nikon E800 microscope and a Nikon DXM1200 camera
(Nikon Inc., Melville, NY). All horizontally cut spinal cord sections were aligned along the
midline and a pinhole in the spinal cord made by a penetration perpendicular to the plane of
section. The maximal extent of the lesion, the white matter, and the grey matter of each
section were measured, and a coronal view of the lesion site was reconstructed from the
series of sections with Adobe Illustrator software (see (Qi et al., 2011) for details).

Microelectrode mapping—Representations of the hand and adjoining parts of the face
and arm in somatosensory cortex were reconstructed by relating receptive field locations to
cortical recording sites transposed from their marked locations on photographs. The
electrode penetrations and recording sites were then superimposed on images of
histologically processed flattened cortical sections with the aid of electrolytic lesion
markers, blood vessels, and sulci landmarks apparent in both the brain section and surface
photograph. The known distances between microlesions were used to correct for the slight
shrinkage of brain sections due to tissue processing. The borders of areas 3b and 1 were
estimated from the architectonic results and physiological data. Designated locations for
cortical areas are based on our best estimates, particularly for areas 1, 2, and 5 which have
borders that are difficult to define architectonically.
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RESULTS

The primary goal of this study was to investigate how deafferentation of somatosensory
cortex from a mid-cervical spinal cord injury affects cerebral blood volume (CBV)
responses to the electrocutaneous stimulation of digits of the contralateral hand. The results
are presented in 3 sections: (1) the nature of the lesions; (2) CBV responses in
somatosensory areas 3a, 3b, 1, 2, and 5 before and after DC lesion; and (3) neuronal
receptive fields and topography characterized with microelectrode recordings, as well as the
verification of the CBV activation maps with the electrophysiological maps. As the extents
and levels of the lesions varied, the results are presented on a case-by-case basis starting
with the monkey with the most extensive lesion.

Lesion Characteristics

Behavioral observations after DC lesion—While no quantitative behavioral
assessments were made, we observed the monkeys’ general behavior patterns in their home
cages for several weeks following the DC lesion. Immediately following DC lesion, monkey
SM-BB (98% loss) was more reluctant to use the affected hand (ipsilateral to the DC lesion).
Specific changes included: not using the affected hand to reach out and grasp food items;
rarely using the affected hand to hold onto the cage wall; less frequent use of the affected
hand for walking and climbing. Within a few weeks these alterations in home cage activity
had largely resolved and were not obvious. In contrast, the other 2 monkeys (SM-Ge, SM-A)
showed only minimal impairments of regular home cage behaviors after a week of recovery
from DC lesion.

While all three animals received DC lesions at the same C4-C5 cervical spine level (Fig. 2),
the final lesion extent, and its impact on the loss of cortical inputs varied between animals.
Comprehensive histology and CTB labeling results are summarized in Figs. 3-5. In squirrel
monkey SM-BB (98% loss), the DC lesion was at the rostral tip of C5, the level at which
afferents from D1 enter (Fig. 2, Fig. 3A). There was almost total absence of CTB staining
(2% of contralateral control) in the lesion-side midbrain cuneate nucleus (CuN) - the first
synaptic relay station of primary, as well as some secondary, ascending afferents —
confirming that the vast majority of inputs from the digits and hand on the (right) lesioned
side were interrupted (Fig. 3B, C).

Lesion Histology—The DC lesions in squirrel monkeys SM-Ge (79% loss) and SM-A
were less extensive. Although both lesions were placed at the cervical C4 level and the
lesion sizes were comparable to that of SM-BB (98% loss), the locations of the cuts were
more lateral, allowing more afferents in the cuneate fasciculus to survive, as reflected in
denser CTB-label in CuN on the lesion side. Thus, the fraction of axon sparing on the lesion
side compared to the intact side was 21% in SM-Ge (Fig. 4B, C), and 60% in SM-A (Fig.
5B, C). The summed areal differences of the CTB patches in CuN between the lesion and
non-lesion sides were highly significant in all 3 cases (Wilcoxon matched-pairs signed-ranks
test, p < 0.002). The lesions also encroached into the dorsal horn, intermediate zone, and
some portions of the ventral horn, to differing extents, in all three monkeys. The lateral and
ventral ascending pathways such as dorsolateral funiculus, spinocervical, and spinothalamic
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tracts were intact, as were the major descending pathways of the corticospinal, rubinospinal,
and cerebellospinal tracts

In summary, the severity of the DC lesion measured by loss of CuN afferents varied, with
SM-BB (98% loss) > SM-Ge (79% loss) > SM-A (40% loss). This allowed us to exploit
longitudinal fMRI studies, with each animal serving as its own pre-lesion control, to
examine the influence of severity of primary deafferentation on the degree, nature and
spatiotemporal trajectory of cortical deactivation and subsequent reactivation, as well as
providing direct electrophysiological correlates with the final fMRI time point.

CBV-fMRI maps in cortex before and after dorsal column lesion

Pre-lesion Maps—Before the spinal cord lesion, low level ES of digits 1, 2, and 3 evoked
a focus of blood volume increment in contralateral area 3b for each digit (Figs. 6-8, Panel
A), but did not evoke any significant CBV responses in areas 3a, 1 or 2. The area 3b foci
were arranged in a mediolateral sequence reflecting the normal representational territories of
these digits (Sur et al., 1982). They also recapitulated the small but stable inter-subject
variations in detailed somoatotopy revealed by repeated fMRI mapping studies (Chen et al.,
2007; Zhang et al., 2010). Thus, low level ES of the digits revealed a somatotopic pattern
that closely matched those previously reported microelectrode mapping experiments where
neurons in area 3b responded to tactile stimulations (e.g., Merzenich et al., 1978; Merzenich
etal., 1987; Sur et al., 1982).

High level ES activated rostral to caudal bands of somatotopically organized foci in hand
regions of areas 3a, 3b and 1. The foci in these areas were in their expected locations in a
mediolateral sequence for digits 3, 2, and 1. The results varied somewhat across the three
cases, again reflecting inter-individual variations in fine-scale organization. Less consistent
activation of more rostral (presumed M1: SM-BB (98% loss), SM-Ge (79% loss)) and/or
caudal (presumed areas 2/5: SM-BB) bands of higher order were also detected (Figs. 6-8,
Panel E). Case SM-Ge (Fig. 7) had foci for the 3 digits in expected locations for area 3b, but
foci for only digits 2 and 3 in area 3a, and digits 1 and 2 in area 1. Additional foci were
detected caudomedially in area 2 or perhaps area 5, where more convergence of inputs from
digits is expected (Cooke et al., 2014; Padberg et al., 2009; Padberg et al., 2010; Pons et al.,
1985).

The somatotopy and area boundaries defined by fMRI were consistent with the known areal
and somatotopic organization, and inter-session co-registration of functional images can be
as accurate as ~ 140 um (Lecoeur et al., 2011b). Some residual mis-registration between
fMRI-defined, and terminal electrophysiological maps and histologically defined area
boundaries was evident. These mis-registrations arise from the imperfect correction for non-
linear distortion of area boundaries during flattening of cortical tissue for histology, and by
imperfect correspondence between the planar orientation of the functional imaging slice, and
the projection of the curved cortical surface onto a flat photographic plane during the
terminal physiological mapping procedure. Nonetheless, mis-registration was generally 100
— 200 pum for SM-Ge (79% loss) and SM-A, and was no more than ~500 um for SM-BB
(98% loss).
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Overall, the results support the contention that electrocutaneous stimulation at even high
intensity reveals normal aspects of somatotopic organization, but some care is needed in
reconciling apparent differences between fMRI, electrophysiology and histologically defined
maps due to occasional residual mis-registration.

Post-lesion maps—By 6 weeks post-lesion, all animals showed reactivation of digits 1-3
in area 3b by low amplitude ES in a somatotopically organized manner that closely
resembled each animal’s pre-lesion map (Figs. 6-8). However as expected, given the
variable loss of primary afferents and inter-subject differences in the impact of the c-spine
lesion on secondary and higher order inputs, the temporo-spatial trajectories of cortical
reactivation revealed by low and high intensity ES CBV mapping at intermediate time points
varied, and are described in detail for individual animals

SM-BB (98% loss)—Deactivation of cortex 2 weeks post-lesion was extensive in the case
of SM-BB, whose C5 level lesion prevented all but some remnant DC afferents from digit 1
reaching the cuneate nucleus (Figs. 2, 3). Consistent with this, 2 weeks post-lesion, the hand
territories in contralateral areas 3b, 3a, 1, and 2 were unresponsive to low and high intensity
stimulation of digits 2, and 3 (Fig. 6B, F). Only stimulation of digit 1 elicited any cortical
activation. A small focus at the hand/face boundaries of area 3b/1 was activated by low
intensity stimulation of digit 1. High intensity stimulation of digit 1 further activated this and
two additional foci near the hand-face border of area 1, as well as a large focus in hand
cortex of area 3a overlapping the digit 1 high intensity activation in 3a pre-lesion, suggesting
the activation of preserved proprioceptive afferents in the spinal cord.

After 4 weeks of recovery, low intensity stimulation failed to activate additional cortex (Fig.
6C). High intensity stimulation evoked more and larger foci for digits 1 and 2 in area 3b,
additional foci for digit 1 in area 3b, and multiple foci for digits 1 and 2 in areas 1 and 2
(Fig. 6G).

Finally after 6 weeks of recovery, low intensity stimulation of digits 3, 2, and 1 evoked small
foci of activity in approximately the expected mediolateral locations in area 3b (Fig. 6D).
With high intensity stimulation, more activity was apparent in areas 3a, 3b, 1, and 2, with
multiple foci and somatotopic reorganization in areas 1 and 2 (Fig. 6H). Thus, over 6 weeks
of recovery, considerable reactivation of cortex occurs even after a nearly complete
disruption of digit projections to the cuneate nucleus via the dorsal columns.

SM-Ge (79% loss)—2 weeks after DC lesion, low and high intensity stimulation elicited
spatial patterns of activation for digits 1-3 in areas 3b (low and high intensity) and 3a (high
intensity) that matched the pre-lesion maps. Notably, when compared with pre-lesion
dimensions (Fig. 7A, E), the areal extent of area 3a and 3b high intensity activations was
greater for all digits 2 weeks post-lesion, as it was for low intensity digit 3 stimulation in
area 3b (Fig. 7B, F). The three low stimulus intensity area 3b foci matching those evoked
before the DC lesion remained in the same locations after 4 and 6 weeks of recovery (Fig.
7C, D), while the strength and area of digit 3 response to low intensity stimulus decreased
over time to more closely resemble the pre-lesion values. In contrast to the low intensity
maps, which remained somatotopically stable, with no additional recruitment or loss of

Neuroimage. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 12

activation areas from 2 to 6 weeks post lesion, the high intensity map showed significant
evolution with time (Fig. 7F, G, H). The expanded, but still somatotopically organized areas
of activation observed for all three digits in areas 3a and 3b at 2 weeks decreased in areal
extent at 4 weeks (and in the case of area 3a digit 1 disappeared), and additional high
intensity activation foci for each digit were present in areas 3b, 1, 2, and/or 5 (Fig. 7G). At 6
weeks (Fig. 7H), area 3b responses in all three digit territories remained somatotopically
organized and matched pre-lesion centers. However, they were increased compared with
week 4, and again resembled the week 2 map, with greater areal extent, and exaggerated
CBYV responses compared with pre-lesion. In the case of digit 3, there was greater caudal
expansion of area of activation within area 3b into more proximal digit areas, reaching the
border with area 1. In areas 1,2 and 5, the patterns of activation continued to evolve, and
their areas and strength of CBV response were similarly increased compared with week 4
responses.

For SM-Ge (79% loss), the DC lesion reduced direct inputs from digits 1, 3, and 5 to the
cuneate nucleus almost 80%. Cuneate terminations from digit 1 were almost undetectable,
those from digit 3 were somewhat spared, and those from digit 5 more so. Furthermore,
based on the MRI results, it is likely that the inputs from digit 2 more closely resemble digit
3 than digit 1 (Figs. 5, 10). This is consistent with the observed stability of the low intensity,
and the spatio-temporal evolution of the high intensity maps. Taken together, these findings
provide evidence for preservation and or early recovery of somatotopic activation of area 3b
by primary inputs revealed by low intensity stimulation, and later more extensive activation
of these and more extended and somatotopically reorganized areas by recovering and/or
sprouting secondary and higher order high-threshold inputs.

SM-A (40% loss)—Somewhat surprisingly, given the significant sparing of primary DC
inputs suggested by significant digit 1 and digit 3 CTB labeling in CuN, low intensity
stimulation produced only a small focus of activity in area 3b related to digit 1 after two
weeks of recovery (Fig. 8B), with subsequent recovery of digits 2 and 3 at 4 and 6 weeks
(very weak digit 3 focus at 4 weeks), all somatotopically organized in their pre-lesion
locations with pre-lesion response amplitudes and areas (Fig. 8C, D). There was a similar
trajectory of recovery in high intensity stimulus maps (Fig. 8F-H): at week 2, digits 1 and 2
showed somatotopically organized responses in area 3b, as well as a transient more caudal
area 3b focus of digit 1 activity. There was only a weak digit 1 focus in area 3a, and area 1
was silent; by week 4, high intensity stimulation evoked activation of digits 1 and 2 across
areas 3a, 3b and 1, with some digit 2 activation in area 2/5. At week 6, there was complete
recovery of somatotopically organized activations for all three digits in areas 3a, 3b and 1,
that closely matched the pre-lesion high intensity map, with small additional digit 1 and digit
2 activation foci in area 2/5. Thus, a lesion that left more than half of the dorsal column
afferents intact nonetheless depressed the short term responsiveness of somatosensory cortex
to low and high intensity stimuli, but allowed almost complete recovery of responsiveness to
both low and high intensity stimuli with near normal somatotopy after 6 weeks of recovery.
These patterns of recovery, with preservation of pre-lesion somatotopic organization for both
low and high intensity maps, are consistent with the significant sparing of DC inputs to
CuN, suggesting that transient non-lethal suppression of both direct and secondary pathways
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underlies the initial deactivation and subsequent reactivation of somatosensory cortex in this
animal.

Overall, the results from the three cases suggest that imaging somatosensory cortex at low
and high levels of ES of the digits can provide valuable information about the normal
somatotopy of area 3b, but also areas 3a and 1 and posterior parietal cortex. Furthermore, the
spatiotemporal trajectories of low and high intensity cortical responses post-lesion suggest
that both direct and indirect pathways contribute to the reactivation of cortical areas deprived
of inputs by acute deafferentation, with their relative contributions being influenced by the
nature and severity of the injury to direct and secondary inputs, and themselves influencing
the nature and functional/somatotopic appropriateness of cortical reactivation.

Longitudinal functional mapping at 2, 4, and 6 weeks post-lesion indicates that considerable
reactivation of hand cortex can occur over 6 weeks of recovery even after a nearly complete
dorsal column lesion. This reactivation was best revealed by the high intensity stimulation,
and the results suggest that some somatotopic reorganization occurred following severe loss
of inputs. However, recovery of near normal patterns of activation in area 3b and beyond
were observed for lesions that left 20% or more of hand related dorsal column inputs intact.

CBV response magnitude after DC lesion and recovery

The effects of a DC lesion and the recovery process on the magnitudes of the CBV
responses were evaluated in areas 3a, 3b, and 1. Response magnitudes of CBV signal time
courses for voxels significantly activated by low and high intensity ES in each of the areas
(3a, 3b, and 1) were extracted for each digit and averaged across runs and voxels within a
session. Responses averaged across digit 1, 2 and 3 fields for subject SM-BB (98% loss),
where all three digits behaved similarly, illustrate typical CBV response profiles to low and
high intensity ES in area 3b before and after a DC lesion (Fig. 9): pre-lesion, low intensity
stimuli evoked negative signal responses, consistent with local rCBV increase; high intensity
stimuli evoked stronger responses in the same, or slightly larger patches in area 3b. In
contrast to area 3b, areas 3a and 1 were relatively unresponsive to low intensity ES, but had
similar response profiles to 3b for high intensity stimuli.

Using these CBV response profiles, we tracked area and digit specific patterns of loss and
subsequent recovery of CBV responses after DC lesion to gain further insights into the
impact of DC lesion on loss of direct (DC) and indirect (e.g. spinothalamic) inputs to
somatosensory areas, and the relative contributions of these pathways to subsequent cortical
reactivations. We also plotted the time course of the difference between high and low ([high-
low]) ES CBV response amplitudes to assess the contribution of secondary pathways to
reactivation post-lesion. Figure 10 summarizes these data, and reveals digit-level differences
in the patterns of areal reactivation between animals, reflecting differences in the impact of
the spinal cord lesion on primary (DC) and secondary digit-specific inputs. Prior to
lesioning, only area 3b responded significantly to low intensity ES, while high intensity
stimuli elicited similar strong responses in areas 3a, 3b, and 1 for each digit. CBV response
amplitudes were similar among the 3 somatosensory areas when the high intensity stimulus
was applied, and again, post-lesion responses varied between animals:
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SM-BB (98% loss)—2 weeks post-lesion, there was nearly total suppression of low and
high stimulus CBV responsiveness for all three digits in all areas. The loss of area 3b
responsiveness to low intensity stimuli in all three digits is consistent with the near complete
DC lesion. Furthermore, the lack of response of all three digits to high intensity stimuli in
areas 3a, 3b and 1, and the reduction in their [high-low] response to near zero, suggest that
there was also major loss of secondary inputs to all three areas. By week 4, however, there
was some recovery of responsiveness of digits 1 and 2 in area 3b to high intensity stimuli,
with the recovery evident in the [high-low] response, consistent with recovery and/or
expansion of secondary inputs of digits 1 and 2 to area 3b. At week 6, there was some
recovery of low intensity responses in area 3b for all three digits, and further recovery to
near pre-lesion high, low and [high-low] amplitudes. High intensity, and [high-low]
responses were at (area 1) or near (area 3a) their pre-lesion values for all three digits. In
summary, these patterns of decline and recovery of digit-specific areal responses are
consistent with major loss of both direct DC as well as secondary pathways for digits 1, 2
and 3. They further suggest an earlier reactivation of area 3b digits 1 and 2 by secondary
inputs, followed by later reactivation of all three digits by residual primary and secondary
inputs, while reactivation of areas 3a and 1 by indirect inputs occurred later and may still
have been incomplete.

SM-Ge (79% loss)—In contrast to the decreased response to low intensity stimuli in area
3b seen in all three (SM-BB: digits 1, 2, 3) or two (SM-A: digits 2, 3) 2 weeks post-lesion,
low intensity responses were intact for all three digits in SM-Ge, and remained so at weeks 4
and 6. Responses to high intensity ES in area 3b were similarly unaffected for digit 3, as
were the [high-low] responses. For digits 1 and 2, however, area 3b high and [high-low]
intensity responses were elevated at week 2, and remained so 4 and 6 weeks post-lesion. In
particular, the time courses of the [high-low] responses suggest an increase in the activation
of digit 3 by indirect pathways at week 2, with a similar but smaller increase in digit 2. In
areas 1 and 3a high and [high-low] intensity responses were similar to or slightly elevated
compared with pre-lesion values for digits 1 and 2. Digit 3 responses in area 1 were
depressed 2 and 4 weeks post-lesion but had recovered by week 6, suggesting a transient
impact of the lesion on secondary digit 3 inputs to area 1.

The recoveries in digit 3 were consistent with partial sparing of digit 3 inputs to CuN, but
the large increases in high and [high-low] responses in area 3b for digits 1 and 2 two weeks
post-lesion suggest a significant contribution of secondary inputs to early reactivation in
addition to that provided by spared direct (DC) inputs.

SM-A (40% loss)—Despite the sparing of a large fraction of inputs to CuN from all five
digits suggested by CTB staining. SM-A showed significant depression of low intensity
responses for digits 2 and 3 in area 3b 2 weeks post-lesion (Fig. 8). All three digits showed
pre-lesion levels of low intensity responsiveness at weeks 4 and 6. High and [high-low]
intensity responses in area 3b were similar to pre-lesion levels for digits 1 and 2 at 2, 4 and 6
weeks post-lesion, while digit 3 responsiveness was profoundly reduced at 2 weeks, but had
normalized at 4 and increased further at 6 weeks. In contrast to the sparing of digit 2 (as well
as digit 1) high and [high-low] intensity responses in area 3b, there was major compromise

Neuroimage. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 15

of both digit 2 and digit 3 responses in areas 1 and 3a 2 and 4 weeks post-lesion, with partial
recovery in area 1 and near complete recovery in area 3a at 6 weeks. Taken together with the
post mortem lesion histology, these results suggest that the initial loss but ultimately near
complete recovery of low, high and [high-low] intensity responses in area 3b may reflect
transient silencing, but not loss, of most DC (digits 2 and 3) and secondary inputs (digit 3) to
this area. A similar scenario might explain the delayed trajectories of recovery for digits 2
and 3 in area 3a, while in area 1, it is unclear whether the partial recovery of digits 2 and 3
seen at 6 weeks was continuing, or represents stable axonal loss.

Microelectrode mapping of somatosensory cortex after dorsal column lesion

Multiunit microelectrode mappings were made from a total of 593 microelectrode
recordings (SM-BB = 165, SM-Ge = 215, and SM-A = 213) in somatosensory areas 3a, 3b,
and 1 in the 3 monkeys 7 — 9 weeks after the DC lesion (i.e., 1-3 weeks following the final
fMRI mapping). Consistent with prior mapping studies (Chen et al., 2012b; Jain et al., 1997;
Qi etal., 2011), as well as the present fMRI mapping data, the most severely lesioned animal
(SM-BB 98% loss) demonstrated evidence of cortical reactivation 7 weeks post-lesion, albeit
with significant reorganization, while the two less severely lesioned animals showed less
dramatic reorganization, despite the longer recovery periods of 8 and 9 weeks for SM-Ge
(79% loss) and SM-A (40% loss) respectively. Given the variation in lesion severity, and
period of post lesion recovery amongst the three animals, results from each case are
presented individually, and additional extensive mapping information is provided in
Supplementary form.

SM-BB (98% loss; 7 weeks post-lesion)—Hand regions in areas 3b and 1 contralateral
to the lesion side were mapped 7 weeks after an extensive unilateral DC lesion at the right
cervical level 5. Consistent with the severity of the lesion, and the fact that the majority of
hand afferents other than some from digit 1 and palm enter the spinal cord below the level of
this lesion (Fig. 2), the majority of penetrations in the deprived digits’ territories were
unresponsive to tactile stimuli (Figs. 11B, 12D). Thus in deprived area 3b, neurons
responded less frequently to tactile stimulation of digits 2 — 5 and pad 1 (P1). Most sites in
area 1 responded weakly (Fig. 11B, open circles or squares). Neurons in digit 1 and palm
thenar pad (PTH) territories in area 3b were responsive (Fig. 12B, solid dots), but were less
responsive in area 1. The neuronal receptive fields on digit 1 and PTH were not unusually
large (Fig. 11C), suggesting they probably reflected the spared normal representation in
areas 3b and 1. Receptive fields of neurons in the deafferented hand region in area 3b were
enlarged when compared with those previously reported for unlesioned animals (Jain et al.,
1997; Jain et al., 2000), with the expansion ranging from entire phalange, through a
complete digit, to a large portion of palmar pad (Fig. 11D). Furthermore, a large portion of
cortex was devoted to representing the dorsal skin (Fig. 11B), suggesting that afferents
serving this skin were relatively spared. Thus, the present results are similar to those
reported previously after dorsal column lesion in monkeys (Jain et al., 1997; Jain et al.,
2000; Jain et al., 2008; Qi et al., 2011; Qi et al., 2014a; Tandon et al., 2009)

SM-Ge (79% loss)—In squirrel monkey SM-Ge, the extensive but incomplete lesion at the
C4-C5 level left ~20% of afferents from the hand in the cuneate fasciculus intact. Despite
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this significant loss of inputs, mapping of areas 3a, 3b, and 1 (Fig. 13D) revealed that area
3b was quite responsive 8 weeks post-lesion. Area 1 was less responsive, however.
Somatotopy was roughly normal, if slightly more disorganized than SM-A: digits 1- 5 were
represented lateromedially (Fig. 13D), distal to proximal portions of digits rostrocaudally
(Suppl. Fig. 1A). As for SM-BB and SM-A, the dorsal skin was over represented, especially
for digit 1 (Suppl. Fig. 1B).

SM-A (40% loss)—In squirrel monkey SM-A, mapping 9 weeks following a 40% DC
lesion at C4 yielding incomplete loss of afferents from hand revealed a near normal hand
representation in area 3b (Fig. 14D). All five digits responded and were represented in a
lateromedial order, with distal digits located rostrally and proximal digits and palm caudally
(Suppl. Fig. 1C). Some impact of the lesion was noted however. The distal phalanges were
over represented in area 3b at the expense of the middle phalange, as neurons responded to
stimulation on the middle phalanges in only 2 penetrations (Suppl. Fig. 1C). Again, the
representation of dorsal skin was unusually large (Suppl. Fig. 1D), particularly for the digit 2
receptive fields, which were mostly on the dorsal skin. This is not the case in normal New
World monkeys (Merzenich et al., 1978; Sur et al., 1982).

Alignment of CBV-fMRI and microelectrode maps

Finally, alignment of terminal microelectrode maps with histologically defined areal
boundaries within somatosensory cortex on the one hand, and with final week 6 fMRI maps
and structural images on the other, allowed us to integrate information regarding the
dynamics of cortical reorganization available in fMRI maps collected at low and high
intensity ES, with the detailed but invasive characterization of cortical reorganization
available with electrophysiological mapping. Using intrinsic (sulci, surface and transcortical
vasculature), as well as extrinsic (electrolytic lesions) landmarks present in MR, optical,
electrophysiological and histologic data, we aligned electrophysiological borders of areas

3a, 3b, and 1 with histologically defined architectonic borders (myelin — Fig. 12C;
cytochrome oxidase — Fig. 13C; vGIuT2 — Fig. 14C) with the aid of electrolytic lesion
markers (red arrows in panels C and D in Figs. 12—-14). Structural and vascular features
present in brain photographs collected at the time of microelectrode mapping were then
coregistered with each animal’s coregistered structural MRIs and fMRI maps (panels A and
B in Figs. 12-14). Given the expansion of the receptive fields for dorsal skin in the distal tips
of all three animals post-lesion (Suppl. Fig. 1B, D), and the placement of the ES electrodes
on the two sides of the distal tip allowing current flow across both dorsal and glabrous
surfaces, we combined the receptive fields for dorsal and glabrous skin of the distal phalange
for comparison of the terminal electrophysiological and week 6 fMRI maps of digits 1-3
(Fig. 15).

Correspondence between the week 6 fMRI maps and electrophysiology maps was excellent
for the two less severely lesioned animals, SM-Ge (79% loss) and SM-A (40% loss). For
SM-Ge (Fig. 15B), low intensity ES activations for digits 1 and 2 overlapped the
corresponding microelectrode-defined territories mapped 2 weeks later, while the low
intensity ES focus for digit 3 overlapped, but had greater medial extent than the
corresponding electrophysiological receptive field. For SM-A (Fig. 15C), low intensity
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activations for digits 1 — 3 were 500 — 700 pm more rostral, and in the case of digit 3 ~900
um more medial than the corresponding microelectrode maps collected 2 weeks later. For
SM-BB (98% loss), the most severely lesioned animal, there was similar relative topography
of digits 1-3 within the 6 week fMRI map and the microelectrode map one week later at
week 7. The congruence between the two maps, however, was poorer than for SM-Ge and
SM-A.

The near perfect congruence of the 6 week and pre-lesion low intensity fMRI maps for SM-
Ge (79% loss) and SM-A (40% loss), together with the normalization of the CBV responses
to both low and high intensity ES for all three digits to pre-lesion levels by week 4, suggest
that any cortical reactivation and/or reorganization in these animals was largely complete by
6 weeks, and the small differences between fMRI and microelectrode maps for these cases
can be attributed to residual errors of mis-registration. In the case of SM-BB (98% loss)
however, the differences between the week 6 and pre-lesion fMRI somatotopy, the
incomplete and ongoing recovery of CBV response amplitudes in all three digits between
weeks 4 and 6, and the more extensive reorganization evident in the week 7 microelectrode
map all suggest that in addition to any underlying mis-registration errors, continuing
processes of cortical reorganization and reactivation may contribute significantly to the
discrepancies between the fMRI and microelectrode maps in this animal.

In summary, in the less severely lesioned animals, whose post-lesion recovery and/or
reorganization had stabilized by 6 weeks post lesion, there was excellent congruence of the
somatotopic maps obtained using CBV-fMRI and dense microelectrode mapping, while in
the animal with almost complete loss of DC inputs, continued reorganization and
reactivation of somatosensory areas by direct and secondary inputs as late as 6 — 7 weeks
post lesion may be a significant contributor to the differences observed between the fMRI
and microelectrode maps.

DISCUSSION

In the present study, we characterized the recovery of somatosensory cortex to low and high
intensity electrocutaneous stimulation (ES) of the fingers of the squirrel monkey hand with
fMRI before and up to 6 weeks after a unilateral section of the contralateral dorsal columns.
This recovery pattern has been described previously in studies using tactile stimulation of
the hand (Chen et al., 2012a; Jain et al., 1997; Yang et al., 2014). Complete or largely
complete lesions at a high cervical level (C4-C5) entirely deactivate the hand portion of
somatosensory fields 3a, 3b, 1, and 2. A gradual and incomplete reactivation of the hand
cortex follows over a period of weeks. The extent of the reactivation and the restoration of
near normal somatotopy depends on the completeness of the DC lesion, and it appears that
even a small amount of surviving DC axonal inputs from the hand can promote a near
normal somatotopic pattern of reactivation, and the return of skilled hand use (Darian-Smith
and Ciferri, 2005; Qi et al., 2013; Qi et al., 2014a). The preserved DC primary afferents are
clearly important, but their role is likely facilitated by other pathways whose nature and
contribution to reactivation and/or reorganization remain poorly characterized.
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In human studies, cortical evoked responses, such as somatosensory evoked potentials
(SEP), magnetoencephalography (MEG), electroencephalography (EEG), or fMRI in
response to electrocutaneous stimulation of peripheral nerves or a limb are commonly used
as clinical tools to detect functional alteration at various levels of the somatosensory
pathways (Manganotti et al., 2009). Studies show that electrocutaneous stimulation of the
hand by electro-cutaneous, electro-epidermal (that can preferentially activate AS fibers),
laser (that preferentially activates C-fibers), or mechanical stimulation produce signal
changes in multiple cortical areas including the primary and secondary somatosensory
cortices (Cauda et al., 2014; Inui et al., 2003; Lui et al., 2008), see (Bushnell et al., 1999;
Schnitzler and Ploner, 2000; Treede et al., 1999) for review). Because of the nature of the
signal, these methods measure the ensemble activity of a relatively large and heterogeneous
neuron population. An accurate interpretation of these human studies, especially after injury,
requires knowledge of the activity of the underlying cellular constituents that can more
readily be acquired from animal studies.

Here, we show that the expected recovery of cortical activation and somatotopy is apparent
when measured by fMRI responses to electrocutaneous stimulation of the digits, with the
expected greater reactivation and more normal somatotopy after less extensive DC lesions.
In all but the most severely lesioned case, the somatotopy of cortical responses to
electrocutaneous stimulation of the digits revealed by fMRI closely resembled that obtained
from microelectrode mapping of tactile stimulation of the digits. Discrepancies between
fMRI of low intensity ES and subsequent microelectrode mapping of tactile stimuli in the
setting of near complete DC loss reflect continuing reorganization and reactivation of cortex
in the interval between the two studies.

A second finding of the present study was that greater cortical reactivation was revealed by
the high intensity (4 mA) electrocutaneous stimulation. The results suggest that low intensity
ES (2 mA) effectively activated low threshold cutaneous afferents of the digits, providing
information comparable with the activation of those afferents by light touch, arising from
direct inputs in area 3b. fMRI responses to high intensity ES revealed earlier, and more
extensive reactivation at several early stages of recovery not only in area 3b, but also in
higher order areas including 3a, and 1. Thus, it appears likely that other, higher threshold
pathways are also activated, and may potentiate and supplement the activation produced by
the low threshold pathway. We suggest that these pathways may involve some of the
spinothalamic projections.

These results indicate that fMRI mapping of cortical responses to low and high intensity
electrocutaneous stimulation can be exploited to evaluate the reactivation process during
recovery. Low ES and tactile stimuli activate the same low threshold pathways, and
microelectrode-mapping of tactile stimuli 1 — 3 weeks following week 6 fMRI mapping
indicated that after 6 weeks of recovery following a DC lesion, regions that were initially
less or unresponsive to low intensity ES, had receptive fields that were relatively large, and
somatotopy was rearranged. This reactivation arose not only from spared and/or recovering
DC inputs, but also from other inputs driving reactivation of deprived digit territories. In less
deprived regions, neuronal receptive fields were not particularly large, and somatotopy was
relatively normal.
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Congruence of CBV-fMRI responses to electrocutaneous stimulation with microelectrode
mapping of tactile responses in somatosensory areas

Digit-specific CBV-fMRI activations in area 3b elicited by low and high intensity ES after 6
weeks of recovery overlapped with the same digit territories obtained from dense
microelectrode mapping soon thereafter. In the two animals with less extensive DC lesions,
the maps were congruent in area 3b, and both closely resembled their pre-lesion fMRI maps
and CBV response amplitudes. However, in the case of severe DC lesion (SM-BB 98%
loss), discrepancies between the week 6 fMRI ES maps and the week 7 microelectrode
tactile map of cortical reactivation were greater than can be attributed to residual registration
errors. Given the extensive loss of both low and high ES fMRI responses 2 weeks post-
lesion, and the continued recovery of low, high and [high-low] CBV responses in area 3b
between 4 and 6 weeks, the discrepancies may reflect continued cortical reorganization and
reactivation during the one week interval between fMRI and microelectrode mapping.

Trajectories of CBV-fMRI topography and amplitude following sensory loss

Primary afferents relaying tactile, proprioceptive, nociceptive, and thermal information
ascend to the brain through a series of relay stations within the spinal cord dorsal horn,
brainstem, and thalamus to finally reach contralateral somatosensory cortex. Damage at any
level partially reduces the normal source of activation, depriving all subsequent stages of
those inputs. Yet, the central nervous system has capabilities to compensate after injury
(Buonomano and Merzenich, 1998; Darian-Smith, 2009; Kaas et al., 2008; Qi et al., 2014b;
Xerri, 2012). Most studies of deafferentation of ascending somatosensory pathways in
primate models have focused on the tactile modality (Chen et al., 2012a; Florence et al.,
2000; Florence et al., 1996; Florence et al., 1998; Jain et al., 1997; Merzenich et al., 1983a;
Merzenich et al., 1983b; Pons et al., 1991; Qi et al., 2011; Qi et al., 2014a; Vierck and
Cooper, 1998; Vierck et al., 1990). However, little is known about how other somatosensory
pathways, such as nociceptive afferents, contribute to cortical reactivation.

Low intensity electrocutaneous stimulation of nerves of the finger (i.e. digital branches of
median and ulnar nerves) will activate low threshold cutaneous afferents (via A fibers)
associated with touch or hair movement, whereas higher intensities will also activate higher
threshold afferents (via A and C fibers) associated with less rapidly conducting inputs
related to touch, pain, and temperature (Abraira and Ginty, 2013; Kaas, 2011; McGlone et
al., 2014; Todd, 2010). Here, we found that in area 3b prior to the DC lesion, the CBV
responses evoked by low intensity ES to (contralateral) single digit tips are focal,
topographically organized and congruent with microelectrode mapped tactile
representations. Furthermore, the topography and stimulus-response characteristics of CBV
responses evoked by low level ES closely resemble those of BOLD responses to tactile
stimulation (e.g., (Chen et al., 2012a; Chen et al., 2007; Yang et al., 2014; Zhang et al.,
2007). With high intensity stimulation, in addition to area 3b, non-overlapping
somatotopically organized lateromedial responses were also detected in areas 3a, 1 and 2,
reflecting secondary inputs from high threshold cutaneous afferents via a thalamic relay, and
area 3b dependent activation. These findings allowed us to study the dynamic changes in the
representation of low and high threshold cutaneous afferents in somatosensory cortex after
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dorsal column lesions, exploiting the difference in CBV response between high and low
intensity ES as a measure of the high threshold component.

This approach revealed significant area- and digit-level variations in recovery of cortical
responsiveness to low and high intensity ES between animals. The nature of these variations,
and their relation to the nature and severity of the DC lesion provide insights into the nature
of the deactivation and subsequent reactivation of somatosensory cortex following spinal
cord injury. Unsurprisingly, the nature and degree of activation was highly dependent on the
nature and completeness of the DC lesion. As we now review, comparison of the temporal
trajectories of topography and amplitude of single digit CBV responses to low and high
intensity ES within and between animals, reveals different patterns of loss, recovery and/or
reorganization of cortical responsiveness. These patterns appear consistent with lesion-
associated acute modulation of primary and/or sensory inputs ranging from temporary (non-
lethal) to permanent loss.

SM-BB (98% loss)—A near complete lesion abolished area 3b CBV response to both low
and high levels of ES in all three digits (1-3) 2 weeks post-lesion. The reactivation of low
intensity responsiveness of digit 1 by week 4, and digits 1-3 by week 6 in area 3b with pre-
lesion somatotopy suggests that some of the acute loss of area 3b responsiveness arises from
temporary non-lethal silencing of a small number of direct inputs for each digit, and that
sparing of even this very small number (~2%), allowed recovery with near normal
somatotopy despite the severity of the lesion. The silencing of all three digits’ responses to
high intensity stimuli in areas 1 and 3a, with full recovery in area 1 and partial recovery in
area 3a, suggests that the severity of the spinal cord lesion in this animal also caused
temporary (~4 weeks, area 1) or possibly even permanent (=6 weeks, area 3a) collateral
interruption of indirect pathways to somatosensory cortex. The potential importance of these
indirect pathways for reactivation of area 3b is illustrated by the earlier recovery of high, and
particularly [high - low] intensity responsiveness for digits 1 and 2 in area 3b. Furthermore,
the reorganization observed in higher order somatosensory cortex (areas 1, 2/5) in this
animal suggests that even temporary loss of indirect inputs to these areas may drive
significant reorganization

SM-Ge (79% loss)—DC lesion had no impact on the amplitudes of CBV responses to low
intensity stimuli any digits in area 3b, but there was significant expansion of the size of all
three digit representations at week 2 that persisted through to the final week 6 study.
Interestingly, this expansion was accompanied by an increase in the high and [high-low]
responsiveness of digits 1 and 2 compared with pre-lesion levels, suggesting an increase in
indirect inputs to area 3b, possibly as a result of transient (< 2 weeks) suppression of direct
inputs, allowing some expansion of indirect inputs in a still somatotopically organized
manner.

SM-A (40% loss)—The somatotopy and low, high and [high-low] intensity amplitudes of
CBV-fMRI maps 6 weeks post lesion closely matched the equivalent pre-lesion maps in
areas 3b, 3a and 1, and were consistent with terminal microelectrode mapping 3 weeks later.
All of these findings are consistent with the significant sparing of direct DC inputs.
However, despite having the greatest sparing of direct inputs, and essentially complete
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recovery by week 6, fMRI mapping at weeks 2 and 4 post-lesion revealed significant digit-
specific evolution in low, high, and particularly [high-low] intensity cortical responses. The
transient loss of low intensity responsiveness of digits 2 and 3, with near complete recovery
by week 4 suggests collateral but non-lethal injury of their DC inputs. Digits 2 and 3 showed
similar - albeit longer duration - transient suppression of high intensity responsiveness in
areas 3a and 1, suggesting there was similar non-lethal collateral damage to indirect
pathways. Finally, the divergent high and [high-low] intensity CBV responses of digits 2 and
3 at week 2 suggest that transient interruption of indirect inputs had relatively little impact
on cortical reactivation.

Possible mechanisms of cortical reactivation after sensory loss

Several mechanisms may contribute to cortical reorganization after sensory loss, including:
(1) Through preexisting, but silent, direct inputs that become effective. As a clear example,
Schroeder and colleagues (Schroeder et al., 1995; Schroeder et al., 1997) demonstrated that
electrical stimulation of the radial nerve from the skin of the forearm in squirrel monkeys
produced a subtle short-latency non-spiking response in layer 4 followed by a clear
excitatory multi-unit activity (MUA) 12-15 ms later in the representation of the glabrous
hand in area 3b of somatosensory cortex. However, the amplitude of this response was
progressively increased and the latency was progressively decreased over weeks of recovery
after section of the median nerve to the glabrous hand. Thus, in the absence of a normally
effective source of activation, preexisting sources of subthreshold activation can become
superthreshold. In the present experiment, the greater effectiveness of the high intensity
stimulation may be a result of more effective stimulation of the direct DC pathway.
Although peripheral nerve section differs in many ways from dorsal column lesions, similar
mechanisms may be involved after deafferentation to the somatosensory system. A large
body of evidence indicates that non-dominant dorsal skin (radial nerve territory) is over-
represented in the reactivated hand cortex after the dominant inputs from the glabrous skin
of the hand are lost due to peripheral nerve injury. This result suggests that preserved dorsal
skin afferents are potentiated when dominant glabrous skin afferents are removed (Churchill
and Garraghty, 2006; Churchill et al., 1998; Garraghty and Kaas, 1991; Merzenich et al.,
1983a; Merzenich et al., 1983b; Merzenich et al., 1984). (2) It is also possible that other,
higher threshold pathways are also activated, and may potentiate and supplement the
activation produced by the low threshold pathway. Such second order neurons include both
those projecting to the cuneate nucleus, which may produce slightly longer response latency
of reactivated cortical neurons, as we have observed (Reed et al., 2014); proprioceptive
pathways of the lateral cervical spinal cord pathway; or even the spinothalamic pathway,
which may amplify the cortical signal relayed from the cuneate nucleus. (3) Through axon
sprouting. After DC lesion, surviving direct and indirect inputs to the cuneate nucleus may
sprout and synapse onto more neurons as result of the reduction in competition for synaptic
space. Thus, more cuneate neurons would be activated by surviving inputs, and in turn
activate more cortical territory.

The spinothalamic pathway is likely to provide some of the reactivation of somatosensory
cortex since this pathway is uncut with a DC lesion. Although the spinothalamic tract has
been associated with pain and temperature sensation, it also includes neurons responsive to
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even light touch, including wide dynamic range (WDR) neurons that increase activity with
stimulus intensity into the range of painful stimuli and eventually relay their activity to
somatosensory cortex (Kenshalo et al., 2000). C-tactile afferents have drawn more attention
in recent years as studies have found that a slow “second” touch system from hairy skin is
mainly involved in the affiliative and rewarding properties of touch (see McGlone et al.,
2014 for review). Indeed, current findings, together with early studies from the lab, show
that dorsal skin is over represented after DC lesion (Qi et al., 2011; Qi et al., 2014a). The
spinothalamic tract projects to several thalamic nuclei with different functional roles,
including the ventroposterior inferior (VPI) nucleus and, sparsely, the ventroposterior
nucleus (Stepniewska et al., 2003), both of which project to area 3b and other areas (Kaas,
2011). The spinothalamic neurons that project to these targets are found in dorsal horn layers
that receive afferents responsive to touch (Craig, 2006; Price and Mayer, 1974).

Our present findings suggest that the spinothalamic tract may mediate some of the
reactivation of somatosensory cortex after DC lesion. Low intensity ES evokes restricted
CBYV responses in area 3b, whereas areas 3a, 1, 2, and 5 require higher intensity stimuli,
suggesting that activation of these areas is normally driven in part by spinothalamic tract
afferents. Another interesting finding in the present study is that 4 weeks post-lesion, high
intensity stimulation evoked CBYV responses not only in areas 3a, 3b, and 1, but also in areas
2 and 5. As activation of those areas was rarely detected in pre-lesion fMRI, these results
suggest potentiation of remaining sensory inputs well beyond those recorded in monkeys
with intact spinal cords. However, the thalamic targets of the spinothalamic projection
appear to project mainly to insular cortex, the region of S2 and PV, and cingulate cortex, and
only weakly to areas 3b and 1 (Dum et al., 2009). Weak connections may become
potentiated during the recovery period after injury.

Conclusions

Functional recovery following spinal cord injury depends in a complex way on the nature
and duration of axonal injury, the pathways involved, and the relative contributions of spared
and recovering inputs to both salutary and adverse consequences of cortical reorganization
and reactivation post-injury. By tracking the spatiotemporal trajectories of cortical
reactivation by low and high intensity electrocutaneous stimulation of digits following a
dorsal column lesion in monkeys, we were able to distinguish the contributions of permanent
axonal loss and temporary silencing of spinal cord pathways to acute cortical deactivation,
and the relative contributions of direct and secondary pathways to reactivation and
reorganization.

Our results emphasize the heterogeneous nature of the acute injury, and the dynamic and
variable trajectories of recovery of cortical responsiveness, even in a relatively well-defined
and reproducible SC injury model. They further confirm that significant reactivation of
cortical areas can occur despite near total loss of primary cortical inputs: even after an
extensive or partial loss of dorsal column inputs from the hand, the cortical hand
representation becomes extensively reactivated by the spared afferents originating from the
hand. Finally, they provide evidence for the importance of second order pathways for the
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reactivation and reorganization of cortical areas silenced following loss or even transient
silencing of primary inputs.

In concluding, we note the direct translational potential of our approach to the study and
treatment of spinal cord injury in patients. High resolution functional mapping of the loss
and subsequent recovery of cortical responses to low and high intensity somatosensory
stimuli can be used to distinguish between loss and temporary silencing of direct and/or
secondary pathways following injury, their respective contributions to cortical reactivation
and clinical recovery, and the impact of therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. High-resolution cerebral blood volume (CBV) functional MRI mapping
of cortical responses to low and high intensity electrocutaneous digit
stimulation can distinguish and track digit-specific deactivation,
reactivation and reorganization of somatosensory cortex by primary and
secondary pathways after sensory loss in monkeys.

2. After a dorsal column lesion, high intensity nociceptive stimulation
activates more of the cortical network than innocuous stimuli.

3. Even after an extensive loss of DC inputs from the hand (98%), the
cortical hand representation in areas 3b and 1 becomes extensively
reactivated by spared direct and secondary afferents.

4, The results suggest that the spared afferents and second order spinal
cord pathways likely contribute to the cortical reactivation observed
after dorsal column lesions.
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STS

Figure 1.
Methods used for imaging somatosensory cortex of squirrel monkeys. A. A high-resolution

coronal T2**-weighted image of frontal cortex collected to guide the placement of oblique
slices over anterior parietal somatosensory cortex. The dashed lines indicate the imaging
plane relative to the cortical surface. B. The area of interest in the cortex of a squirrel
monkey brain showing the locations of somatosensory areas 3a, 3b (shaded), and 1. The
locations of the representations of digits 1-5 are outlined in white in area 3b just below the
short, shallow central sulcus. The lateral sulcus and superior temporal sulcus are shown for
reference. C. Cerebral blood volume (CBV) signals overlaid on a high-resolution coronal
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T2**-weighted image with somatosensory areal borders. The most superficial MRI slice
with the orientation shown in A for squirrel monkey SM-Ge. The cerebral blood volume
(CBV) signals resulted from electrocutaneous stimulation of digits 1 (blue), 2 (orange), and
3 (yellow). The strength of the evoked CBV responses is indicated from dark (weak) to light
color (strong, see spectrum scale bar). The most anterior (left) activation foci are in area 3a,
the middle foci are in area 3b, while the caudal (right) foci are in area 1, possibly involving
area 2. The solid line indicates anatomically and electrophysiologically defined hand-face
border with the face lateral and the hand medial. Abbreviations: 3a, area 3a; 3b, area 3b; 1,
area 1; 2, area 2; a, anterior; CS, central sulcus; D1, D2, D3, digits 1, 2 and 3; I, lateral; LS,
lateral sulcus; m, medial; M1, primary motor cortex; p, posterior; STS, superior temporal
sulcus
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left

Figure 2.
The spinal segment and extent of the dorsal column lesions. A drawing of the cervical spinal

cord indicates the levels of the lesion of the right dorsal columns for squirrel monkeys SM-
BB, SM-Ge, and SM-A. The reconstructed extents of these lesions are shown on drawings of
spinal cord transverse views for the three monkeys (arrows). Black shading depicts the
damage resulting in tissue loss (a hole); dark grey areas surrounding the black shading

depict abnormal morphology of the spinal cord tissue due to DC lesion. Cervical spinal cord
segments 47 (C4-C7) receive inputs from the digits 1-5.
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Figure 3.

The effectiveness of the dorsal column lesion in squirrel monkey SM-BB. The dorsal
column lesion was evaluated by comparing the amounts of labeled peripheral nerve
terminations in the cuneate nucleus of the lesioned right side with the intact left side. The
terminations of peripheral afferents in the dorsal horn of the spinal cord and cuneate nucleus
of the brainstem were labeled by injections of cholera toxin subunit B (CTB) into the distal
phalange of digits 1, 3, and 5. A. Photomicrograph of a horizontally cut CTB-
immunoreacted section of the cervical spinal cord shows the location of the dorsal column
lesion (Lesion) and labeled axon terminals in the dorsal horns (indicated by arrows) after
tracer injections. Note that the lesion was centered within the terminations from digit 1.
Injection sites in the digits are indicated by red dots on the schematic drawings of hands at
the bottom of panel A. B. A series of coronally cut CTB-immunoreacted sections (labeled
with numbers in italic on right) through dorsal column nuclei of brainstem. The cuneate

Neuroimage. Author manuscript; available in PMC 2017 November 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 33

nucleus is outlined in grey, and numbers 1, 3, 5 mark foci of afferents labeled by injections
in digits 1, 3, and 5. Note that there are only a few detectable foci of axon fibers on the
lesioned side where indicated by arrows. The numbers on the right are series section
numbers. C. The lesion was reconstructed from a series of horizontally cut sections as in A.
Bar graph compares the areal sizes of CTB-labeled axon arbor foci in the cuneate nuclei of
the brainstem for the lesioned and intact sides. The numbers on the x-axis are the distance
(in mm) measured from the beginning of the obex. The negative values indicate the
measured distances were caudal to the obex. The y-axis value is the areal size (in mm?) of
the combined foci of CTB-label for each section through the cuneate nucleus of the
brainstem. The inset is a transverse view of spinal cord through cervical segment C5
indicating the reconstructed extent of the lesion in black. Further damage is marked in grey.
Abbreviations, C4-C8, spinal cord cervical segments 4-8; CuN, cuneate nucleus of
brainstem; C, caudal; D, dorsal; D1, D3, D5, digits 1, 3, 5; GN, gracile nucleus of brainstem.
M, medial; R, rostral.
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Figure 4.
The effectiveness of dorsal column lesion in squirrel monkey SM-Ge. A. Photomicrograph

of a horizontally cut CTB-immunoreacted section of the cervical spinal cord shows the
location of the dorsal column lesion (Lesion) and labeled axon terminals in the dorsal horns
(indicated by arrows) after tracer injections. B. A series of coronally cut CTB-
immunoreacted sections (labeled with italic number on right) through dorsal column nuclei
of brainstem. Note that foci of CTB label on the lesion side were less widely distributed and
less dense (arrows) compared to those of the intact side. C. Bar graph compares the areal
sizes of CTB-labeled axon arbor foci in the cuneate nuclei of the brainstem for the lesioned
and intact sides. Conventions follow Figure 3.
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Figure 5.
The effectiveness of the dorsal column lesion in squirrel monkey SM-A. A.

Photomicrograph of a horizontally cut CTB-immunoreacted section of the cervical spinal
cord shows the location of the dorsal column lesion (Lesion) and labeled axon terminals in
the dorsal horns (indicated by arrows) after tracer injections. B. A series of CTB-
immunoreacted coronal sections (labeled with numbers in italic on right) through dorsal
column nuclei of brainstem. Note that foci of CTB label appeared on both sides indicating
the dorsal column lesion was not complete. C. Bar graph compares the areal sizes of CTB-
labeled axon arbor foci in the cuneate nuclei of the brainstem for the lesioned and intact
sides. Conventions follow Figure 4.
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Figure 6.
High-resolution cerebral blood volume (CBV) functional mapping of digit responses to

electrocutaneous stimulation for squirrel monkey SM-BB. CBV functional images in
sensorimotor areas were collected with monocrystalline iron oxide nanoparticles (MION)
enhancement in a 9.4 T scanner during electrocutaneous stimulation of digits 1, 2, and 3 at
pre- and post-lesion times. The DC lesion for this monkey was the most extensive (98%
loss). A-D. Composite maps collected during low intensity 2 mA stimulation at pre-lesion
(A) and at post-lesion weeks 2 (B), 4 (C), and 6 (D). The activation foci (P<1074) from
stimulating D1 (blue), D2 (orange), and D3 (yellow) are outlined. E-H. Composite maps
collected during high intensity 4 mA stimulation at pre- (E) and post-lesion weeks 2 (F), 4
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(G), and 6 (H). Dotted lines indicate the borders of area 3b. The color code within outlines
reflects the magnitude of the response. The strength of the evoked CBV responses is
indicated from dark (weak) to light color (strong, see spectrum scale bar in Fig. 1C). The
solid line indicates anatomically and electrophysiologically defined hand-face border with
the face lateral and the hand medial. Conventions follow Figure 1.

Neuroimage. Author manuscript; available in PMC 2017 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Qietal. Page 38

Low intensity

High intensity

2 wk

4 wk

6 wk

SM-Ge (79%)

Figure 7.
High-resolution cerebral blood volume (CBV) functional images to digit stimulation for

squirrel monkey SM-Ge. The DC lesion for this monkey was extensive, but not complete
(79% loss). Conventions follow Figures 1 and 6.

Neuroimage. Author manuscript; available in PMC 2017 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Qietal.

Page 39

Low intensity High intensity

SM-A (40%)

Figure 8.
High-resolution cerebral blood volume (CBV) functional images to digit stimulation for

squirrel monkey SM-A. The DC lesion for this monkey was the least extensive (40% loss)
among the 3 cases. Conventions follow Figures 1 and 6.
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Figure 9.
Representative CBV profiles of percent signal change in area 3b in response to digit 1

stimulation before and after DC lesion in squirrel monkey SM-BB (98% loss). A. CBV
response profiles to 2 mA intensity stimulation pre-lesion and 2, 4, and 6 weeks post-lesion.
B. CBV response profiles to 4 mA intensity stimulation. Dotted lines indicate the 30 s
duration of electrocutaneous stimulation (ES). The error bars show the standard deviation
across voxels. Peak percent signal change amplitudes were extracted from temporal profiles
and reversed (to positive values) for further comparisons.
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Figure 10.
Response magnitudes of CBV signal time courses for voxels significantly activated by low

and high intensity ES in each of the areas (3a, 3b, and 1). For each panel, CBV signal
changes were extracted for each digit and averaged across runs and voxels within a session.
Graphs compare CBV peak response amplitudes in somatosensory regions of interest before
and after DC lesion elicited by low (2 mA) and high (4 mA) electrocutaneous stimulation to
the distal pad of digits 1 — 3 (same color codes as in Figs. 6 — 8) of 3 monkeys (SM-BB
(98% loss), SM-Ge (79% loss), SM-A (40% loss)). X-axis, time of scan before (0), and 2, 4,
6 weeks after unilateral dorsal column lesion of cervical spinal cord; Y-axis, mean
percentage signal change; [high - low], intensity response differences.
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Figure 11.
Somatotopic map of areas 3b and 1 of squirrel monkey SM-BB (98% loss). The somatotopic

maps of areas 3b and 1 were obtained with microelectrode recordings seven weeks after a
nearly complete (98%) section of the contralateral cuneate fasciculus at cervical C5. A. The
location of DC lesion in a horizontal section of the cervical spinal cord. Peripheral afferents
inputs from digits 2-5 and ulnar hand are below the lesion, with only a portion of inputs
from D1 above the lesion (see Fig. 4). Warm colors (pink — orange) indicate spinal cord
levels with peripheral nerve inputs above the lesion from digit 1, radial palm and hand; cool
colors (shades of blue) indicate spinal cord levels with inputs below the lesion from digits 2
-5, ulnar palm and hand. Purple patches indicate dorsal horn terminations from digits 1, 3,
and 5 labeled by CTB tracer injections. Grey shades the dorsal horn of the spinal cord. B.
The reconstructed somatotopic map shows that partially spared D1 and radial palm
representations are highly responsive in area 3b and somewhat slightly less responsive in
area 1; responses in both areas are organized in topographical manner. Solid circles mark
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numbered electrode penetrations with good responses; black open circles mark those with
weak responses; black diamonds mark those with very weak responses to hard taps; x’s
mark microelectrode penetrations with no responses. Dotted patterns mark representations of
hairy skin. Thick black dashed lines mark boundaries of area 3b based on myelin
architecture and somatotopy defined from microelectrode mapping. C. Receptive fields
determined from microelectrode recordings within the partly spared regions in areas 3b and
1 are outlined on drawings of the body and glabrous and dorsal surfaces of the hand.
Numbered receptive fields correspond to numbered recording sites in B. D. Receptive fields
determined from microelectrode recordings throughout the highly deprived regions in areas
3b and 1. The dashed lines on the boundaries of some RFs indicate that the exact boundaries
of the RFs were hard to define due to very weak responses to hard taps. Numbers on the
receptive fields on the hands indicate the matching microelectrode penetrations in the map
(panel B). Abbreviations: ER, excellent response; GR, good response; NR, no response;
WR, weak response; VWR, very weak response to hard taps; R, rostral. Other conventions
follow Figure 1.
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Figure 12.
Alignments of the MR image, microelectrode mapping, and myelin architecture for monkey

SM-BB (98% loss). A. Composite CBV activation maps during electrocutaneous stimulation
of digits 1-3 at high intensity (4 mA) from post-lesion week 6 scan. Foci outlined in blue
were activated by stimulating D1, orange foci from D2, and yellow foci from D3. The
strength of the evoked CBV responses is indicated from dark (weak) to light color (strong,
see spectrum scale bar in Fig. 1C). The green arrows point to corresponding blood vessels in
the MR image and high resolution brain photograph in panel B. B. Photograph of the left
somatosensory cortex of monkey SM-BB shows surface blood vessels over microelectrode
mapping region. Green arrows mark the blood vessels that can be identified in the MR image
(panel A). C. Photomicrograph of a flattened and myelin-stained section through
somatosensory cortex showing the central sulcus (CS), the hand-face border (blue
arrowheads), septa demarcate digits 1, 2, and 3 territories (green arrow heads), and
electrolytic lesion marks (red arrows). D. Reconstructed somatotopic map obtained from
dense microelectrode recordings from the same region of interest as in the MR image of
panel A. Note that same lesion marks shown in panel B (stars) are also revealed in panels C
(red arrows) and indicated in panel D (red arrows and stars).

The blue square outlines indicate the field of view from panel B, the green outlines indicate
the field of view from panel C. White dash lines mark rostral and caudal borders of hand
region in area 3b; solid brown lines mark hand-face border in area 3b. Abbreviations, H,
hand; Wr, wrist. Conventions follow Figures 1 and 11.
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Figure 13.
Alignment of MR image, microelectrode mapping, and brain section stained for vesicular

glutamate transporter 2 (vGIuT2) antibody in monkey SM-Ge (79% loss). A. Composite
CBV activation map collected at post-lesion week 6 with high intensity electrocutaneous
stimulation (4 mA) on digits 1-3. The strength of the evoked CBV responses is indicated
from dark (weak) to light color (strong, see spectrum scale bar in Fig. 1C). B. Photograph of
the left somatosensory cortex of monkey SM-Ge shows surface blood vessels over
microelectrode mapping region. C. Photomicrograph of a flattened and vGIuT2-
immunostained section through somatosensory cortex showing central sulcus (CS), rostral
and caudal borders of area 3b, and electrolytic lesion marks (red arrows). D. Reconstructed
somatotopic map obtained from dense microelectrode recordings from the same area of
interest as in MR image of panel A. Note that same lesion marks shown in panel B (stars)
are also revealed in panel C (red arrows) and indicated in panel D (red arrows and stars).
White dashed lines mark rostral and caudal borders of hand region in area 3b; solid brown
lines mark hand-face border in area 3b. Abbreviations, FA, forearm; H, hand; Sh, shoulder;
Wr, wrist. Conventions follow Figures 1 and 11.
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Alignment of the MR image, microelectrode mapping, and cytochrome oxidase (CO)
architecture for monkey SM-A (40% loss). A. Composite CBV activation maps during
electrocutaneous stimulation of digits 1-3 at high intensity (4 mA) from pre-lesion scans.
The strength of the evoked CBYV responses is indicated from dark (weak) to light color
(strong, see spectrum scale bar in Fig. 1C). B. Photograph of the left somatosensory cortex
of monkey SM-A shows surface blood vessels over microelectrode mapping region. C.
Photomicrograph of a flattened and CO reacted section through somatosensory cortex
showing the central sulcus (CS), hand-face border (double solid lines), and the electrolytic
lesion marks (red arrows). D. Reconstructed somatotopic map obtained from dense
microelectrode recordings from the same area of interest as in MR image of panel A. Note
that same lesion marks shown in panel B (stars) are also revealed in panels C (red arrows)
and indicated in panel D (red arrows and stars). White dashed lines mark rostral and caudal
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Conventions follow Figures 1 and 11.
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Figure 15.
Co-registrations of high and low intensity CBV maps with the electrophysiological maps for

cases SM-BB (98% loss), SM-Ge (79% loss), and SM-A (40% loss). CBV maps collected
with low intensity stimulation are in color-coded dashed outlines, CBV maps collected with
high intensity stimulation are in color-coded solid outlines, and electrophysiological maps
are in solid shades. Black dotted lines indicate areal borders based on architecture and
electrophysiological results. Dashed lines mark rostral and caudal borders of hand region in
area 3b; solid brown lines mark hand-face border in area 3b. Abbreviations, H, hand; Wr,
wrist. Conventions follow Figure 1.
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