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Abstract

After disruption of dorsal column afferents at high cervical spinal levels in adult monkeys,
somatosensory cortical neurons recover responsiveness to tactile stimulation of the hand; this
reactivation correlates with a recovery of hand use. However, it is not known if all neuronal
response properties recover, and whether different cortical areas recover in a similar manner. To
address this, we recorded neuronal activity in cortical area 3b and S2 in adult squirrel monkeys
weeks after unilateral lesion of the dorsal columns. We found that in response to vibrotactile
stimulation, local field potentials remained robust at all frequency ranges. However, neuronal
spiking activity failed to follow at high frequencies (=15Hz). We suggest that the failure to
generate spiking activity at high stimulus frequency reflects a changed balance of inhibition and
excitation in both area 3b and S2, and that this mismatch in spiking and local field potential is a
signature of an early phase of recovering cortex (< two months).
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Introduction

After spinal cord injury, considerable recovery of sensory function often occurs over a
period of days to months. These recoveries include simple hand use (Ballermann et al 2001),
tasks involving fine cutaneous touch, and temporal or spatial information processing (for
reviews see (Kaas & Collins 2003, Kaas & Florence 2001b, Nathan et al 1986)). In humans,
light touch and pressure sensation often recover quickly and completely; while vibration and
proprioception recover slowly and never become completely normal (Bors 1979), suggesting
differential recovery of frequency specific channels in the somatosensory pathways. A
primate model with a unilateral destruction of the dorsal column pathway, although not a
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typical model of spinal cord injury, offers a unique experimental platform for examining the
roles of cortical reactivation and reorganization in functional and behavioral recoveries after
deafferentation. In this model of spinal cord injury, input-deprived brain regions in primary
somatosensory cortex (S1) regain their responsiveness to stimuli (reactivation), but the
somatotopy remains abnormal (reorganization) (Darian-Smith & Brown 2000, Florence et al
1998, Graziano & Jones 2009, Jones 2000, Kaas et al 1983, Kaas et al 2008, Manger et al
1996). Such cortical reactivation and reorganization in S1 are believed to be crucial for the
recovery of simple hand use and regaining of some forms of touch sensation (Darian-Smith
& Ciferri 2005).

The abnormal phantom sensations that develop in humans after deafferentation implicate
higher cortical areas beyond S1 such as second somatosensory cortex (S2) (Flor et al 1995,
Knecht et al 1998, Tandon et al 2009). However, to date, little is known about the neuronal
basis of brain recovery following spinal cord lesion and even less about the role of higher
areas such as S2, knowledge that is vital for developing new therapies aimed at functional
recovery (Pons et al 1988, Vierck 1998, Vierck & Cooper 1998). Little is known about the
inter-areal differences during the reactivation process in earlier somatosensory cortices of
area 3b and S2 in primates. By quantifying and comparing the neuronal responsiveness of
simultaneously recorded area 3b and S2 neurons from reactivated cortex weeks after dorsal
column section, this study examined whether area 3b and S2 cortex exhibit similar
functional reactivation profiles. As the third study in the series (Chen et al 2012, Qi et al
2011) here we report the stimulus-frequency dependent dissociation in response efficiency
between spiking and local field potentials recorded simultaneously from the input-deprived
but reactivated area 3b and S2 cortex. A better understanding of the reactivation process
may lead to new therapies to aide functional recovery following spinal cord injury.

There is a growing recognition in recent years that LFPs and spiking activity reflect different
aspects of neuronal processing at different spatial and temporal scales. LFP integrates
predominantly synaptic inputs signals from a population of neurons in a relatively larger
cortical region whereas spiking activity carries the output signal. To date, the precise
relationship between LFP and spiking activity remain elusive (Berens et al 2008a, Berens et
al 2008b, Boynton 2011, Conner et al 2011, Logothetis 2003, Logothetis et al 2001). There
is evidence for a functional or task specific relationship between these two different types of
signals (Bartolo et al 2011, Ekstrom 2010, Rauch et al 2008). Furthermore, most of what we
know about the reactivation properties of somatosensory cortex following spinal cord injury
comes from microelectrode recordings in which only spiking activity was evaluated. To our
knowledge, no study has systematically examined the cortical responsiveness of reactivated
cortex after spinal cord injury by recording both spiking and LFP responses.
Immunohistological evidence of altered excitatory and inhibitory neurotransmission
systems, as well as our functional imaging findings, led us to hypothesize that subthreshold
electrical activity plays a key role in promoting cortical reactivation, and ultimately
behavioral recovery (Garraghty et al 2006; Chen et al 2012, Mowery & Garraghty 2009). As
a test of this hypothesis, the present study aims to 1) characterize the response properties of
spiking activity and LFPs, 2) determine the relationship between changes in spiking and
LFP, and 3) examine whether spiking activity and LFP response differ in input-deprived and
reactivated versus normal cortical area 3b and S2. We find that the local field potential
(LFP) response to skin indentations remains robust at all frequencies in both area 3b and S2;
however, neuron spiking activity fails to follow at high stimulus frequencies.
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Experimental procedures

Animal preparation and surgery

Four adult squirrel monkeys (Saimiri bolivians) and six hemispheres were included in this
study. Unilateral dorsal column section between spinal cord cervical segments C4 — C6 was
carried out under aseptic conditions under deeply anesthesia (1-3 % isoflurane) (Jain et al
1997, Jain et al 2008, Qi et al 2011). The monkeys with spinal cord injuries were subject to
fMRI imaging before and up to four times after spinal cord lesions, as described elsewhere
(Chen et al., 2012b). After 8 weeks of post-lesion recovery, hand representation in areas 3b
and 1 (details described in Qi et al., 2011) and S2 of contralateral somatosensory cortex was
mapped with microelectrodes. For electrophysiological recording experiments, animals were
initially sedated with ketamine hydrochloride (10 mg/kg, mixed with atropine 0.05 mg/kg)
and then maintained with isoflurane (0.8-1.1%), which was delivered in a 70:30 O2/N,O
mixture. Animals were intubated and artificially ventilated, and blood oxygen saturation and
heart rate (Nonin, Plymouth, MN), electrocardiogram, end-tidal CO, (Surgivet, Waukesha,
WI1), and respiration (SA Instruments, Stony Brook, NY) were externally monitored. Body
temperature was monitored (SA Instruments) and maintained between 37.5 to 38.5°C. All
experimental procedures were in compliance with and approved by the Vanderbilt
University Animal Care and Use Committees and followed the guidelines of the National
Institute of Health Guide for the Care and Use of Laboratory Animals.

MRI Methods

All MRI scans were performed on a 9.4T Varian Inova magnet (Varian Medical Systems,
Palo Alto, CA) using a 3 cm surface transmit-receive coil centered over the S| cortex
contralateral to the stimulated hand. Four 2 mm thick oblique image slices were centered
over the hand region in primary somatosensory cortex around central sulcus. To evoke
cortical response, 8Hz vibrotactile stimuli were presented for 30 sec duration blocks. The
probe was lightly touching the skin during the off blocks (30 sec). Functional MRI data were
acquired from the same 4 slices using a gradient echo planar imaging (GE-EPI) sequence
(TE=16 ms; TR=1.5 sec; 0.575 x 0.575 x 2 mm3 resolution). fMRI activation maps to
individual digit stimulation is overlaid on the T2* weighted gradient echo structural image
(TR, 200 ms; TE, 14 ms; 78 x 78 x 2000 um3 resolution) for display (Figure 1). For details
about the fMRI data acquisition and analysis, see Chen et al. (2012b).

Stimulus protocol for electrophysiology

The fingers were secured by gluing small pegs to the fingernails and fixing these pegs firmly
in plasticine (a brand name of modeling clay), leaving the glabrous surfaces available for
vibrotactile stimulation by a rounded plastic probe (1 mm in diameter) connected to a
piezoelectric device (Noliac, Kvistgaard, Denmark). Piezos were driven by Grass S48
square wave stimulators (Grass-Telefactor, West Warwick, RI) at a rate of 2, 8, 15, 30 and
50 Hz. Indentation depth of the probe was 0.34 mm when it was measured at low frequency.
The probe was in light contact with the skin before the vibratactile stimuli were delivered.
At each stimulus frequency, each stimulation trial was consisted of a prestimulus period
(500 ms), a stimulus presentation period of 3 sec when vibration (with a fixed pulse duration
of 10 ms for all frequencies) was applied, and then a poststimulus period (500 ms). At each
recording site (either different penetration sites or different recording depths (>300 pm in
distance) along one penetration), a total of 60 ~ 100 trials were recorded. To drive both area
3b and S2 neurons simultaneously and effectively, stimuli were presented at the shared
receptive field of both area 3b and S2 neurons. We only recorded the electrical responses
when receptive fields were on the fingers (mostly distal finger pads).

Exp Neurol. Author manuscript; available in PMC 2014 November 01.
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Extracellular recording and data analysis

Cortical electrical signals in response to different vibrotactile stimuli were recorded using a
Multichannel Acquisition Processor system (Plexon Inc., Dallas, TX) in which signals were
passed through a unit-gain head-stage and a preamplifier through which each input channel
was separated into two output channels that underwent different analog filtering, with one
channel recording the higher frequencies of neuronal spikes and the other channel recording
the lower frequencies of local field potentials. In all cases voltages were measured against an
epidural electrode that was placed at the frontal midline that was made accessible by one bur
hole in the skull. The recorded broadband neural signals were filtered between 300 Hz ~ 8
kHz, amplified and digitized at 40 kHz to obtain spike data. Single units were isolated online
with Rasputin software (Plexon Inc.) and characterized in terms of their basic response
profile. Spike sorting was repeated offline using the Plexon Offline Sorter to ensure that all
action potentials were well isolated throughout the recording session. Spiking response to
different frequencies of vibrotactile stimulation was computed in peri-stimulus time
histograms (PSTHSs) with 10 ms bin width. The mean spontaneous discharge per second was
subtracted from the discharge per second recorded with different stimuli to determine
stimulus-related discharge rates. We have focused our analysis on four measures:
spontaneous firing rate, mean firing rate, response efficacy (RE), and the power of steady-
state evoked LFPs. The firing rate during spontaneous period was defined by (humber of
action potentials)/(time period before stimulus onset). Baseline time period before each
stimulus onset was 3.4 sec. We conducted t-tests to examine the statistical significance of
the spontaneous firing rates in normal and input-deprived cortex. The response efficacy (RE)
was designed to compare fairly the neuronal spiking ability across different stimulus
frequencies and was computed as a metric (Melzer et al 2006):

RE— numberof spikeswithinanepoch / durationof theepoch

numberof stimuluspulses

Steady-state evoked LFPS are a basic neural response to a temporally modulated stimulus,
and are often used to probe the ability of local neuronal networks to generate and maintain
oscillatory activity in different frequency bands (for review see (Uhlhaas & Singer 2010).
For each recording session, stimulus evoked local field potential changes (LFPs) were
measured as frequency-locked electrophysiological responses to different vibrotactile
stimuli by averaging the stimulus-locked raw LFP waveforms across trials obtained within
each recording session (Arezzo et al 1979). We conducted a time-frequency wavelet
transform on the averaged LFPs. By convolving the stimulus-evoked LFP data with complex
Morlet wavelets and taking the square of the convolution between wavelet and signal, we
obtained the time-varying power of the LFP signals at each frequency bin. The details of this
method have been described extensively elsewhere (Lakatos et al 2005) and in our recent
work (Wang & Roe 2011, Wang & Roe 2012). Computed spectrograms of stimulus-evoked
LFPs under all conditions were transformed into dB scale (10 x logyg) and used for further
analysis. LFP responses to different tactile frequencies were characterized by computing the
mean power of spectrograms during the stimulation period. To estimate more accurately the
mean power of the steady-state LFP response, we excluded the data from the first 250 ms
after the stimulus onset in our calculation, according to previous observations (Regan 1989,
Snyder 1992).

In general, a comparable number of recording sites, an average of 22 recordings sites per
area (ranged from 21 to 24), were sampled in both input-deprived and normal cortex of area
3b and S2. Among these recording sites, the total number of response absent recording site
was low (ranging from 1 to 4 sites) regardless of the stimulus frequency and cortex
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condition (input-deprived or normal). The absence of a response is defined by a lack of a
periodic pattern of neuronal firing or LFP responses to periodic vibrotactile stimulation. For
statistical evaluation of spiking and LFP responses to different frequencies of tactile
stimulation and in different cortical states (control versus input deprived), we conducted
Wilcoxon’s tests and considered p < 0.05 as significant unless stated otherwise in the text.
Results are illustrated as mean £ SEM. We used custom-written code in MATLAB
(Mathworks, Natick, MA) for the data processing and statistic analysis except the
aforementioned spike sorting.

Identification of area 3b and S2 neurons

In each animal, the area 3b and S2 regions were systematically mapped by placing dense
microelectrode penetrations around the central sulcus and into the upper bank of the lateral
sulcus. During the mapping, single microelectrodes (FHC Inst., Bowdoinham, ME) that
were Epoxylite-coated tungsten with exposed standard sharp tip (< 3 pm) of ~ 1 MQ
impedance (measured at 1 kHz) penetrated through cortical layers of area 3b and then
further advanced into the upper bank of the lateral sulcus where S2 region is located.
Microelectrode penetrations were placed ~300 um apart at each recording site. In each
electrode track, the depth of electrode tip are monitored and recorded. The skin area that
produced unit activity was identified by initially palpating areas on the contralateral arm and
hand while listening to the audio amplifier for spike activity and viewing traces of action
potentials on an oscilloscope. If the unit activity was located on the hand, the skin was
lightly tapped with a plastic probe or stroked with a handheld wooden cotton wisp. Then a
systematic effort was made to define the precise location of the receptive fields (RFs) and
preferred stimulus type. The RF was then recorded on a drawing of the hand. Preferred
stimuli were tested. After the completion of the mapping, we were able to identify area 3b,
area 1 and S2 and areal borders based on the characteristics of receptive field properties,
preferred stimuli and somatotopic organization of the digits (Jain et al 2008, Kaas et al
1984). The detailed digit maps obtained from each of these three lesioned animals were
described in our previous publication (Qi et al 2011). Reactivated portions of area 3b are
recognized by having an abnormal somatotopic representation and neurons with abnormal
receptive fields. Neuronal response changes in S2 were as robust as those in area 3b
(unpublished observations). After the completion of the dense mapping procedure, we were
able to establish maps showing reorganized digit representations in both area 3b and S2.
Pairs of electrodes were placed in recognized responsive regions in area 3b and S2. Spiking
and LFP activity were then recorded during the presentation of different frequencies of
tactile stimuli.

Quantification of group data

Recordings from six hemispheres of four adult squirrel monkeys were included in this study.
Three out of the four animals underwent unilateral dorsal column lesion at cervical level (C4
— C6) eight weeks prior to terminal electrophysiological experiment. Lesioned data were
acquired from three hemispheres. The other three hemispheres of two animals served as
controls (one hemisphere of one animal ipsilateral to the spinal lesion and two hemispheres
of a control animal who underwent a unilateral sham lesion of the anteriolateral pathway). A
total of 219 datasets (115 from 23 recording sites in input-deprived cortex, 104 from 21
recording sites in control cortex) in area 3b and 232 datasets (119 from input-deprived
cortex, 113 from control cortex) in S2 region were quantified. We compared spiking activity
across experimental groups (normal versus input-deprived cortex). One dataset is defined by
one recording session containing all 5 stimulus - conditions.

Exp Neurol. Author manuscript; available in PMC 2014 November 01.
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Spike and LFP activity in regions exhibiting altered BOLD response after lesion

We examined the response properties of spike and evoked field potentials of neurons in
areas 3b and S2 eight weeks after large, but incomplete lesion of the contralateral dorsal
columns at higher cervical levels. Responses obtained from these cortical areas in monkeys
without dorsal column lesions served as controls. Locations of recording sites for the study
of reactivated neurons were identified and validated by pre- and post-lesion fMRI activation,
and by detailed neuronal response maps of the digits. Histological evaluation also confirmed
the deafferentation status of those recording sites. Figure 1 shows where the recording sites
in area 3b were located relative to the previously obtained fMRI and microelectrode maps in
two monkeys (Fig 1A-D: case SM-D; Fig 1E-H: case SM-C) (detailed information see
(Chen et al 2012, Qi et al 2011)). In case SM-D, the pre- and post-lesion fMRI maps are
shown in Figure 1A and 1B, respectively. The electrophysiologically recorded hand map is
shown in Fig 1C. One example penetration, indicated by a red dot, lies within the post-lesion
region of area 3b that was activated by stimulation of digit 3 (D3). It lies on the border of the
post-lesion D3-activation, but outside of the pre-lesion D3-activation, as revealed by fMRI.
Thus, this recording site was in reactivated cortex that likely corresponded to an expanded
part of the normal territory of D3. In case SM-C (Fig EH), the recording site was in the post-
lesion territory of D2, as measured by microelectrode recordings (Fig 1G) and fMRI (Fig
1F), but not in the pre-lesion territory of D2 (Fig 1E) (overlay shown in Fig 1H). Thus, our
results for this case were obtained from neurons that had been reactivated by inputs from
D2, and corresponded to a post-lesion increase of the D2 territory in area 3b. All recordings
from area 3b in the present study were obtained from sites where neurons responded
robustly, but were also in or near territories that were outside the pre-lesion focus of fMRI
activation, and likely unresponsive for days to weeks after the dorsal column lesion (Jain et
al 1997).

Other recordings were made from the S2 region. We aimed to directly compare reactivated
neuronal responses in area 3b and S2 from neurons with overlapped receptive fields. To do
this, we conducted simultaneous recordings from area 3b and S2 neurons in response to digit
stimulation. As only a relatively small number of penetrations were placed in S2 hand
regions, we cannot with confidence determine whether recordings were from S2 or the
adjacent parietal ventral area, PV (Coq et al 2004, Disbrow et al 2003, Disbrow et al 2000,
Padberg et al 2005). Therefore, throughout this manuscript, a more general term of the S2
hand region is used.

Frequency dependent spiking activity of area 3b neurons in normal and input-deprived

cortex

To examine whether there may be frequency specific alterations in neuronal responses after
dorsal column lesions, we recorded from input-deprived regions of area 3b while a square-
wave skin indentation was presented at frequencies of 2, 8, 15, 30 or 50 Hz for a period of 3
sec. Responses to such stimulation are shown in Figure 2 for neurons in normal (Fig 2A, B)
and input-deprived (Fig 2C, D) area 3b cortex. In addition, to examine possible differential
effects on input vs. output signal processing, we simultaneously obtained spiking activity
and LFP responses at each recording site (Fig 3).

We first present a qualitative description of our results in Figures 2 and 3, followed by a
quantitative description in Figures 4 and 5. In normal area 3b cortex, firing responses of
neurons were characterized by three features: a clearly evident baseline spontaneous firing
rate, stimulus phase-locked firing patterns, and an initial strong response peak followed by
sustained firing that is higher than the spontaneous rate (raster plots shown in Fig 2A, post-
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stimulus time histograms shown in Fig 2B). Prior to stimulation (stimulus period indicated
by black bar), spontaneous firing was apparent in all stimulus conditions, with a mean rate
of 6.58 * 1.39 spikes/sec. At stimulation frequencies of 2 and 8 Hz, peak firing was clearly
phase locked to the stimulation cycle. The higher the stimulus frequency was, the greater the
total number of action potentials (compare a, b, c, d, e in Fig 2A, B). This type of activation
pattern, which was similar to previous observation in awake monkeys (Salinas et al 2000),
was consistently observed across the control cases (n=3 hemispheres). At higher
frequencies, responses were characterized by an initial peak followed by sustained responses
(see c, d, e in Fig 2A, B). Across stimulus frequencies, stimulus—evoked spiking activity
returned rapidly to baseline after the stimulus offset.

In comparison to the normal cortex, neurons in input-deprived area 3b exhibited remarkably
different spiking patterns (Fig 2C, D). In contrast to presence of spontaneous firing in
normal cortex, neurons in deprived cortex exhibit a remarkable lack of spontaneous activity,
with a mean firing rate of 2.38 £ 1.05 spikes/sec, which is significantly lower than that in
normal cortex (t-test, p < 0.05). As in controls, phase locking was preserved in the 2 Hz and
8 Hz conditions, but not at frequencies at or above 15Hz. In fact, the initial spikes induced
by stimulus onset were tightly synchronized to the stimulus, as evidenced by the many-fold
greater firing rates in the initial bins at stimulus onset (comparison of pre- and post-stimulus
at 2 Hz and 8Hz, t-test, p < 0.0001). Moreover, in contrast to the strong sustained responses
in normal cortex (Fig 2B), sustained portions of response were greatly reduced (Fig 2C,D).
After the initial skin indentation, the firing rate during the stimulation period fell to the pre-
stimulus spontaneous firing level (Wilcoxon’s test, p > 0.5, no statistical difference between
firing rates of spontaneous vs. stimulated periods at each of the 15, 30 and 50 Hz
frequencies). These observations indicate that area 3b neurons failed to follow high
frequency stimulus pulses at 15, 30 and 50 Hz (c, d, e in Figure 2C, D). In summary, the
spiking activity of area 3b neurons of input-deprived cortex was characterized by an
inability to follow high frequency stimuli and a marked reduction in spontaneous firing
activity. Similar results were obtained from 48 recording sites in reactivated cortex after
dorsal column lesions.

Frequency dependent LFP activity of area 3b neurons in normal and input-deprived cortex

We also examined the local field potential (LFP) response, a measure of neuronal population
response and plotted the LFP response in amplitude (Fig 3A,C) and the time-frequency
power spectra (Figure 3B, D). These LFP signals were recorded concurrently from the same
electrode as the spiking activity shown in Figure 2A,C. In general, the neural signal obtained
from wide-band extracellular recording reflects neural responses to stimuli, that include not
only unit firing, but also current flow due to membrane potential changes that do not lead to
spikes; both spikes and LFP can be time-locked to the stimulus (clearly evident e.g. in Fig
3Aa & 3Ba). Time-varying power spectra revealed additional response features. For
example, the initial transient increase in the power spectra (e.g. dark red peaks at onset of
each pulse presentation in Fig 3Ba) corresponded with large negative deflections of LFP
amplitude (see Fig 3Aa) and with the peaks of spike transients (Fig 2Ba). In all stimulus
frequency conditions (2, 8, 15, 30 and 50 Hz), spectrograms exhibited a stimulus-locked
response (red arrow in Fig 3B). For example, during 50 Hz stimulation, there was a strong
increase in power seen at the 50 Hz frequency band (Figure 3Be, red-yellow color coded
strip as indicated by the red arrow). In addition, there was a clear harmonic at 100 Hz
frequency (Figure 3Be, light blue strip indicated by light blue arrow). Similarly, at 15 Hz
stimulation, in addition to the power increase at 15 Hz (Figure 3Bc, red strip on the bottom
as indicated by red arrow), there were two additional harmonic power increases at 30 and 45
Hz (Figure 3Bc, two strips as indicated by blue arrows). This type of steady-state LFP
response pattern was similar to those previously described in visual and somatosensory
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systems (Arezzo et al 1979, McCarthy et al 1991, Regan 1989, Snyder 1992). In summary,
across the range of stimulus frequencies, the response profiles of LFP signals during
stimulation exhibited an initial transient elevation of power and a steady state sustained
increase in power at the stimulus frequency and associated harmonics.

In input-deprived area 3b, similar to spiking activity, prominent differences in the
spectrograms of LFP response were observed at high stimulus frequency conditions (c, d, e
in Fig 3C,D) in comparison to normal area 3b neurons. For example, spectral power was in
general weaker at both the stimulus frequency band and its harmonics (lighter colors in c, d,
e in Fig 3D, e.g. compare red colored band in Fig 3Bd and 3Be with that in 3Dd and 3De).
Despite the diminished sustained firing activity to high frequency stimulation (Fig 2C, 2D),
there was a persistent presence of LFP power at the stimulus frequency and its harmonics
(Fig 3D, p < 0.005). We refer to this difference as a dissociation between spiking activity
(which is indicative of neuronal output) and LFP (which is indicative of inputs and local
integration). This dissociation was evident only in post-lesion conditions.

Similar spiking activity and LFP in normal and input-deprived S2

To examine how upstream S2 neurons respond to input deprivation and whether their
spiking activity and LFP response behave in a similar way as area 3b neurons, we conducted
the same analysis on the LFPs and firing activity of S2 neurons, concurrently recorded with
those in area 3b. In general, the characteristics of S2 neurons spiking activity to different
frequency stimuli were quite similar to those exhibited by area 3b neurons in normal cortex
(compare Fig 4A with Fig 2A). Unlike the normal S2 neurons, input-deprived S2 neurons
failed to generate spikes to high frequency (30 and 50 Hz) stimuli (d and e in Fig 4B).
Similarly, spontaneous firing in input-deprived conditions was lower than that in normal S2
cortex (p < 0.05). In summary, eight weeks after the unilateral partial dorsal column lesion,
area 3b and S2 neurons were able to generate initial transient responses to each stimulus
pulse, but failed to follow stimulus pulses at or above 15 Hz (compare Fig 4B and Fig 4D).

Meanwhile, LFP responses in both control and input-deprived S2 cortex were robust (Fig 5B
and 5D). Similar to area 3b, we observed that, for each stimulation frequency, the power of
LFPs in deprived S2 tended to be weaker than that in normal S2 (e.g. compare dominant
band in response to 50 Hz stimulus, red arrows in Fig 5B, D; also harmonic bands, light blue
arrows). Furthermore, similar to area 3b, there was a dissociation between spiking and LFP
response at higher stimulus frequencies. Thus, in both area 3b and S2, deafferentation led to
a dissociation between stimulus-evoked LFP and spiking activity. Overall we did not
observe significant differences in spiking activity between area 3b and S2 neurons in normal
condition, or between 3b and S2 neurons in input-deprived conditions in our experimental
condition.

Group comparisons of spikes and LFPs

Area 3b vs. S2—When we examined firing rate, the firing rate tended to increase with
stimulus frequency, similar to previous observations in awake monkeys (Salinas et al 2000)
(Fig 6A-B, blue and red dotted lines). However, using response efficiency (RE) index, we
find in normal cortex, that RE drops as stimulus frequency increases (see Fig 6A, blue solid
line), consistent with previous studies in somatosensory cortex (Melzer et al 2006). In input-
deprived cases, we observed a similar drop in RE with increasing stimulus frequency,
although values were lower overall (significantly different than control at 8, 15, 30, 50 Hz, p
< 0.01) (see Fig 6A, red solid line). In input-deprived cortex, the firing rates to stimulation at
all frequencies (except 2Hz in area 3b) were significantly reduced (compare dotted blue
lines with dotted red lines in Fig 6A & 6B). Thus, by measures of both firing rate and
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response efficacy, responses are lower in cortex deprived of normal activation by a spinal
cord lesion.

In contrast to RE, evoked LFPs at each stimulus frequency (quantified by the mean power
during steady state period) exhibited no statistically significant differences between normal
and input-deprived subjects (Fig 6C, not significantly different than control at 2, 8, 15, 30,
50 Hz, p > 0.1). Very similar dissociations were observed in S2 (Fig 6B & 6D).
Furthermore, at the population level, the mean spiking REs of normal S2 neurons were
significantly higher than those of area 3b neurons (p < 0.05) (compare blue lines in Fig
6A,B). At higher stimulation frequencies (=15 Hz), cortical neurons in both area 3b and S2
failed to follow repeated stimulation. This can be seen in the low RE values in both area 3b
(0.09 + 0.06 spikes/pulse at 30 Hz, 0.05 + 0.02 at 50 Hz) and S2 (0.10 + 0.06 spikes/pulse at
30 Hz, 0.06 + 0.04 at 50 Hz). In summary, the spiking activity in the reactivated cortices of
area 3b and S2 was generally weaker than in normal cortices.

Prevalence of Dissociation—Because the area 3b and S2 regions were reactivated and
reorganized when recordings were performed weeks after lesion, we thus further
characterized the response relationship between neural firing rate and LFP power (at all
stimulus frequencies and their harmonics) by evaluating the overall response properties of
these recording sites. We classified response at each recording site as one of three different
categories: response absent, response related or response dissociated. Procedurally, at each
frequency, we calculated the correlation coefficients between spiking response (defined as
RE, see Fig 6A, B) and LFP response (defined as activated power increase at stimulus
frequency and its harmonics, see Fig 6C, D) at each stimulus frequency. If the correlation
between firing and LFP changes was significant (p < 0.05), we then considered the
penetration site as response related. If the correlation coefficients were low (usually r < 0.1)
and did not exceed the significance level, meaning the spiking activity and LFP did not
correlate, then the penetration site was considered as dissociated. The lack of a periodic
pattern of neuronal firing and LFP response to periodic vibrotactile stimulation was
considered response absent and produced no correlation coefficients. In area 3b, we
recorded a total of 21 control sites and 23 lesioned sites. In S2, we recorded a total of 23
control sites and 24 lesioned sites.

For each stimulus frequency, we counted the number of response absent, response related,
and response dissociated sites. In area 3b, the numbers of response absent sites were low (<
5) across all frequencies (Fig 7C). Control sites were consistently response related across
stimulus frequencies (Fig 7A). In contrast, lesioned sites were largely response related at
low frequencies, but at high frequencies the number of response dissociated sites dominated
(Fig 7B). In S2, there was a greater number of response absent sites (Fig 7F). However, the
number of response related sites was greatly reduced at the highest stimulus frequencies (Fig
7D). Similar to Area 3b, the proportion of response dissociated sites was high for high
stimulus frequencies (Fig 7F).

Figure 7G illustrates the proportion of dissociated recording sites in area 3b (green lines)
and in S2 (black lines) in control and plasticity (input-deprived) conditions. To quantify how
prevalent this dissociation is across the cortex (area 3b vs. S2), for each stimulus frequency,
we calculated the percentage of dissociated sites. We found that, compared to controls, the
proportions of dissociated sites were overall higher in input-deprived area 3b and S2
somatosensory cortex. This was true at higher stimulus frequency conditions (58.3%, 66.7%
and 62.5% for 15, 30 and 50 Hz, respectively; p < 0.05 for each) but not at low frequency
conditions (4.8 % and 9.1 % for 2 and 8 Hz stimuli, respectively) (Fig 7G).
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Discussion

This study aimed to determine how neurons in area 3b and S2 of somatosenosry cortex
responded to repeated trains of skin indentation at different frequencies in cortex that had
been reactivated after dorsal column lesion of afferents from the hand. We then mapped
cortical regions of reactivation with microelectrode electrophysiology and with functional
imaging (MRI and optical imaging) and confirmed the extent of the deafferentations with
histological evaluations. By examining neuronal spikes and local field potentials in primary
(area 3b) and second somatosensory (S2) cortical areas, we obtained several novel findings.
First, in the reactivated digit regions, neuronal responses were present, but were unlike those
of normal area 3b and S2. In input-deprived cortex, spontaneous firing rates of area 3b and
S2 neurons were significantly reduced in comparison to normal cortex. Spiking responses
tended to be phasic, lacked sustained response, and failed to follow at higher stimulus
frequencies (> 15hz). Second, the power of LFPs recorded at the same sites was surprisingly
similar to normal, resulting in a dissociation between observed spiking and LFP power. This
dissociation was particularly prominent at higher frequencies. Third, findings in area 3b
were very similar to those in S2. This study provided clear evidence for a dissociation of
LFP and spiking activity following deafferentation in both area 3b and S2 that is particularly
prominent at high stimulus-frequencies. The potential mechanism that is responsible for the
findings and their functional implications are discussed in the following sections.

Role of area 3b and S2 in functional recovery following deafferentation

Deafferentation caused by disruption of the dorsal column afferents results in plastic
changes in brain regions along the ascending pathway (Jones 2000, Kaas & Florence 20014,
Kaas et al 1999). These plastic changes are characterized by cortical reactivation and
somatotopic reorganization; such phenomena have also been reported in human brain after
similar injury (Bruehlmeier et al 1998) S2 cortex has long been regarded as an upstream
cortical area of area 3b, based on its anatomical connections, neuronal receptive field
properties (e.g. large and bilateral receptive fields), and functional role in behavioral tasks
(Chow et al 2009, Fitzgerald et al 2004, Fitzgerald et al 2006, Romo et al 2002). Given the
known functional and anatomical differences of these two cortical areas (Kaas et al 1983,
Kaas et al 1984), they might be affected differently by the deafferentation and could recover
in different manners or with different temporal time courses. Partially due to technical
challenges of mapping higher order cortical areas (Coq et al 2004), the majority of studies
have focused on primary area 3b cortex (S1 region in rodents), (for review, see (Kaas &
Florence 2001a). A few studies have revealed similar somatotopic reorganization in S2,
supporting the driving role of area 3b in somatotopic reorganization (Tandon et al 2009).
Extending previous findings, here we report similar electrophysiological profiles in
reactivated area 3b and S2 neurons eight weeks after partial dorsal column section. Neurons
in both regions exhibited significantly reduced spontaneous firing rate, reduction of response
efficiency, and dissociation of spiking and local field potential power. The similarity in
tactile frequency response and somatotopic organization to deafferentation suggests that
changes in S2 cortex after lesion could be a simple reflection of a serial relationship with
area 3b, at least in the recovery of the two basic features of tactile frequency coding and
somatotopy.

Enhanced inhibitory tone in the early recovery phase of deafferented cortex

One of our main findings is the lack of prominent spontaneous firing and lack of sustained
firing in neuronal response. We believe this supports the proposal that there is enhanced
inhibitory tone (Vierck CJ, Jr. 1998; Vierck CJ, Jr., and Cooper BY. 1998) in the early
recovery phase of deafferented cortex (within eight weeks after lesion). According to this
view, cumulative increases in inhibition within intracortical circuits may suppress spiking
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responses to high frequency stimuli (Vierck CJ, Jr. 1998; Vierck CJ, Jr., and Cooper BY.
1998). Indeed, evidence from brain slice and immunohistochemical studies lends additional
support to this theory. For example, in reactivated cortex (area 3b) weeks after
deafferentation, there was an up-regulation and re-distribution of inhibitory GABA receptors
in area 3b of primates (Mowery & Garraghty 2009, Wellman et al 2002). In rat barrel cortex,
an altered balance in excitatory and inhibitory circuitry actually can cause a decrease in the
firing ability of neurons to high frequency stimuli (House et al 2011, Li et al 2009). A loss
of sensory input dynamically alters the balance of excitation and inhibition (Calford et al
2005, Das & Gilbert 1995, Feldman 2009, Foeller et al 2005, Fox 2009, Giannikopoulos &
Eysel 2006, Turrigiano 2011). In our study, we believe that the activity decline of spiking
but not LFP indicates the presence of a near normal level of synaptic activity but an
unbalanced combination of inhibitory and excitatory component that fails to generate normal
levels of spike activity in the reactivated cortex. We propose that spiking and LFP
dissociation results from increased inhibitory subthreshold synaptic activity, which is
reflected by the strong LFP and BOLD signals, but not spiking activity in deafferented
cortex. Such large-scale signals in our studies apparently could not differentiate between the
changes in inhibitory/excitatory balance. This is reflected by the fact that the LFP spectra do
not appear very different in deafferented versus normal cortex.

Taken together, existing evidence supports the view that the balance between excitatory and
inhibitory circuitry is likely drastically altered by deafferentation. Although we do not yet
know what changes in cortical circuitry have led to reduced spiking responses of area 3b and
S2 neurons to high frequency repeated stimuli, there is evidence that intrinsic cortical
connections play an important role in mediating cortical reactivation (Florence et al 1998).
Additionally, the driving excitatory inputs to cortex may have also changed, as some
reactivation of the cuneate nucleus may be driven by second level sensory neurons at spinal
cord. All of these changes may result in a loss of precise time of excitation and inhibition,
something which is critical for proper function in normal cortical circuits (Cruikshank et al
2007, Daw 2007). Our results suggest that the activating excitatory inputs to cortical layer 4,
likely from the thalamus, are following the stimulus at high rates, but the cortical neurons
are not. This could result from abnormal timing in which, at high stimulation rates,
inhibition occurs so close to the excitation that the second excitation in a train overlaps the
inhibition. This possibility, which needs to be further examined, would suggest that
deafferentation leads to some abnormality within cortical circuit timing.

Dissociated Spike-LFP activity: signature of recovering cortex

Our study is the first to report a stimulus frequency dependent dissociation between spike
and LFP in the pathological condition (deafferentation in our case) (Bartolo et al 2011,
Ekstrom 2010). Our observations of spiking activity to stimuli of different vibrotactile
frequency are in general agreement with previous obviations (Salinas et al 2000, Whitsel et
al 2003). Precise analysis of the periodicity of the spiking train was not performed due to our
relatively small multi-unit sample size. Based on our observations, we propose that
dissociated spike-LFP activity is a signature of early phase (< 8 weeks) recovery after injury
(e.g. deafferentation). After deafferentation, the predominant driving thalamic inputs are
severely disrupted, therefore, the local information process are likely very different than
those in normal cortex with intact thalamic inputs. Such a condition, for instance, have been
characterized as ‘a recapture of development’ (Mowery & Garraghty 2009). More
specifically, the reactivation of cortical neurons by thalamic inputs, intrinsic connection, and
even feedback connection could favor inhibitory neurons (Reed et al 2011). Never the less,
neuronal mechanisms underlying the dissociation remain to be further explored.
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Implications for behavior

The reactivation of cortex after spinal cord lesion likely allows the recovery of many
behavioral abilities, but the results of our present study suggest that difficulties in detecting
changes in lower frequency patterns of stimulation may present. Indeed, previous behavioral
studies in dorsal column lesion monkeys have revealed profound deficit on tasks requiring
the integration of temporal information (Makous et al 1996, Makous & Vierck 1994,
Tommerdahl et al 1996, Vierck 1998, Vierck & Cooper 1998). Human patients who suffered
dorsal column lesion also exhibited similar behavioral impairments in discriminating the
direction of movement on the skin, vibration frequency and shape/texture (Bors 1979,
Cooper et al 1993, Glendinning et al 1993; Nathan et al 1986); for reviews see (Kaas &
Collins 2003, Kaas & Florence 2001b). We propose that such losses may be related to a
reduction in response to high frequency stimulation observed in this study. Thus, the profile
of functional responses described here may characterize a cortical state that is capable of
mediating some behavioral functions, but not one that is capable of fully normal
sensorimotor abilities. More specific tasks need to be designed to distinguish more precisely
what sensory functions are compromised and what functions are recovered.

Implications for fMRI studies

Finally, the finding of dissociated spike-LFP in deafferentated cortex has important
implications for studies using functional imaging methods to infer neuronal activity in
pathological conditions. Our data suggests that, under certain circumstances such as cortical
deafferentation, the detected BOLD signal change, given its dominate signal contribution
from subthreshold synaptic activity, may likely under estimate the changes in spiking
activity (for reviews see (Arthurs & Boniface 2002, Attwell & ladecola 2002; Ekstrom
2010, Logothetis et al 2001)). To accurately interpret functional imaging findings, one
should take into account the specific conditions and states of the cortex and the local
circuitry involved in the task. On the other hand, if the integrative subthreshold activity and
output spiking activity is dissociated (such as in our experimental condition), spiking
activity alone very likely would underestimate the degree of ongoing local integration and,
by this reasoning, the extent of cortical reorganization. We believe that systematic
investigation of pathological brain function by using combined electrophysiological and
functional imaging methods are particularly needed, especially given what we have shown
regarding the dissociation between subthreshold and spiking activity.
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Figure 1. Spatial correspondence of pre-lesion and post-lesion fMRI and electr ophysiology maps
of input - deprived digit regionsin Area 3b in two representative monkeys (SM-D: A-D and SM-
C: EH)

SM-D: (A & E) Pre-lesion fMRI activation map to D3 stimulation (thresholded at p<10~4).
Scale bar: p value range for each fMRI image. (B & F) Post-lesion (eight-week) fMRI
activation map to same D3 stimulation (thresholded at p<10~4). (C&G) Post-lesion digit
representation maps defined by dense microelectrode recording/mapping (detailed map from
this animal see Figures in Qi et al 2011). Red dot indicates the recording site from where
electrophysiology data (Figures 2 — 5) were taken. Scale bar: 1 mm. a: anterior; p: posterior;
m: middle; I: lateral. D1-D5: digits. P1& PTH: palm. Wr: wrist. Dotted black line: border
between Area 3b and area 1. Double blue line: hand-face border. (D&H) Spatial
relationships among pre-lesion fMRI (pink outline), post-lesion fMRI (purple outline),
electrophysiologically defined post-lesion D3 (orange patch), and one of the recording sites
(red dot). fMRI activation was generated by the same protocol used in pre-lesion fMRI
session (stimulating site on distal finger pad of D3 is shown by the violet dot on hand
insert).
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Figure 2. Spiking activity in Area 3b of normal (A—B) and input-deprived cases (C-D)

(A & C) Raster plots of typical single neuron spiking responses of area 3b in normal (A) and
input-deprived (C) cortex. Five columns represent spiking activity recorded from the same
site in response to vibrotactile stimuli with various frequencies (from left to right: 2, 8, 15,
30, and 50 Hz). Each row in the raster stands for one stimulus trial (60 trials total), 4.0 s
long, and the colored dots represent the action potentials of area 3b neurons. Black bars
indicate the duration of the stimulus training. (B & D) Peristimulus time histograms (PSTH)
plots of corresponding area 3b neuron spiking responses in normal (B) and input-deprived
cortex (D). Five columns represent spiking activity recorded from the same site in response
to vibrotactile stimuli with various frequencies (from left to right: 2, 8, 15, 30, and 50 Hz).
All the PSTHs (calculated with 10 ms bin size) ubiquitously exhibited dramatic increase in
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firing rate at stimulus onset of each trial (indicated by red arrows) and sustained periodic
discharge pattern, entrainment to vibratory frequency under control condition.
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Figure 3. LFPs activity in area 3b regions of normal (A-B) and input-deprived cases (C-D)

(A & C) Plots of somatically evoked local potentials (LFPs) recorded simultaneously from
the same electrode as the spikes of (Figure 2A&2C) in normal (A) and input-deprived (C)
area 3b. Five columns represent distinct frequencies of stimuli. Each panel shows typical
traces of stimulus-evoked LFP in amplitude (mV), which was averaged from 60 trials within
one recording session. Black bars indicate the duration of the stimulus training. (B & D)
Corresponding spectrograms of A and C. Each panel shows response of stimulus-evoked
LFP in the time-frequency domain decomposed by the wavelet transform (averaged from 60
trials within one recording session). The spectrograms show that the ON responses consist
of a wide band of frequencies (red arrows), and bands at the stimulus frequencies as well as
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higher harmonics occur during the stimulation epoch (light blue arrows). The color bar
shows the LFP power in dB unit.
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Figure 4. Spiking activity in S2 of normal (A-B) and input-deprived cortex (C-D)

(A & C) Raster plots of typical single neuron spiking responses of S2 in normal (A) and
input-deprived (C) cortex. Five columns represent spiking activity recorded from the same
site in response to vibrotactile stimuli with various frequencies (from left to right: 2, 8, 15,
30, and 50 Hz). Each row in the raster stands for one stimulus trial (60 trials total), 4.0 s
long, and the colored dots represent the action potentials of S2 neurons. Black bars indicate
the onset and offset of the stimulus training. (B & D) Peristimulus time histograms (PSTH)
plots of corresponding S2 neuron spiking responses in normal (B) and input-deprived cortex
(D). Five columns represent spiking activity recorded from the same site in response to
vibrotactile stimuli with various frequencies (from left to right: 2, 8, 15, 30, and 50 Hz). All
the PSTHSs (calculated with 10 ms bin size) ubiquitously exhibited dramatic increase in
firing rate at stimulus onset of each trial (indicated by red arrows) and sustained periodic
discharge pattern, entrainment to vibratory frequency under control condition.
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Figure 5. LFPs activity in S2 regions of normal (A-B) and input-deprived cortex (C-D)

(A & C) Plots of somatically evoked local potentials (LFPs) recorded simultaneously from
the same electrode as the spikes of (Figure 2A&2C) in normal (A) and input-deprived (C)
S2. Five columns represent distinct frequencies of stimuli. Each panel shows typical traces
of stimulus-evoked LFP in amplitude (mV), which was averaged from 60 trials within one
recording session. Black bars indicate the onset and offset of the stimulus training. (B & D)
Corresponding spectrograms of A and C. Each panel shows response of stimulus-evoked
LFP in the time-frequency domain decomposed by the wavelet transform (averaged from 60
trials within one recording session). The spectrograms show that the ON responses consist
of a wide band of frequencies (red arrows), and bands at the stimulus frequencies as well as
higher harmonics occur during the stimulation epoch (light blue arrows). The color bar
shows the LFP power in dB unit.
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Figure 6. Group analysis of Spiking and LFP responsesin Area 3b and S2 as function of
stimulus frequency (A-D) and summary of percentage of spike-L FP dissociation in control and
plasticity cases (E)

(A) Plot of the Response Efficacy (RE, solid lines) and firing rate (dotted lines) spiking
activity as a function frequency in area 3b. The mean RE from declined progressively in
control cases that were statistically significant higher than those of plasticity cases (* p <
0.05, except for 2 Hz stimulus). But the mean RE of plasticity cases dropped nearly to zero
at higher flutter stimuli. The differences in firing rates between normal and deafferentated
cortex were also significant. (B) Similar decaying trend of RE and firing rate was observed
in S2, besides that significant difference between control and plasticity was found at all
stimulus conditions (p < 0.05). (C) The mean power of evoked LFP in Area 3b also
decreased with increasing stimulus frequency. The LFP signal was persistently and robustly
modulated by the tactile stimulation under all conditions, and there is no difference between
signals in normal versus deafferentated cortex (p>0.05). (D) Similar response pattern of
evoked LFP is presented in S2 as well. * p<0.05.
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Figure7.

Plots of the number of penetrations of related (A, D), dissociated (B, E) and absence (C, F)
of spiking activity and LFP power as a function of different stimulus frequencies in control
(blue bars) and plasticity (input-deprived, red bars) cortex of area 3b and S2. (G) Summary
of spike-LFP dissociation as function of stimulus frequency in area 3b and S2 of normal and
input-deprived (plasticity subjects). With increasing stimulation frequency, the LFP
response became more frequently dissociated with spiking activity in plasticity cases, which
was quantified by the percentage of total recording sites (red line: from 4.8% to 62.5% of
recording sites in area 3b and dark line: from 4.8% to 72.0% in S2). Particularly at higher
frequencies of stimulation (15, 30, 50 Hz), the numbers of recording sites where the
dissociation were robustly observed in plasticity cases is significantly higher than those in
control cases (dash lines).
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