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Cortical Neuron Response Properties Are Related to Lesion
Extent and Behavioral Recovery after Sensory Loss from
Spinal Cord Injury in Monkeys
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Lesions of the dorsal columns at a mid-cervical level render the hand representation of the contralateral primary somatosensory cortex
(area 3b) unresponsive. Over weeks of recovery, most of this cortex becomes responsive to touch on the hand. Determining functional
properties of neurons within the hand representation is critical to understanding the neural basis of this adaptive plasticity. Here, we
recorded neural activity across the hand representation of area 3b with a 100-electrode array and compared results from owl monkeys and
squirrel monkeys 5–10 weeks after lesions with controls. Even after extensive lesions, performance on reach-to-grasp tasks returned to
prelesion levels, and hand touches activated territories mainly within expected cortical locations. However, some digit representations
were abnormal, such that receptive fields of presumably reactivated neurons were larger and more often involved discontinuous parts of
the hand compared with controls. Hand stimulation evoked similar neuronal firing rates in lesion and control monkeys. By assessing the
same monkeys with multiple measures, we determined that properties of neurons in area 3b were highly correlated with both the lesion
severity and the impairment of hand use. We propose that the reactivation of neurons with near-normal response properties and the
recovery of near-normal somatotopy likely supported the recovery of hand use. Given the near-completeness of the more extensive dorsal
column lesions we studied, we suggest that alternate spinal afferents, in addition to the few spared primary axon afferents in the dorsal
columns, likely have a major role in the reactivation pattern and return of function.
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Introduction
After nearly complete lesions of sensory afferents in the dorsal
column (DC) of the spinal cord, the hand representation in con-
tralateral primary somatosensory cortex (area 3b) of monkeys
becomes deactivated and hand use is impaired. Nevertheless,
neuronal responses to touch on the hand return over a few postle-
sion weeks, and hand use recovers (Jain et al., 1997, 1998, 2008;
Qi et al., 2011, 2013; Chen et al., 2012). A critical finding of these
studies is that the sparing of even a small proportion of the dorsal
column afferents from the hand promotes the extent of the reac-
tivation of cortex and the recovery of hand use. However, little is

known about the response properties of reactivated cortical neu-
rons. According to previous subjective measures after various
sensory deprivations, reactivated cortical neurons often re-
sponded well to digit tactile stimulation (Merzenich et al.,
1983a,b; Tommerdahl et al., 1996; Florence et al., 1998; Darian-
Smith and Brown, 2000) and therefore seemed capable of restor-
ing cortical somatosensory network function to levels that would
be useful in guiding the recovery of manual dexterity. Recently,
Wang et al. (2013) found dissociation between local field poten-
tials and spiking activity in area 3b and S2 at high stimulus fre-
quencies after dorsal column lesion in squirrel monkeys (SMs)
using single electrode recordings. Still, many other aspects of
neuron properties in reactivated cortex remain to be investigated,
especially the links between the cortical activity, lesion extent,
and behavioral recovery.

The present study extends this body of research by quantifying
neuronal response characteristics in reactivated somatosensory
cortex in relation to quantified measures of the extents of dorsal
column lesions, and the recovery of hand use. From these studies,
we expected that neurons in reactivated cortex would have re-
sponse properties that are similar to those of neurons in monkeys
without dorsal column lesions. However, we did not expect reac-
tivated neurons to be completely normal, and the most severe
abnormalities were expected in monkeys with the most complete
lesions. To test our hypotheses, we simultaneously recorded
single-neuron responses across the hand representations in area
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3b with a 100 electrode array, weeks after a unilateral lesion of the
dorsal columns at a midcervical level in adult owl monkeys
(OMs) and SMs. Both species present the advantage of having the
hand representation in area 3b of somatosensory cortex exposed
on the brain surface for effective placement of the electrode array,
and the fixed spacing of electrodes within the array assured that
the distribution of neurons sampled in each case was similar.
These same procedures were used to collect results from normal
monkeys for comparisons to the spinal cord-lesioned monkeys.
Here, we present quantitative evidence that the peak firing rates
to skin indentations on the hand for reactivated neurons are in-
distinguishable from those in normal monkeys. Although abnor-
malities in receptive field (RF) sizes and locations persist, the
present results suggest that neurons in reactivated cortex have
sufficiently normal response properties and RF locations to con-
tribute to the behavioral recovery process.

Materials and Methods
Eight adult New World OMs (Aotus trivirgatus, 5 females) and two adult
SMs (Saimiri sciureus, 1 female) were used in the present study. Five
monkeys received a unilateral lesion of the dorsal columns of the spinal
cord at a C4 –C6 cervical level. Five naive monkeys served as controls here
and in other unrelated studies (Reed et al., 2008, 2010a, b, 2011, 2012).
All experimental procedures were approved by the Vanderbilt University
Animal Care and Use Committees and followed the guidelines of the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Behavioral task
The details of behavioral training and testing have been described previ-
ously (Qi et al., 2013). In brief, OMs and SMs were trained for 2 weeks
before dorsal column (DC) lesion to perform a reach-to-grasp task. A
modified Klüver Board (15.2 cm � 9.9 cm) was mounted onto the out-
side of the home cage during each training sessions. The board included
wells 1– 4 of decreasing diameters (range, 1.5–1.14 cm) that presented
increasing difficulty and increasing depths (range, 0.14 – 0.64 cm); both
factors combined into incremental levels of difficulty. Performance on
the last day of training and each postlesion test day was video recorded
using a Panasonic PV-GS320 (30 frames/s, 1000th of a second shutter
speed). Video records were transferred onto a computer hard drive using
iMovie software (Apple) and performance was analyzed frame-by-frame.

Quantitative scoring was feasible during training/testing sessions but
was also confirmed from the video records. Two measures were used for

quantitative scoring. (1) Success. A successful reach is one in which the
food was grasped and transferred into the mouth using the designated
hand on a single trial. (2) Digit flexes per successful trial. This measure
reflects the average number of digit flexes for each successfully retrieved
pellet as many attempts as the monkey needed for a given pellet. If the
monkey failed to retrieve a pellet for whatever reason, that trial was not
included in this measure. A single flexion of the digits for a successfully
retrieved pellet was considered a perfect score. Only results from the
difficult wells (e.g., 3 and 4) were included in the present quantification
because we already established that deeper wells are more difficult and
cause performance reductions in a previous study (Qi et al., 2013). We
compared prelesion scores with postlesion scores using Kruskal–Wallis

Figure 1. Schematic drawings show extents and locations of dorsal column lesions in five
monkeys. A coronal view of the lesion site was reconstructed from the series of horizontally cut
spinal cord sections projected into a transverse view. Black shadings represent the extent of
damaged tissue; gray shadings represent surrounding affected zones. C4 –C7, Spinal cord cer-
vical segments 4 –7; L, left; R, right.

Figure 2. Estimation of lesion extent in Monkey SM-G. A, Photomicrographs from horizon-
tally cut spinal cord sections reveal the extent and level of dorsal column lesion. Arrowheads
point to CTB label (Intact) and BHRP-label (Lesion). Inset, Transverse view of spinal cord at C6
with the extent of lesion (black shading) for SM-G. B, Bar graphs contrast the areas of tracer
uptake with the area of the cuneate nucleus. Distance (mm) measured from the beginning of
the obex is on the x-axis. Negative values show distance caudal to obex. The y-axis depicts the
areal size for each section through the cuneate nucleus. Dots on the schematic drawings of
hands indicate injection sites. C, Bar graph represents ratios of labeled area to total area of
cuneate nucleus on each side. D, Pie graph represents the final estimated proportion of lesion
area (20.69%) for SM-G. C4 –C7, Cervical spinal cord segments 4 –7; C, caudal; CuN, cuneate
nucleus of the brainstem; D1–D5, digits 1–5; R, rostral.
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analysis with Dunn’s test for multiple comparisons using GraphPad In-
Stat software (GraphPad Software).

DC lesion
The details of surgical procedures have been described previously (Jain et
al., 1997, 2008; Qi et al., 2011). In brief, each monkey was initially anes-
thetized with ketamine hydrochloride (15 mg/kg, i.m.) and then main-
tained in a stereotaxic head holder at a surgical level of anesthesia with
1–3% isoflurane. Heart rate, blood oxygen saturation, and levels of ex-
pired CO2 were recorded every 10 min. Anesthesia and respiration rates
were adjusted accordingly. Body temperature was monitored rectally and
maintained at 37–38°C. Under aseptic conditions, a portion of the cer-
vical spinal cord was exposed. The DC were lesioned on one side with a
fine pair of surgical scissors at either cervical level C4 (4 monkeys) or C6
of one monkey (SM-G). At each lesion site, we typically also used a
microknife or a pair of fine forceps to ensure a more complete cut at that
spinal cord level. Dura was replaced with Gelfilm and covered with Gel-
foam. The opening was closed, and the skin sutured. Monkeys were
carefully monitored until they fully recovered from anesthesia and were
returned to the home cage. Monkeys received antibiotics and analgesics
for 2–3 d after surgery.

Tracer injection into the skin of digits
Anatomical tracers were injected into matched digits of both hands, ex-
cept in SM, Monkey SM-G (see Quantification of CTB label and Results).
Our goal was to trace afferents from the skin of the hand up to their
terminals in the cuneate nuclei. Comparing the density of terminals la-
beled between opposite sides of the cuneate nucleus allowed us to assess
the extent of the dorsal column lesion and the cervical level at which it

was delivered. Cholera toxin subunit B (CTB, 1% reconstitution, 5 �l per
injection site, Sigma) or CTB conjugated with wheat germ agglutinin
horseradish peroxide (BHRP, 0.2%, 5 �l per injection site, List Biologi-
cal) was subcutaneously injected under anesthesia (1–3% isoflurane).
Procedures followed those described previously (Florence et al., 1991; Qi
and Kaas, 2006).

Recording with microelectrode array and RF mapping
Array insertion. For monkeys with dorsal column lesions, the 100 elec-
trode array was implanted in a terminal procedure only after success
scores on the reach-to-grasp task reached plateau. The array was placed

Figure 3. Terminations of peripheral afferents in the dorsal horn of the spinal cord and
cuneate nucleus of the brainstem labeled by injections of CTB into the distal and middle pha-
langes of digits 3 and 4 of Monkey OM-M. A, A horizontally cut CTB-immunoreacted section of
the spinal cord showing the location of lesion and foci of labeled terminal fields (indicated by
arrowheads) after tracer injection. Red dots on the schematic drawings of hands (inset) indicate
injection sites. Dashed line indicates the midline of the spinal cord. B, Drawing shows the extent
of lesion (shaded in black) in the dorsal column. Lesion was reconstructed from horizontally cut
immunoreacted spinal cord sections to reveal CTB tracer. Dashed line indicates the posterior
fissure of the spinal cord, which separates cuneate fasciculus from gracile fasciculus. C, A series
of coronally cut CTB-immunoreacted sections through dorsal column nuclei of brainstem. The
cuneate nucleus is outlined on both sides. There are only a few detectable foci of axon fibers on
the lesion side (arrowheads). Each section is labeled with the series section number. C4 –C7,
Cervical spinal cord segments 4 –7; CuN, cuneate nucleus of brainstem; D3, digit 3; D4, 4.

Figure 4. Bar graphs showing anatomical results from four lesion monkeys with subcutane-
ous CTB injections into digits of both hands. Distance (mm) measured from the beginning of the
obex is on the x-axis. Negative values show distance caudal to obex. The y-axis depicts the areal
size (mm 2) of the combined foci of CTB label for each section through the cuneate nucleus of the
brainstem. Values from the intact and lesion sides are compared, with the resulting proportion
in parentheses, for 4 of the 5 lesion cases in A–D.
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in somatosensory areas 3b and 1 contralateral to the lesion. Surgical
procedures have been fully described previously (Reed et al., 2008,
2010b). In brief, each monkey was given an initial ketamine injection
(10 –30 mg/kg, i.m.) for sedation followed by 2– 4% halothane gas. The

monkey was secured in a stereotaxic device, and anesthesia was main-
tained with propofol during surgery (10 mg/kg/h, i.v.) and the recordings
(0.3 mg/kg/h, i.v.) for the duration of the experiment (24 –72 h). Paralysis
was maintained with vecuronium bromide (0.1– 0.3 mg/kg/h, i.v.) mixed
with 5% dextrose and lactated Ringer’s solution, and the monkey was
artificially ventilated. Craniotomy and duratomy were performed to ex-
pose the hand representation in areas 3b and 1. The electrode array was
inserted into the cortex pneumatically to a depth of 600 �m. Electrode
tips were therefore in the expected depth of layer 3. All exposed cortex
was covered with 1% agar mixed with Ringer’s solution to provide sta-
bility and to prevent desiccation.

Recording. Neuronal activity was recorded with a 10 � 10 Utah array
(Cyberkinetics Neurotechnology Systems, now Blackrock Microsys-
tems) and the Bionics Data Acquisition System. As described in previous
studies (Samonds et al., 2003; Reed et al., 2008, 2010a, b; Zhou et al.,
2008), the signals on each channel were amplified by a factor of 5000 and
bandpass filtered between 250 Hz and 7.5 kHz. The threshold for each
electrode was automatically set to 3.25 SDs from the mean activity, and
the waveforms were sampled at 30 kHz for 1.5 ms windows.

Tactile stimulation. Tactile stimulation was applied to the skin of the
hand ipsilateral-to-lesion or the skin of either hand in control cases. The
hand under investigation was secured in a supine position using a Plas-
ticine mold. A custom-designed program (Visual Basic) controlled two
motor systems that implemented force- and position-feedback (300B,
Aurora Scientific). The system controlled the movement of two indepen-
dent probes, which were used for indenting the skin in targeted spots on
the hand. The footprint of each probe was 1 mm in diameter. Stimuli
consisted of pulses that indented the skin of the hand 0.5 mm for 400 –
500 ms. The probe was lifted off the skin for 2.0 s before it was lowered for
another indentation. This sequence was repeated 100 –150 times at each
tested site. Only one stimulus probe was used in the conditions reported
here, such that only one location on a single digit or palm pad was
stimulated during a given recording. The purpose of stimulation in this
study was to collect activity from as many neurons as possible from each
monkey and calculate “response fields” for individual neurons under
multiple, controlled stimulation conditions (see Data analysis). Stimu-
lating different locations on the hand allowed us to drive firing above
spontaneous rates for neurons with RFs across the hand, generating re-
sponse fields for individual neurons and heat maps of activation across
the array. Detailed responses of neurons in deafferented monkeys under
these stimulation parameters and parameters using two stimulus probes
will be addressed as part of a separate report.

RF mapping. For each electrode, we determined neuronal RFs by light
touch with fine probes, tapping, and joint movement. RF location, size,
and stimulus preference at the site where the strongest evoked response
occurred were documented. Neuronal responsiveness was classified into

Figure 5. Example of behavioral recovery measures from Monkey SM-G and summary of
relationships between lesion extent and behavior deficits for all cases. A, Success scores
(mean � SEM) from Monkey SM-G performing a reach-to-grasp task. Line graphs represent
postlesion changes in success score from 4 testing wells of increasing depth/difficulties, in
which the well 1 (blue) is the easiest and well 4 (violet) is the most difficult. B, Number of digit
flexes per successful trial (mean � SEM) from Monkey SM-G performing a reach-to-grasp task
from the 4 testing wells Inset, Transverse view of spinal cord at cervical level 6 (C6) with the
extent of lesion (black shading) for SM-G reconstructed from a series of horizontally cut spinal
cord sections with the estimated axon sparing included for reference. C, Estimated proportion of
axons spared ( y-axis) versus the behavior deficit rank (x-axis) plotted for the 5 monkeys with
dorsal column lesions shows a strong relationship between lesion extents and deficits using the
impaired arm and hand. Dashed lines indicate 95% confidence intervals based on the predicted
mean linear regression fit line, shown as a solid line ( y � 0.75 � 0.13x, R 2 � 0.731). Each
lesion case (n � 5) is represented by a gray circle and numbered by behavioral deficit ranking
from most impaired (5, light gray) to least (1, dark gray).

Table 1. Behavior impairment rank and lesion extenta

Case (survival time in weeks)
OM-M
(5 weeks)

SM-G
(6 weeks)

OM-D
(7 weeks)

SM-Ro
(8 weeks)

OM-J
(10 weeks)

Days unable to perform task 21 6 7 1 1
Difference in total digit flexes NA 0.47 0.68 1.73 0.17
Difference in success on last

testing day (%)
NA �5 6 �1 �5

Average score NA 3 2.67 2.33 2
Final behavior rank 5 4 3 2 1
Cervical level of lesion C4 C6 C4 C4 C4
% of dorsal column lesion

area
81.9 53.8b 18.9 33.4 14.0

% of axons spared 0.6 20.7 49.6 59.6 46.5
aThe five monkeys were ranked for their relative postlesion impairment in each category: 1 � least impaired, and
5 � most impaired. The “difference” in each category is a subtraction of the mean measurements before and after
DC lesion. Negative values indicate that measurements from after lesion are lower than those before lesion. “%” of
dorsal column lesion area” lists cross-sectional area calculations of the reconstructed dorsal columns and lesion
zones at the cervical spinal cord level.
bThe value of the “% of dorsal column lesion area” ( 93.8%) minus 40% of estimated sparing from C4 (20%) and C5
(20%) because the lesion was at C6, which is below the level of the majority of the inputs from digits 1 and 2; “% of
axons spared” indicates the estimate of functional axons from the hand that were spared from the lesion based on
labeled axon terminals after tracer injections in the digits.
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three categories: (1) cutaneous neurons responded to light contact on the
skin or hair movement; (2) high threshold neurons required taps to the
skin to evoke responses; and (3) noncutaneous, or “deep,” neurons re-
sponded only to the manipulation of joints and muscles. Minimum RF
was determined by the area of skin where light touches with a fine probe
could activate neurons (Merzenich et al., 1978). RFs were recorded on a
template of the hand or other relevant body part.

Data analysis
Spike sorting. The thresholded signals were sorted offline with an auto-
matic spike classification program based on the t-distribution Expecta-
tion Maximization algorithm (Shoham et al., 2003). Details of the spike
sorting procedures have been described previously (Reed et al., 2008;
Reed et al., 2010b). Waveforms of action potentials were compared

across multiple recordings to standardize sort-
ing assignments. We used Plexon Offline
Sorter (Plexon) to verify the quality of unit iso-
lation such that single units had refractory pe-
riods � 1.2 ms; p values � 0.05 for multivariate
ANOVA related to cluster separation; and dis-
tinct waveform shapes and amplitudes when
compared with other activity on the same elec-
trode (Nicolelis et al., 2003). Single units and
multiunits were categorized separately for
comparisons of single-unit firing rates. But sin-
gle units and multiunits were grouped together
for factor analysis and illustrations.

Response field. We defined an excitatory “re-
sponse field” as the region of skin where tactile
stimulation increased peak firing rates within a
50 ms poststimulus time window for a given
neuron (Reed et al., 2010a, b, 2011). Peak firing
rate of each recorded neuron was first cor-
rected by subtracting the average spontaneous
firing rate of that neuron (500 ms before stim-
ulus onset in PSTHs of at least 100 trials). Cor-
rected peak firing rates of all recorded neurons
were averaged to determine a population aver-
age firing rate and SD from multiple record-
ings. A single location on the hand was
classified as inside a neuron’s excitatory re-
sponse field (IN) if the corrected peak firing
rate of the individual neuron was at least 3
times greater than the SD of the population
average firing rate. Otherwise, the skin location
was considered outside of the response field
(OUT). The criteria for IN the response field
are therefore somewhat strict because firing
rates of individual neurons must exceed the
population SD. With this method, we use our
simultaneous recordings such that firing dur-
ing digit stimulation classified as IN the re-
sponse field is more likely to be stimulus-
related rather than an increase in firing
resulting from cofluctuations of activity across
the electrode array. Calculations were per-
formed using MATLAB (MathWorks) and ex-
ported to Excel (Microsoft). For visualization
purposes, color maps of peak firing rates were
generated for 50 ms windows after stimulus
onset using MATLAB “colormap” commands
(“hot”). In addition, we applied a 2D averaging
filter (“average”) from the Image Processing
Toolbox with the default options (size 3 � 3)
and assuming that values outside the bounds of
the array are equal to the nearest border value
(“replicate”).

Digit territory ratio. We calculated response
field ratios for neurons to stimulation on each
digit, with the ratio � IN/(IN � OUT). One

neuron was selected per electrode in area 3b for ratio calculations. Be-
cause of variations in the array placement between monkeys, we recorded
different numbers of neurons representing each digit across cases. We
calculated a radial-to-ulnar digit territory ratio (R-U digit ratio) within
each monkey defined as follows:

R � U Digit Ratio � [INR/(INR � OUTR)]/

[INU/(INU � OUTU)]

This ratio complements estimates of digit territory from traditional map-
ping methods (e.g., Merzenich et al., 1978) and provides standardization
to allow comparisons across cases. Ratio values �1 indicate that territory
of a radial digit is larger than expected.

Figure 6. Organization of the hand representation of deafferented area 3b in Monkey OM-M 5 weeks after lesion. A, Schematic
drawings of hands represent neuronal RFs progressively shifted from distal to proximal portions of the hand, from the rostral to
caudal direction of the array (rows 1–10) in the right hemisphere area 3b. B, Top, Schematic drawing of OM brain to show the
location of the electrode array (square). Bottom, Somatotopic map was reconstructed based on the locations of RFs for neurons at
each electrode. The lateral portion of the cortex representing digits 1 and 2 was mostly unresponsive. However, even with �1% of
afferents spared in the cuneate nucleus, digit representations 3–5 responded well, and somatotopy was similar to that of normal
monkeys. Nevertheless, unusually large RFs and over-represented dorsal hairy skin suggest abnormalities in area 3b. Solid dots
indicate responses ranging from good to excellent at a given electrode; open circles represent weak responses; x indicates micro-
electrode penetrations with no responses; “-” indicates disabled electrodes (in which recordings were turned off because of high
levels of noise). Dashed lines indicate the rostral and caudal borders of area 3b defined by topography and myelin architecture. 3a,
Area 3a; 3b, area 3b; D3, D4, and D5, digits 3, 4, and 5, respectively; GR, good response; LS, lateral sulcus; M, medial; NR, no
response; P, palm; R, rostral; STS, superior temporal sulcus; WR, weak response. A, Numbers indicate channel numbers.
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Discontinuous response field ratio. We tallied
the number of electrodes that recorded neuron
activity in response to 0, 1, or 2 or more loca-
tions, summarized after individual digit or
palm pads were stimulated with the mechani-
cal probe. From this tally, we identified neuron
activity evoked by discontinuous hand loca-
tions. For example, activity from one electrode
may be responsive when a single probe stimu-
lates D2 for 100 trials and when a probe stim-
ulates D4, but unresponsive to D3 stimulation.
We counted these discontinuous occurrences
strictly. (For example, if we did not stimulate
digit 3 during a recording session, then we did
not count neuron responses from D2 and D4
stimulations as a “discontinuous response
field.”) The proportion of response fields that
showed discontinuity (discontinuous RF) was
calculated using the following ratio: number of
discontinuous response fields divided by the
total number of response fields that included
more than one stimulation location. The
utility of this measure is that it includes the
firing rates of individual neurons as a param-
eter for estimating abnormality within the
hand representation.

Statistics. Data were prepared in Excel and
imported into IBM-SPSS 20.0 (IBM) or
MATLAB for analysis. Unless otherwise stated,
statistical significance levels were � � 0.05.
Nonparametric statistical comparisons (Wil-
coxon-Mann–Whitney two-sample rank-sum
tests) between measures from normal and de-
prived monkeys were performed. Pearson’s
correlation coefficient and nonparametric
correlation coefficients (Spearman’s 	) were
calculated to determine whether significant re-
lationships existed between behavioral impair-
ment, axon sparing from the lesion, and
neurophysiological measures of cortical reacti-
vation and reorganization.

Tissue processing and histology
At the end of the terminal multielectrode re-
cording session, each monkey was given a le-
thal dose of anesthetic (sodium pentobarbital,
120 mg/kg, i.v.). When areflexive, monkeys
were perfused transcardially with phosphate
buffered 0.9% saline (PBS, pH 7.4) followed by
2– 4% PFA in phosphate buffer (PB), followed
by 2– 4% PFA with 10% sucrose in PB. The
brain and spinal cord were separately removed.
Cervical levels were defined before removal of
the spinal cord from the vertebrae. The dura
was cut along the midline from the junction
of lower brainstem rostrally toward C8 cau-
dally. The rootlets of each cervical segment
were exposed to identify C1–C8. Pins were
usually placed away from the lesion site at
either the gap between two segments or in
the centers of identified cervical segments.
This allowed us to determine the position of labeled afferents and the
level of the lesion.

Cortex was separated from subcortical structures, manually flattened,
and kept flat between glass slides (for progressive steps in flattening SM
cortex, see Gharbawie et al., 2011). The cortex, brainstem, and spinal
cord were stored overnight in 30% sucrose in PB for cryoprotection. The
cortex was cut parallel to the surface into 40 �m sections on a freezing
microtome, and the sections were stained for myelin (Gallyas, 1979) to

reveal the location of the multielectrode array in relation to area 3b. The
brainstem and spinal cord were sectioned (40 �m) in the coronal and
horizontal planes, respectively. Every fourth section of the brainstem and
every other section of the spinal cord were processed with immunohis-
tochemistry to reveal CTB label (Bruce and Grofova, 1992; Qi and Kaas,
2006). Another series of brainstem and spinal cord sections was pro-
cessed for cytochrome oxidase (Wong-Riley, 1979) to reveal brainstem
and spinal cord structures (Qi and Kaas, 2006).

Figure 7. Organization of the hand representation of deafferented area 3b in Monkey SM-G 6 weeks after lesion. A, Schematic
drawings of hands represent neuronal RFs in largely spared digits 1 and 2 representations of area 3b. Distal to proximal represen-
tations of individual digits mapped onto the rostrocaudal orientation of the array (rows 1–10) in the left hemisphere area 3b. RF
sizes within D1 and D2 representations were usually small (i.e., first 5 rows). B, Schematic drawings of hands represent neuronal
RFs in deafferented digit representations 3–5 of area 3b. RFs in this region were much larger and included multiple phalanges,
multiple digits, or both glabrous and dorsal skin (e.g., electrodes 55, 63, 64, 66, 84, 85, 87, and 92, etc.). C, Top, Schematic drawing
of a SM brain illustrates the location of electrode array (square). Bottom, Somatotopic map was reconstructed based on the
locations of RFs for neurons at each electrode. The map demonstrates that digits 1–5 are organized in the expected lateromedial
progression, but the representations of D1 and D2 appear to be much larger than those of D3–D5. Solid dots indicate responses
ranging from good to excellent at a given electrode; open circles represent weak responses; x indicates microelectrode penetrations
with no responses; “-” indicates disabled electrodes. Dashed lines indicate the rostral and caudal borders of area 3b defined by
topography and myelin architecture. 1, 3a, and 3b, Areas 1, 3a, and 3b; CS, central sulcus; D1–D5, digits 1–5, respectively; GR, good
response; LS, lateral sulcus; M, medial; NR, no response; P, palm; R, rostral; STS, superior temporal sulcus; WR, weak response. A,
Numbers indicate electrode numbers.
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To reconstruct dorsal column lesions, images of the spinal cord sec-
tions were acquired using a Nikon E800 microscope (Nikon) and a
Nikon DXM1200 camera (Nikon). Spinal cord sections were aligned to a
pinhole along the midline. The maximal extent of the lesion, the white
matter, and the gray matter were measured, and a coronal view of the
lesion site was reconstructed from the series of sections with Adobe Il-
lustrator software (Qi et al., 2011).

Lesion size measurement. Our lesion model was restricted to the dorsal
column of the spinal cord; therefore, a measurement of total lesion vol-
ume was not applicable in the present study. We incorporated two meth-
ods here: (1) reconstruction of the damaged zones from spinal cord tissue
(cut in a horizontal plane) to estimate cross-sectional area of the dorsal
column for which axons were cut; and (2) estimation of the effective

lesion by comparing distributions of tracer-
labeled terminals (in the dorsal horn and cune-
ate nucleus) from axons that were spared from
the lesion. From reconstructions of the lesion
in each case projected into a coronal plane (Fig.
1), we used National Institutes of Health
ImageJ software (http://rsbweb.nih.gov/ij/) to
measure the cross-sectional area of the dorsal
column for which axons were cut (lesion) com-
pared with the cross-sectional area of the dorsal
column at that cervical level (total DC area).

Quantification of CTB label. In addition to
the reconstruction method to estimate the le-
sion size, to better quantify the effectiveness of
the lesion, we used National Institutes of
Health ImageJ software to measure the areas
that contained CTB-labeled terminals throughout
the cuneate nucleus. Detailed procedures have
been described previously (Qi et al., 2011). All
measurements from ImageJ were imported
into Excel, and the ratio between the lesion side
and intact side was calculated (for details, see
Qi et al., 2011). In Monkey SM-G, two different
tracers were subcutaneously injected into the
left hand (CTB) and right hand (BHRP). The
purpose of this deviation was to determine
whether peripheral afferents projected to both
sides of the cuneate nucleus. Because two dif-
ferent tracers were injected into left and right
hands, we used the following formula for Mon-
key SM-G:

Ratio (Lesion vs Intact) � [(Labeled

area/total area on Lesion side)/(Labeled

area/total area on Intact side)] 
 100.

Statistical comparisons between measures of
the lesion and intact sides of sections were per-
formed in MATLAB (Wilcoxon matched-pairs
signed-ranks test, � � 0.05).

Results
The primary goal of this study was to in-
vestigate how dorsal column lesions at the
midcervical spinal cord (C4-C6) affect
neuronal response properties in con-
tralateral primary somatosensory cortex,
area 3b. We also examined extent of DC
lesion, behavioral recovery, and cortical
reactivation to determine the relationship
between all three factors. The results are
presented in 5 sections: (1) extent of le-
sion; (2) behavioral performance; (3) so-
matotopy and neuronal RF properties
after behavioral recovery; (4) quantitative

characterization of response fields after behavioral recovery; and
(5) relationships between axon sparing, behavioral recovery, and
responsiveness of cortex within monkeys, including comparisons
of response characteristics between normal and lesion monkeys.
As the extents and levels of the lesions varied across monkeys, the
results are largely presented on a case-by-case basis.

Level and extent of DC lesion
DC lesions were reconstructed for all 5 cases (Fig. 1). We found a
somatotopic organization for afferents labeled in the spinal cord
from tracer injections into the digits (Florence et al., 1989, 1991).

Figure 8. Organization of digit representations of partially deafferented somatosensory area 3b in Monkey OM-J 10 weeks after
unilateral dorsal column lesion. A, Schematic drawings of hands depict neuronal RFs progressively shifted from distal to proximal
portions of the hand when electrodes were mapped across the rostrocaudal direction (rows 1–10) in area 3b (right hemisphere).
B, Top, Schematic drawing of an OM brain to illustrate the location of electrode array (square). Bottom, Somatotopic map was
reconstructed based on locations of RFs for neurons at each electrode. The lateral portion of the cortex representing digit 1 was
unresponsive, but digits 2–5 were represented with somatotopy similar to normal monkeys. However, discontinuous RFs were
found in multiple locations (e.g., electrodes 17, 27, and 56). Conventions follow Figures 6 and 7.
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For example, injections into D1 labeled
afferents near C5, whereas injections into
D3 and D5 labeled afferents near C6 and
C7, respectively. In most cases (4 of 5),
lesions were restricted to the dorsal col-
umns and some of the central gray of the
spinal cord. The corticospinal tract, one of
the major motor pathways involved in
dexterity, was spared in all cases, except in
Monkey SM-G.

Monkey SM-G
The dorsal column lesion was extensive in
this case but at a slightly lower cervical
level than all other monkeys. The lesion
encroached into the dorsal horn, interme-
diate zone, portions of the ventral horn,
and corticospinal tract (Fig. 1). To deter-
mine whether peripheral afferents pro-
jected to the nuclei on the same side only
(ipsilateral) or on both sides (bilateral),
we subcutaneously injected two different
tracers into the left hand (CTB) and right
hand (BHRP) in this case (Fig. 2A,B). We
did not detect bilateral projections in ei-
ther spinal cord or brainstem. Therefore,
in all other cases, we injected CTB in both
hands to facilitate comparison of labeling
in both sides of the cuneate nucleus. In
Monkey SM-G, BHRP tracer was injected
into all 5 digits of the deafferented hand.
Fiber terminals were labeled throughout
the dorsal horn in C5–C7 and the lesion
was at C6 (Fig. 2B). Thus, peripheral affer-
ents from digits 1 and 2 were largely
spared, and afferents from D3–D5 were
mostly cut. In the cuneate nucleus,
patches of BHRP-labeled axons and ter-
minals can be identified throughout mul-
tiple sections, but they were sparsely
distributed. The locations of those sparse
patches likely reflected preserved inputs
from digits 1 and 2. CTB was injected in
the distal phalanges of digits 1, 2, 3, and
5 of the intact hand. Dense foci of axon
terminal fields were apparent in the spi-
nal cord and cuneate nucleus.

On the lesioned side, we measured
BHRP-labeled areas and the total area of
cuneate nucleus from the same sections to determine the propor-
tion of area labeled in cuneate. This procedure was followed for
the intact side (Fig. 2C). Finally, the ratio of both proportions
showed that 	20.7% of axons were present in the ipsilateral-to-
lesion cuneate nucleus compared with the opposite cuneate nu-
cleus (Fig. 2D). This represents a significant reduction on the
lesion side (p � 1.17 � 10�6, Wilcoxon matched-pairs signed-
ranks test, Z � 4.86, n � 31 sections).

Monkey OM-M
CTB was injected into matched locations in the distal and middle
phalanges of digits 3 and 4 on both hands. Lesion reconstruction
showed that it was at the C4 level on the left side of the spinal cord,
which suggests that peripheral inputs from all digits of left hand
were interrupted (Fig. 3A,B). Densely labeled axon terminals

were identified across many sections throughout the intact cune-
ate nucleus. In contrast, labeled terminals were sparse and pres-
ent in only a few sections of the deafferented cuneate (Fig. 3C).
The approximate area of labeled terminals on the lesion side was
	0.56% of the intact counterpart (Fig. 4A), and this difference
was significant (p � 1.11 � 10�8, Wilcoxon matched-pairs
signed-ranks test, Z � 5.71, n � 43 sections). These results sug-
gest that the lesion interrupted �99% of the inputs from digits 3
and 4. Along with the evaluation of the lesion from the spinal
cord reconstruction, the results suggest that inputs from all digits
of the hand were severely deafferented (Fig. 3).

Restricted DC lesions were found in Monkeys OM-J, OM-D,
and SM-Ro. Monkey OM-D appeared to have some sparing of
axons in the cuneate fasciculus (Fig. 1). The reconstruction of

Figure 9. Organization of digit representations of partially deafferented somatosensory area 3b in Monkey OM-D 7 weeks after
unilateral dorsal column lesion. A, Neuronal RFs progressively shifted from distal to proximal portions of the hand when electrodes
(rows 1–10) were mapped from the rostrocaudal direction in area 3b (right hemisphere). B, Top, Schematic drawing of an OM brain
to show the location of electrode array (square). Bottom, Somatotopic map was reconstructed based on locations of RFs for neurons
at each electrode. With 	50% of spared fibers reaching the cuneate nucleus, the somatotopy, responsiveness, and the RF sizes
resembled those of normal monkeys. Conventions follow Figures 6 and 7.
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lesion extent in Monkey OM-J indicated that the lesion was re-
stricted to a portion of cuneate fasciculus in the dorsal column
(Fig. 1). The lesion in Monkey SM-Ro encroached into the dorsal
horn, intermediate zone, and portions of the ventral horn, but a
fair amount of fibers in the medial portion of the DC was spared
(Fig. 1).

In these 3 monkeys, CTB tracer was injected into digits 1, 3,
and 5 at matched locations of both hands. CTB labeling indicated
that the lesion interrupted peripheral inputs from all digits of the
left hand at the C4 level in all 3 monkeys. In the cuneate nuclei,

labeled fields occupied a smaller territory
on the lesion side compared with the in-
tact side. Axons spared on the lesion side
amounted to 	46.5% in Monkey OM-J
(Fig. 4B), 49.6% in Monkey OM-D (Fig.
4C), and 59.5% in Monkey SM-Ro (Fig.
4D) of axons on the intact side. Areal dif-
ferences between the two sides were sig-
nificant in all 3 cases (OM-J: p � 8.32 �
10�5, Wilcoxon matched-pairs signed-
ranks test, Z � 3.94, n � 51 sections;
OM-D: p � 3.95 � 10�4, Z � 3.54, n � 26
sections; SM-Ro: p � 2.05 � 10�5, Z �
4.26, n � 42 sections).

Behavioral impairment after spinal
cord lesion
After DC lesion, monkeys often tried to
perform the task with the unaffected
hand. When that happened, we discour-
aged those attempts by blocking the hand
or covering the pellets manually. Then,
monkeys learned to use the impaired
hand to retrieve pellets. Monkeys required
different amounts of recovery time before
using the impaired hand. The postlesion
day when we observed use of the impaired
hand reflected impairment magnitude.
From the reach-to-grasp task with the im-
paired hand, we compared mean success
scores and number of flexes before and
after lesion to assess performance during
individual testing weeks after lesion. Cases
are presented in the order of estimated
axon sparing.

Monkey OM-M
This monkey had a nearly complete C4
lesion and did not use the impaired hand
to retrieve food items until day 21 after
lesion. Although performance was not
quantitatively assessed for this monkey,
we consistently observed the hand ap-
proach the mouth regardless of whether
a food item was grasped. This behavior
suggests that the monkey was “un-
aware” if indeed the food pellet was se-
cured in its hand, which was not the case
before lesion.

Monkey SM-G
This monkey was unable to perform the
reach-to-grasp task with the impaired
hand up to day 5 after an extensive DC

lesion at C6. In the first week after lesion, mean success scores
tended to decline, but Dunn’s multiple comparisons tests did not
reach statistical significance. In subsequent weeks, mean success
scores returned to levels recorded before lesion (Fig. 5A). How-
ever, success scores for the most difficult well were not stable and
further declined 3 weeks after lesion (Kruskal–Wallis � 27.380,
p � 0.0003, N � 655 observations, Dunn’s p � 0.001). In addi-
tion, the increase in the number of digit flexes suggested that
pellets in wells 3 and 4 were more difficult to access than pellets in

Figure 10. Organization of the hand representation of area 3b in a normal Monkey OM-A. A, Schematic drawings of hands
represent neuronal RFs progressively shifted from distal to proximal portions of the hand, from the rostral to caudal direction of the
array (rows 1–10) in the left hemisphere area 3b hand region. B, Top, Schematic drawing of OM brain representing the location of
the electrode array (square). Bottom, Somatotopic map was reconstructed based on the locations of RFs for neurons at each
electrode. Conventions follow Figures 6 and 7. The somatotopy was similar to that of previous reports from normal monkeys. C,
Heat maps of the peak firing rate responses (50 ms response windows) across the array were generated in MATLAB with an
averaging filter (size � 3) and hot colors representing higher peak firing rates (color scale 5– 85 spikes/s). Dashed lines indicate
rostral and caudal borders of area 3b. Peak firing rate responses were represented in expected somatotopic order. Visualization is
an average map in which the firing of neurons from points surrounding each square contribute to the color code (filter size � 3)
rather than a point-to-point match for all neurons recorded from each electrode. Inset (into each heat map), Schematics of the OM
hand represent tactile stimulation sites (red dot) on individual digits (arrow).
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wells 1 and 2 (Fig. 5B), and these effects
lasted up to 5 weeks after lesion (Kruskal–
Wallis � 37.055, p � 0.0001, N � 655
observations, Dunn’s p � 0.001).

Monkey OM-J
This monkey was able to perform the
reach-to-grasp task with the impaired
hand 1 d after a restricted C4 lesion. Per-
formance levels were maintained up to
day 56 and were not distinguishable from
prelesion levels (Kruskal–Wallis � 2.323,
p � 0.5082, N � 155 observations tested).

Monkey OM-D
This monkey was unable to perform the
task with its impaired hand up to 6 d after
a restricted C4 lesion. Dorsal column le-
sion increased the number of flexes for
wells 3 and 4 during week 2 testing com-
pared with prelesion levels (well 3:
Kruskal–Wallis � 36.896, p � 0.0001,
N � 311 observations tested; well 4:
Kruskal–Wallis � 11.658, p � 0.0398,
N � 268 observations tested). Perfor-
mance recovered to prelesion levels by
week 5 (well 3: Kruskal–Wallis � 2.694,
p � 0.7471; well 4: Kruskal–Wallis �
2.846, p � 0.7237).

Monkey SM-Ro
We were unable to train this SM to accept
sugar pellets; however, we filmed its
reach-to-grasp behavior retrieving pieces
of raisins in a similar variation of the stan-
dard task. This monkey was able to per-
form the task with its impaired hand
within 2 d of a restricted C4 lesion and
showed no obvious deficits.

We ranked the performance of the le-
sion monkeys to relate their dexterity to
lesion extent and measures of cortical re-
activation. The first category we consid-
ered was the number of days after lesion in
which the monkey was unable to grasp with the impaired hand.
Monkey OM-M was ranked as most impaired because it was
unable to retrieve small food items from the testing board for 2
weeks after lesion. This impairment lasted much longer than any
other monkey. We ranked the remaining cases using two addi-
tional categories: mean difference between postlesion and prele-
sion values in total digit flexes and mean difference in success
score of the last testing day after lesion versus before lesion. In
this way, initial impairment and recovery on the last testing
day were included in this measure to relate better to the end-
point stage of the electrophysiological and anatomical analy-
ses. The final rank was calculated from the average of the three
categories. Thus, we ranked the lesioned monkeys from most
to least impaired as follows: Monkeys OM-M, SM-G, OM-D,
SM-Ro, OM-J (Table 1).

Estimates of lesion size based on reconstruction of the dam-
aged tissue and based on the tracer labeling quantification are
included in Table 1 to aid comparisons of the lesions with the
behavioral deficit ranks. We found that the ranking of behavioral
measures closely corresponded to the estimates of axon sparing

(Pearson’s r � 0.8627; p � 0.0598, n � 5 deprived monkeys), as
shown in Figure 5C.

Somatotopy and RF properties from neurons in partially
deprived area 3b
Five to 10 weeks after DC lesions, the deprived somatosensory
areas 3b and 1 were mapped. In each monkey, the responsiveness,
neuronal RF sizes, and locations were characterized systemati-
cally from each electrode after array insertion. The somatotopic
map was reconfirmed a day later if time allowed. For somatotopic
reconstructions, minimum RFs were determined based on the
best responses obtained for each electrode (for details of recon-
struction, see Nelson et al., 1980; Sur et al., 1982; Kaas et al., 1983;
Merzenich et al., 1983a,b). Areal boundaries were determined
anatomically and electrophysiologically. Our criteria were based
on studies showing that neurons in area 3b have the smallest RFs
in somatosensory cortex, low threshold responses, and a somato-
topic organization that mirrors the topography of area 1 (Nelson
et al., 1980; Sur et al., 1982; Kaas et al., 1983; Merzenich et al.,
1983a,b).

Figure 11. Responsiveness in partially deprived area 3b in Monkey OM-M. A, A transverse view of spinal cord showing the
extent of lesion (black shading) reconstructed from a series of horizontally cut spinal cord sections. B, Photomicrograph from a
myelin-stained section cut parallel to pia surface through somatosensory areas 3b and 1 representing the array location (top) and
a schematic drawing representing a reconstructed somatotopic map from array (bottom). D12 indicates a mix of responses from
digits 1 and 2. D3–5 indicates a mix of responses from digits 3–5. C, Heat maps follow conventions of Figure 10 to show peak firing
responses across the array, with hot colors representing higher peak firing rates (color scale 5– 85 spikes/s). Schematic drawings of
OM hands after extensive deafferentation represent the sites for tactile stimulation (red dots with arrows) on individual digits. Peak
firing rate activations in response to digit stimulation are relatively weak but are generally consistent with digit territories deter-
mined from RF mapping. Dashed lines indicate the rostral and caudal borders of area 3b defined by topography and myelin
architecture. Conventions follow Figures 6 and 7.
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Monkey OM-M
The deprived area 3b was mapped 5 weeks
after an extensive lesion of the contralat-
eral (left) dorsal columns at the C4 level.
The electrode array was placed in the cen-
ter of the hand representation in area 3b
(Fig. 6). Neurons in area 3b responded to
tactile stimulation on the digits (Fig.
6A,B), even with only 0.56% of DC affer-
ents remaining from digits 3 and 4 (Figs. 3
and 4A). Nearly all primary afferents in
the dorsal columns from digits 1, 2, and 5
were also likely cut, but RFs were still
mapped on these digits. We found that the
lateral part of the hand representation in
area 3b did not respond to somatosensory
stimuli, and neuronal responses in some
electrodes were weak. Abnormally large
RFs (e.g., ch. 5, 14, 84) and over-
representations of dorsal skin were also
apparent (e.g., electrodes in rows 2–5).
Nevertheless, the medial part of the 3b
hand representation responded well to
tactile stimulation, and digits D3–D5 were
represented in a normal lateromedial so-
matotopic sequence (Fig. 6A).

Monkey SM-G
The deprived area 3b was mapped 6 weeks
after an incomplete lesion of the con-
tralateral (right) dorsal columns. The
electrode array covered the entire hand
representation in area 3b. A number of
electrodes were located in area 3a and area
1. Quantitative measurements indicated
that �20.7% of the primary afferents were
spared (Fig. 2). Nevertheless, the location
of the lesion at midcervical spinal cord
level suggests that most of the inputs from
digits 1 and 2 were spared. Weeks after
this extensive but incomplete loss of affer-
ents, the lateral parts of the hand repre-
sentations in area 3b responded well to
tactile stimulation of the radial hand (Fig.
7). Moreover, the more deprived medial
parts of the hand representation were also
responsive to stimulation of the ulnar
hand. Thus, all five digits were repre-
sented in normal lateromedial sequence
from D1 to D5. The RFs of the largely
spared digits 1 and 2 were small (Fig. 7A),
resembling normal RF sizes in area 3b. In
contrast, the RFs of neurons in the de-
prived representations of digits 3–5 were
relatively large and usually included mul-
tiple digits or phalanges (Fig. 7B). For ex-
ample, some of the RFs covered more than
one digit (ch. 73, 76, 78, 84, 87, 92), some
covered digit and palm pads (ch. 76, 78),
and some even covered both glabrous skin
and dorsal skin (ch. 85). Overall, the re-
sponses from the electrode array indicate
that the representation of digit 2 and, to a

Figure 12. Responsiveness in partially deprived area 3b in Monkey SM-G. A, A transverse view of spinal cord showing the
extent of lesion (black shading) reconstructed from a series of horizontally cut spinal cord sections. B, Top, Schematic
drawing represents an overview of a SM brain. The array location is indicated by a box. Middle, Photomicrograph from a
myelin-stained section cut parallel to pia surface through somatosensory areas 3a, 3b, and 1 showing the array location.
Bottom, Schematic drawing of a reconstructed somatotopic map. C, Heat maps of the peak firing rate responses across the
array follow conventions of Figures 10 and 11 (color scale 5– 85 spikes/s). Schematic drawings of SM hands represent the
sites for tactile stimulation (red dots with arrows) on individual digits. Peak firing rate responses in mostly spared territo-
ries of D1 and D2 were strong and extensive, and digits were represented in expected somatotopic order; however,
electrodes in deprived representations (e.g., D4 and D5) recorded neurons responding strongly to stimulation on D1 and D2.
B, “x” indicates no response to light to moderate touch during minimal RF mapping but does not preclude the possibility of
driven activity under the suprathreshold stimulation conditions using the computer-controlled mechanical probe or high
levels of spontaneous activity. C, Average maps in which the firing of neurons from points surrounding each square
contribute to the color code (filter size � 3) rather than a point-to-point match for all neurons recorded from each
electrode. Dashed lines indicate rostral and caudal borders of area 3b.
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lesser extent, digit 1 were unusually large,
suggesting that they had expanded into
deprived digits 3–5 region of cortex (Fig.
7C).

Monkey OM-J
The deprived area 3b was mapped 10
weeks after an incomplete lesion of the
contralateral (left) dorsal columns. A
larger proportion of afferents were spared
(46.5%) compared with the two monkeys
discussed above (Fig. 4B). The hand rep-
resentation in area 3b responded well to
tactile stimuli, except the D1 territory,
which was largely unresponsive (Fig.
8A,B). Digits 2– 4 were represented in the
expected lateromedial sequence. RF sizes
were abnormally large in several elec-
trodes (e.g., electrodes 39, 53, and 87).
Some RFs were in unusual locations, for
example, neurons recorded on the same
electrode responded to stimulation of dis-
continuous skin surfaces (Fig. 8A; elec-
trodes 17, 27, and 56). This phenomenon
is characterized in later sections.

Monkey OM-D
The deprived area 3b was mapped 7 weeks
after incomplete lesion of the contralat-
eral (right) dorsal columns. The electrode
array was placed in the center of the hand
representation in area 3b (Fig. 9B). The
lesion extended more laterally into the
dorsal horn at the C4 level, and higher
proportions of afferents were spared than
in the previous cases (49.6%; Fig. 4C). The
hand representation in area 3b responded
well to tactile stimuli. The representations
of digits 1–5 followed the expected latero-
medial sequence (Fig. 9A,B). RF sizes
were comparable with normal monkeys.

Monkey SM-Ro
The deprived area 3b was mapped 8 weeks
after incomplete lesion of the contralat-
eral (left) dorsal columns. The electrode
array was placed mostly in the hand rep-
resentation of area 1 to avoid damaging
large blood vessels in area 3b. Neverthe-
less, 20 electrodes were located in the hand
representation of area 3b (data not shown).
The lesion was at the C4 level and spared
59.6% of peripheral afferents (Fig. 4D). Par-
tially deprived areas 3b and 1 responded well
to tactile stimuli. However, RFs for most
electrodes were relatively large and showed
disorganized somatotopy, including inter-
mingling of representations of digits 2–4.

Monkey OM-A
For comparison with DC lesion monkeys, we describe RF map-
ping information for a normal case, Monkey OM-A (Fig. 10A).
The electrode array was placed in the digit representation of area
3b but included some of the representation of the face as well as
area 3a (Fig. 10B). Missing from the array coverage were the

center of the digit 5 representation and parts of the palm. RFs
were contained within a single digit or palm pad, often confined
to a single phalanx within a digit. Neurons typically responded
well to light tactile stimulation, and the digits were represented in
expected somatotopic order. These results are consistent with
many previous studies of primary somatosensory cortex (e.g.,
Merzenich et al., 1978; Sur et al., 1982), and the somatotopic
organization and response properties of neurons from this mon-

Figure 13. Responsiveness in partially deprived area 3b in Monkey OM-J. A, A transverse view of spinal cord showing the extent
of lesion (black shading) reconstructed from a series of horizontally cut spinal cord sections. B, Top, Schematic drawing represents
an overview of an OM brain. The array location is indicated by a box. Middle, Photomicrograph from a myelin-stained section cut
parallel to pia surface through somatosensory areas 3b and 1 showing the array location. Bottom, Schematic drawing showing a
reconstructed somatotopic map from array. C, Heat maps of the peak firing rate responses across the array follow conventions of
Figures 10 –12 (color scale 5– 85 spikes/s). Schematic drawings of OM hands indicate the sites for tactile stimulation (red dots with
arrows) on individual digits. Stripes on hands indicate partial deafferentation. Peak firing rate responses were somewhat weak and
restricted, but digit activations were represented in expected somatotopic order within territories determined from RF mapping.
Dashed lines indicate rostral and caudal borders of area 3b. Conventions follow Figures 6 and 7.
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key have been reported previously (Reed et al., 2008, 2010a,b,
2011, 2012).

To determine differential changes in submodalities after dor-
sal column lesion, we calculated ratios of neuronal responses to
dorsal skin versus glabrous skin (Merzenich et al., 1984). Specif-
ically, we tallied the number of electrodes in area 3b that re-

sponded to stimulation of the dorsal skin
and/or hairs and divided by the total
number of responding electrodes in area
3b territory. The average proportions of
electrodes responding to dorsal skin
and/or hairs tended to be slightly higher in
cases after DC lesion than in normal cases
with no lesion (11% and 8%, respectively;
p � 0.222; Wilcoxon-Mann–Whitney
U � 19; total n � 10 monkeys).

Quantitatively characterizing response
fields: topography, discontinuity, and
territory expansion
We calculated single-unit and multiunit
responses to controlled mechanical stim-
ulation on discrete hand locations (1 mm
diameter contact surface). The purpose
was to quantify neuronal responses to tac-
tile stimulation and to detect response
patterns over multiple digit representa-
tions simultaneously. Significant in-
creases beyond baseline firing rates were
visualized in a 10 � 10 grid, with a color
map representing the peak firing rate
magnitudes across neuron units sampled
from the electrode array. Generating an
image of cortical activity is similar to
methods described by Rousche et al.
(1999) and Normann et al. (2001) for
Utah arrays and by Ghazanfar and Nicole-
lis (1997) for microwire arrays. To indi-
cate approximate spatial locations of the
electrodes, the firing rate map was over-
laid on the topographical map of the area
3b hand representation (obtained from
RF mapping and reconstructions), as we
have described previously (Reed et al.,
2008, 2010b, 2011). (See Figures 10 –14,
heat maps, which are averages of neuron
firing as a snapshot of brain activity.)

Monkey OM-A
Examples of neuronal responses to tactile
stimulation of proximal D1, distal D2,
and distal D3 from normal Monkey
OM-A are shown in Figure 10C for com-
parison with figures that follow for DC
lesion cases. The averaged responses of
peak firing rates to stimulation on a site on
a single digit are somewhat widespread,
but the activity tends to be focused within
the corresponding digit territories deter-
mined by RF mapping. Stimulation of
proximal digit 1 resulted in peak activity
within the proximal D1 territory but
was also associated with high firing rates
in area 3a digit and palm territory, pos-

sibly because of the proximity of the palm to the proximal digit
stimulation.

Monkey OM-M
Typical examples of neuronal responses to tactile stimulation of
distal D5, or distal D4, or proximal phalanx of D3 from the mon-

Figure 14. Responsiveness in partially deprived area 3b in Monkey OM-D. A, A transverse view of spinal cord showing the extent
of lesion (black shading) reconstructed from a series of horizontally cut spinal cord sections. B, Top. Schematic drawing shows an
overview of an OM brain. The array location is indicated by a box. Middle, Photomicrograph from a myelin-stained section cut
parallel to pia surface through somatosensory areas 3b and 1 shows the array location. Bottom, Schematic drawing shows a
reconstructed somatotopic map from the array. C, Heat maps of the peak firing rate responses across the array follow conventions
of Figures 10 –13 (color scale 5– 85 spikes/s). Schematic drawings of OM hands indicate the sites for tactile stimulation (red dots
with arrows) on individual digits. Stripes on hands refer to partial deafferentation. Peak firing rate responses in territories of D3 and
D4 were strong and extensive. Digits were represented in expected somatotopic order, but high firing rates during D3 or D4
stimulation were recorded from neurons expected to be found in neighboring digit territories. Dashed lines indicate rostral and
caudal borders of area 3b. Conventions follow Figures 6 and 7.
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key with the most extensive lesion are shown in Figure 11. Elec-
trodes with neuronal responses to stimulation of digits 4 and 5
correspond to the same digit territories determined by RF map-
ping. Activations in area 3b were weaker in response to distal D3
stimulation compared with that of D4 and D5, which is consis-
tent with RF mapping. Responses were generally weak in this
largely deprived area 3b compared with cases with less extensive
lesions.

Monkey SM-G
After incomplete C6 lesion, neuronal responses to tactile stimu-
lation of D1–D5 activated expected cortical territories in lateral to
medial sequence in area 3b (Fig. 12B). When each digit was stim-
ulated, a responding center with high peak firing rate could be
found within appropriate digit territories determined by the RF
mapping. Overall responsiveness in the hand representation of
area 3b was strong and widely spread when partially spared digits
D1 and D2 were stimulated. In contrast, responses were much
weaker and more restricted when deprived digits D3–D5 were
stimulated (Fig. 12C). Notably, when spared digits D1 and D2
were stimulated, high magnitude responses were also found in
largely deprived territories of digits 4 and 5 in a discontinuous,

disorganized somatotopy (Fig. 12C). This abnormal response
pattern was quantified and summarized across lesion cases and
normal cases (see Relationships between axon sparing, behav-
ioral recovery, and responsiveness of cortex within monkeys, in-
cluding comparisons of response characteristics between normal
and lesion monkeys). Expansion of the representations of spared
territory into deprived cortex has been described (for review, see
Jones, 2000; Kaas, 2000). However, we believe this is the first
quantitative demonstration of disorganized activation in de-
prived area 3b after incomplete DC lesion.

Monkey OM-J
After incomplete lesion (�50% of inputs spared), neuronal re-
sponses in partially deprived area 3b demonstrated lateromedial
shifts in response centers when stimulating D1–D5 (Fig. 13B).
Activation centers corresponded to the expected digit territories
determined from the RF map (Fig. 13C). However, overall re-
sponses were weak, somewhat restricted, and disorganized.

Monkey OM-D
After incomplete lesion (50% of inputs spared), peak response
centers to digit stimulation shifted lateromedially when stimulat-
ing D1–D5 and corresponded to the same digit territories in the
RF map. Overall responsiveness was strong when stimulating dig-
its D3 and D4, and the peak response centers were widespread
(Fig. 14C). For example, when D3 was stimulated, the largest
responses were not limited to D3 territory but also appeared in
D1–D2 and D4 –D5 territories. Similar effects were also observed
from D4 stimulation (Fig. 14C).

Relationships between axon sparing, behavioral recovery,
and responsiveness of cortex within monkeys, including
comparisons of response characteristics between normal
and lesion monkeys
Single-unit responsiveness in normal and lesion monkeys
We compared firing rates for well-isolated single units recorded
in area 3b in lesion and normal monkeys. We selected the maxi-
mum peak firing rate from all of the instances in which the same
neuron was recorded over time so that each neuron would not be
counted more than once. In normal monkeys (n � 5), 42% (101
of 239) of single units were responsive to mechanical stimulation
on the hand locations tested and 58% (138 of 239) were unre-
sponsive. In lesion monkeys (n � 5), 32% (55 of 172) of single
units were responsive and 68% (117 of 172) were unresponsive
(Fig. 15A). However, this difference in proportions of responsive
neurons between normal and lesion monkeys was not significant
(p � 0.841, Wilcoxon-Mann–Whitney U � 11). From the area
3b neurons that responded to the hand locations tested, the dis-
tributions of peak firing rate responses were not significantly
different (p � 0.999, Wilcoxon-Mann–Whitney U � 2777) be-
tween lesion monkeys (n � 55 neurons) and normal monkeys
(n � 101 neurons), as shown in Figure 15B. The median peak
firing rate for responsive neurons was 18.2 spikes/s. Furthermore,
we did not detect a correlation between the lesion extent (pro-
portion of spared inputs) and firing rate magnitudes in area 3b
neurons in monkeys with and without DC lesions (Pearson’s r �
�0.033, p � 0.679). Thus, after behavioral recovery from DC
lesion, peak firing of single neurons in response to controlled
stimulation on the hand was indistinguishable from the profile of
neurons recorded in normal cortex.

Spatial patterns of single and multiunit responsiveness in normal
and lesion monkeys
To examine patterns of activity across cortex covered by the ar-
ray, we included multiunit and single-unit activity measures

Figure 15. Counts of responsive neurons and peak firing rate distributions from well-
isolated single neurons in area 3b. A, B, Data include 1 peak firing rate value per neuron per
monkey (the maximum peak firing rate was selected from the recordings during tactile stimu-
lation on different hand locations). A, Counts divided into neurons that were unresponsive (light
gray) or responsive (dark gray) to mechanical stimulation on tested hand locations in 5 normal
monkeys with no lesion and 5 monkeys after DC lesion. Statistical differences were not detected
between the distributions of responsive neurons in normal and lesion monkeys (101 of 239 and
55 of 172, respectively). B, Frequency distributions of peak firing responses to tactile stimula-
tion on the hand were similar for neurons sampled from electrode array recordings in monkeys
after DC lesions (light gray, 55 neurons) and in normal control monkeys with no lesion (dark
gray, 101 neurons), with an overall median of 18.2 spikes/s.
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from each electrode in area 3b. We found more occasions when
activity from one electrode responded with significant firing rate
increases to more than one hand location in lesion cases than in
normal cases, which is tallied for each case in Table 2. Occasion-
ally, when activity from one electrode responded to more than
one hand location, the hand sites were not adjacent or continu-
ous, and we determined the proportion of multisite response
fields that showed such discontinuity (discontinuous RF). Dis-
continuous RF proportions were greater in lesion cases than nor-
mal cases (median � 0.2581 and 0, respectively, Mann–Whitney
U � 15, total n � 10 monkeys, p � 0.008). As an example at the
single-unit level, Figure 16 shows peristimulus time histograms
and raster plots from a neuron (unit 82b) from Monkey SM-G
that did not respond to D2 stimulation but responded to stimu-
lation on surrounding digits (D1, D3, D4). Such examples were
rare; however, occurrences were more frequent in lesion cases
than normal cases (Table 2). Although neurons in normal cases
responded to more than one location on the hand, discontinuous
RFs were only encountered in 3.5% of the sample (2 of 57).

To evaluate changes in digit territories after lesion, we calcu-
lated a ratio to compare a radial digit territory to an ulnar digit
territory within each case. If the lesion spares some inputs, com-
petition for territory after lesion could result in expansion of
spared representations at the expense of deprived representa-
tions. If the ratio of radial-to-ulnar territory (R-U digit ratio)
deviates from 1, the territories are unequal. The R-U digit ratio
was close to 1 in normal and deprived monkeys (median � 1.152
and 0.8778, respectively) and not significant (Mann–Whitney
U � 31, total n � 10 monkeys, p � 0.548). In C4 lesion cases, the
lesion did not spare some representations preferentially over oth-
ers. As such, the R-U digit ratios for these cases were close to 1,
similar to normal cases. The C6 lesion case, Monkey SM-G, had
an R-U digit ratio of 1.75, suggesting that the radial representa-
tion of the hand expanded at the expense of the ulnar hand ter-
ritory in area 3b (Fig. 7B). Because the lesion was at the C6 level,
inputs from digits 1, 2, and possibly 3 were spared from the cut
and appeared to expand in territory based on measures of firing
activity. This R-U digit ratio for radial territory expansion corre-
sponds to assessments from quantitative snapshots of single-unit
and multiunit firing rate responses (Fig. 12).

Relationship between behavioral impairments, lesion
characteristics, and response field properties of area 3b
We used correlation analyses to better characterize contributions
to differences in cortical response properties between lesion and

normal cases and to predict relationships between factors within
lesion cases. Relationships between cortical reorganization, ana-
tomical sparing, and behavioral impairment are shown in Figure
17. We expected strong correlations in relationships among all
three factors. Within the 5 deprived cases, nonparametric corre-
lations between measures for behavioral deficit rankings, propor-
tion of spared inputs, firing rate response magnitudes, and
cortical reorganization ratios (R-U digit ratios, discontinuous RF
ratios) were not significantly different. However, as shown in
Figure 5C, the behavioral deficit rankings tended to correlate well
with the estimates of spared axons (p � 0.0598).

When the 5 normal and 5 deprived monkeys were examined
together, we found that the discontinuous RF ratio was signifi-
cantly correlated with the proportion of axons spared (Pearson’s
r � �0.8162, p � 0.004) and behavioral deficit rank (Pearson’s
r � �0.7708, p � 0.009), as shown in Figure 17A. The R-U digit
territory ratio was not significantly correlated with other mea-
sures (Fig. 17B).

Discussion
After large, nearly complete lesions of the dorsal column pathway
at a midcervical level of the spinal cord in adult monkeys, two
remarkable recoveries occur over the ensuing 5–10 postlesion
weeks. First, hand use in a food retrieval task is initially impaired
but returns to normal over the first few weeks of testing (Qi et al.,
2013). Second, as demonstrated here, the deprived hand repre-
sentation in area 3b, which is initially unresponsive after almost
all of the primary afferents from the hand that travel in the dorsal
columns have been cut, undergoes extensive reactivation. We
found that some aspects of recovery in reactivated cortex were
similar across a range of lesion extents and resembled normal
cortex in naive monkeys. Thus, a normal lateral to medial se-
quence of digit representations from 1 to 5 was largely restored in
the hand region of somatosensory cortex, and neuron peak firing
amplitudes returned to normal. On the other hand, the somato-
topic and RF abnormalities that remained in reactivated cortex
after behavioral recovery from DC lesions were closely related to
lesion severity and behavioral impairments over the course of the
recovery period.

Area 3b recovers response properties during behavioral
recovery from dorsal column lesions of varying extents
For all 5 monkeys with partial DC lesions, the somatotopy of the
reactivated hand representation approximated that of normal

Table 2. Spread of activation and discontinuous response field talliesa

Case
Electrodes
(area 3b) RF � 2 sites RF � 1 site RF � 0 sites

Discontinuous RF
(�2 sites)

Continuous RF
(�2 sites)

Deprived OM-M 45 17 (0.3778) 15 (0.3333) 13 (0.2889) 3 (0.1765) 14 (0.3111)
Deprived SM-G 62 25 (0.4032) 25 (0.4032) 12 (0.1935) 11 (0.4400) 14 (0.2258)
Deprived OM-D 42 29 (0.6905) 5 (0.1190) 8 (0.1905) 9 (0.3103) 20 (0.4762)
Deprived OM-J 54 31 (0.5741) 8 (0.1481) 15 (0.2778) 8 (0.2581) 23 (0.4340)
Deprived SM-Ro 23 16 (0.6957) 3 (0.1304) 4 (0.1739) 3 (0.1875) 13 (0.5652)
Deprived totals 226 118 (0.5221) 56 (0.2478) 52 (0.2301) 34 (0.2881) 84 (0.7119)
Normal OM-L 45 5 (0.1111) 16 (0.3556) 24 (0.5333) 0 5 (0.1111)
Normal OM-Ma 38 1 (0.0263) 17 (0.4474) 20 (0.5263) 0 1 (0.0263)
Normal OM-Mo 23 4 (0.1739) 5 (0.2174) 14 (0.6087) 0 4 (0.1739)
Normal OM-O 23 4 (0.1739) 12 (0.5217) 7 (0.3043) 0 4 (0.1739)
Normal OM-V 68 43 (0.6324) 12 (0.1765) 13 (0.1912) 2 (0.0465) 41 (0.6029)
Normal totals 197 57 (0.2893) 62 (0.3147) 78 (0.3959) 2 (0.0351) 55 (0.9649)
aBased on quantified peak firing rates to determine response fields, the number of electrodes in which neurons responded to 2 or more sites on the hand, 1 site on the hand, or 0 sites tested on the hand were tallied for each monkey. The
proportions of response types within each case are included. When neurons recorded from one electrode responded to 2 or more sites on the hand, the number of occurrences in which the sites were continuous or adjacent were tallied
(continuous RF) compared with occurrences in which the sites were discontinuous or nonadjacent (discontinuous RF).
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monkeys (Merzenich et al., 1978; Sur et al., 1982), as previously
reported (Jain et al., 1997, 2008; Qi et al., 2011; Chen et al., 2012).
Unexpectedly, we found that reactivated neurons responded to
tactile stimuli with peak amplitudes similar to those of normal
monkeys studied with these recording methods (Reed et al.,
2010a,b, 2011). Thus, after weeks of behavioral recovery, re-
sponse magnitudes of neurons in area 3b did not reflect the great
reduction in inputs from the dorsal column pathway.

In addition, some features found predominately in reorga-
nized cortex were also apparent in normal cortex, although to a
more limited extent. Specifically, some neurons in normal cortex
had multidigit RFs, and even discontinuous RFs. Small propor-
tions of neurons in area 3b of normal monkeys with multidigit
response fields have been reported (Friedman et al., 2008; Reed et
al., 2010a,b; Thakur et al., 2012). However, such reports have not
noted the discontinuous territories of some of these RFs. Discon-
tinuous RFs have been reported in cases with peripheral nerve
damage and reinnervation errors (Merzenich et al., 1983a; Flor-
ence et al., 1994) and cases in which the face representation in-
vades the cortical territory of the hand after injury or amputation
(Pons et al., 1991; Moore et al., 2000; Jain et al., 2008). Here we
show that discontinuities in response fields are common in cases

Figure 16. Series of peristimulus time histograms and rasters across stimulation locations
show responses for unit 82b in Monkey SM-G, representing activation beyond one digit location
with discontinuous activation patterns. Trace of waveforms from neuron 82b is inset; trace
window duration is 1.6 ms. Stimulation was presented in blocks of 150 trials on digit locations
indicated on drawings of monkey hands (D1–D4). Vertical dashed lines indicate the latency of
the peak response. The duration for each stimulus was 400 ms, indicated by the horizontal line.

Figure 17. Relationships between lesion extent and cortical reactivation properties. A, Dis-
continuous RF ratio ( y-axis) is the ratio representing discontinuous response fields from the
total multisite response fields. This measure is correlated with the estimated proportion of
axons spared (x-axis), as shown in a scatter plot for each monkey case. Normal cases are repre-
sented by a black X. Normal monkeys (n � 5) are plotted in the x-axis dimension as 100%
spared, but some points overlap. The scale and conventions apply to both panels. Dashed lines
indicate 95% confidence intervals based on the predicted mean linear regression fit line, shown
as a solid line ( y � 0.37 � 0.34 x, R 2 � 0.666). B, Relationship between the R-U digit ratio
( y-axis) versus estimated proportion of axons spared (x-axis) shown in a scatter plot for each
monkey case. Dashed lines indicate 95% confidence intervals based on the predicted mean
linear regression fit line, shown as a solid line ( y � 1.19 � 0.08 x, R 2 � 0.014). Most normal
and lesion cases had digit territory ratios near 1, which is expected if no territories expand.
Monkey SM-G (C6 lesion) showed evidence of radial digit territory expansion.
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of incomplete lesions that spare portions of sensory input from
the hand and occasionally in monkeys without lesions.

Each monkey in the present study regained the ability to per-
form a reach-to-grasp task at prelesion levels over 5–10 weeks
after lesion. Neurons across area 3b were reactivated in a nearly
normal somatotopic pattern, and neurons were driven by tactile
stimulation with peak firing rates that did not differ from normal.
These results suggested that cortical reorganization and behav-
ioral recovery are highly correlated. More specifically, the so-
matosensory cortex of mature primates may reorganize in ways
that appear to promote behavioral recovery after sensory loss, or
the use of impaired hand may be a driving force to promote
cortical reorganization, or both.

Abnormal cortical properties after behavioral recovery from
dorsal column lesions relate to lesion site and extent
Previous studies established that the mature somatosensory sys-
tem adapts in response to peripheral nerve section or digit am-
putations (Merzenich et al., 1983a,b; Calford and Tweedale,
1988; Garraghty and Kaas, 1991; Florence et al., 1998), dorsal root
transections (Pons et al., 1991; Darian-Smith and Brown, 2000;
Darian-Smith and Ciferri, 2005), and dorsal column injuries
(Jain et al., 1997, 2008; Qi et al., 2011). However, to our knowl-
edge, this is the first report of quantified measures of behavioral
impairment, lesion severity, and cortical response properties
within the same monkeys, which then allows us to characterize
the relationships of these factors after DC injury. We found that
increased proportions of neurons with discontinuities in re-
sponse fields strongly correlated with decreased proportions of
axons spared by the lesion. Additionally, we found that the pro-
portions of neurons with discontinuous response fields corre-
lated strongly with behavioral impairments ranked over the
entire recovery period rather than the endpoint at which all cases
achieved success. However, the case with the most extensive le-
sion (Monkey OM-M with �1% axon sparing) did not have the
largest proportion of discontinuities. Instead, cases with lesions
that spared 	�20% of the DC axons had greater proportions of
discontinuous response fields. Although further study is needed,
the differences in cortical response properties in Monkey OM-M
compared with the other cases suggest that, when the lesion is
nearly complete, the mechanisms of behavioral recovery differ.

We propose that there are two modes of cortical reactivation
underlying our results. One mode, based on the growth and po-
tentiation of preserved DC afferents, likely dominates when sig-
nificant amounts of axons are preserved (Jain et al., 2000; for
review, see Kaas et al., 2008). Axon arbor atrophy or withdrawal
in the affected dorsal column pathway, as demonstrated after
midcervical DC lesions in monkeys, likely promotes the growth
of spared axons into deactivated regions of brainstem and cortex
(Graziano and Jones, 2009), leading to abnormal somatotopy. A
second mode involves the potentiation of subthreshold second-
order spinal cord inputs to the cuneate nucleus (for review, see
Abraira and Ginty, 2013) and the spinothalamic pathway. When
inputs are substantially reduced by extensive lesions, secondary
pathway potentiation would produce a largely normal somato-
topy, as axon growth to new targets is limited without interven-
tions (for review, see Kaas et al., 2008). In addition, the limited
rebalancing of somatosensory networks that can be revealed im-
mediately after sensory loss (e.g., Calford, 2002; for review, see
Aguilar et al., 2010) may play a small role in the functional state of
the cortex we examined at the later endpoint at 5–10 weeks after
lesion.

Significance and future directions for understanding
mediators of recovery after dorsal column lesions
Our present results are important in that they allow us to com-
pare, quantitatively, features of reactivated cortex in relation to
measures of lesion completeness and behavioral recovery within
and across cases. Simultaneous recordings from ensembles of
neurons in somatosensory cortex reveal response patterns that
may be missed by single-electrode mapping studies. Here, array
recordings showed how neurons in different parts of the cortical
hand representation were simultaneously active when a discrete
location on a single digit was stimulated, even in monkeys with
extensive dorsal column lesions. The fixed electrode position in
the 100 electrode array eliminates variations in the spacing of
recording sites that might confound comparisons across lesioned
and normal cases, and the use of a controlled electromechanical
stimulator eliminates variability in stimulation parameters that
would limit comparisons of response magnitudes across cases.
Our quantified measures of response territories in cortex largely
agree with the qualitative assessments obtained in previous stud-
ies involving DC lesions in monkeys (e.g., Jain et al., 1997, 2008;
Qi et al., 2011). These previous studies established that most of
the deprived cortex reactivates even after extensive dorsal column
lesions, but we were surprised to find in the present study that
peak response amplitudes to controlled stimulation returned to
normal. In addition, our current results uniquely relate quanti-
fied measures of reactivated cortex to the lesion extent and be-
havioral recovery in individual monkeys.

Finally, we emphasize that the amount of reactivation that
occurs after our most complete lesion is difficult to explain by the
presence of preserved DC afferents alone. Using quantified mea-
sures of response territories and cortical organization, somato-
topy and neuron properties in area 3b were surprisingly normal,
even after an extensive DC lesion in Monkey OM-M. The mech-
anisms that result in the reactivation of cortex and in a largely
normal somatotopic organization after such extensive lesions are
unclear. In previous reports, we have stressed the major role of
preserved dorsal column afferents, but this explanation now
seems insufficient given our quantification of lesions and the
observation that behavioral recovery still occurs after extensive
lesions. Although answers are not yet known, it seems likely that
second-order neurons in the spinal cord, which are activated by
peripheral nerve cutaneous afferents and project to the dorsal
column nuclei, and possibly spinothalamic inputs that remain
intact after dorsal column lesions play a prominent role in recov-
ery. Although extensive efforts have been underway to promote
recoveries from spinal cord injury (Onifer et al., 2011; for review,
see Bradbury and Carter, 2011; Filli and Schwab, 2012; García-
Alías and Fawcett, 2012; Yoon and Tuszynski, 2012; Houle and
Côté, 2013), our research on spontaneous recovery after incom-
plete lesions suggests that both the enhancement of the effective-
ness of secondary pathways and the promotion of the survival
and growth of even a few primary afferents will have great impact
on functional recovery.
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