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Spinal cord injury can produce extensive long-term reorganization of the cerebral cortex. Little is known, however, about the sequence of
cortical events starting immediately after the lesion. Here we show that a complete thoracic transection of the spinal cord produces
immediate functional reorganization in the primary somatosensory cortex of anesthetized rats. Besides the obvious loss of cortical
responses to hindpaw stimuli (below the level of the lesion), cortical responses evoked by forepaw stimuli (above the level of the lesion)
markedly increase. Importantly, these increased responses correlate with a slower and overall more silent cortical spontaneous activity,
representing a switch to a network state of slow-wave activity similar to that observed during slow-wave sleep. The same immediate
cortical changes are observed after reversible pharmacological block of spinal cord conduction, but not after sham. We conclude that the
deafferentation due to spinal cord injury can immediately (within minutes) change the state of large cortical networks, and that this state
change plays a critical role in the early cortical reorganization after spinal cord injury.

Introduction
Spinal cord injury produces abrupt irreversible deafferentation of
cortical circuits. This deafferentation can lead to major long-term
reorganization of cortical topographic maps, reflecting remark-
able plasticity in the adult brain (Wall and Egger, 1971; Jain et al.,
1997, 2008; Bruehlmeier et al., 1998; Green et al., 1998; Curt et al.,
2002; Endo et al., 2007; Ghosh et al., 2009, 2010; Tandon et
al., 2009). Cortical reorganization plays a critical role for func-
tional recovery (Kaas et al., 2008; Ghosh et al., 2009; Kao et al.,
2009), but excessive or aberrant reorganization can have patho-
logical consequences, such as phantom sensations (Moore et al.,
2000) and neuropathic pain (Wrigley et al., 2009). To understand
the pathophysiological mechanisms of long-term cortical reorga-
nization—and to develop timely interventions to manage that
reorganization—it is necessary to investigate the changes that
occur immediately after the lesion. Even though a vast literature
exists about the immediate cortical changes occurring after pe-
ripheral injuries (Merzenich et al., 1983; Kelahan and Doetsch,
1984; Wall and Cusick, 1984; Calford and Tweedale, 1988,
1991a,b; Cusick et al., 1990; Turnbull and Rasmusson, 1990;
Byrne and Calford, 1991; Doetsch et al., 1996; Faggin et al., 1997),
little is known about the immediate cortical changes induced by
spinal cord injury.

To address this issue, we investigated acute neurophysiologi-
cal changes occurring immediately (i.e., within 1 h) after spinal
cord injury in the primary somatosensory cortex of anesthetized
rats. To clearly separate deafferented and intact cortical areas, we
used a thoracic complete transection model (level T9 –T10) that
has been shown to induce long-term cortical reorganization in
rats (Endo et al., 2007). This lesion blocks all ascending inputs
from the hindpaws, but does not affect inputs from the forepaws.
We simultaneously recorded local field potentials (LFPs) and
multiunit activity from the hindpaw representation (deaffer-
ented) and the forepaw representation (intact) of the primary
somatosensory cortex. We monitored the cortical responses
evoked by somatosensory stimuli and the cortical spontaneous
activity before and immediately after the spinal cord transection.

Materials and Methods
Experiments were performed following the rules of International Coun-
cil for Laboratory Animal Science, European Union regulation 86/609/
EEC, and were approved by the Ethical Committee for Animal Research
of the Hospital Nacional de Parapléjicos (Toledo, Spain). A total of 31
male Wistar rats were used in this study, divided into three groups: (1) 14
animals with spinal cord transection; (2) 8 animals with pharmacological
block of the spinal cord; and (3) 9 animals with “sham.”

Experimental protocol
The main experimental protocol was performed in the group of animals
that received spinal cord transection (n � 14). Animals were anesthetized
with urethane (1.5 g/kg, i.p.). The body temperature of the animal was
kept constant (36.5°C) using an automatically controlled heating pad. A
laminectomy was performed at thoracic level (T9 –T10) keeping the dura
mater intact and covered with agar 4% to protect the area. The animals
were placed in a stereotaxic frame (SR-6 Narishige Scientific Instru-
ments). Lidocaine 2% was applied over the body surface in contact with
the frame and over the areas for incisions. The skin of the head was softly
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removed and the skull was exposed. A craniotomy was performed on the
right side of the midline over the somatosensory cortex [AP: 1 to �4; ML:
1–5; atlas of Paxinos and Watson (1986)], and the cisterna magna was
opened to guarantee the stability of the recordings. Small incisions in the
dura mater were performed to allow the recording electrodes to be low-
ered into the cerebral cortex. Once the electrodes were placed in the
hindpaw and forepaw representations of the primary somatosensory cor-
tex, we performed the prelesion protocol, recording evoked responses
and spontaneous activity with intact spinal cord. We then performed the
complete transection of the spinal cord with a scalpel blade. Immediately
after transection, a few pulses of electrical stimulation of the hindpaw at
very high intensity (10 mA) were applied to confirm that no physiological
responses were evoked in the cortex by stimuli delivered below the level
of the lesion. The complete cut of the spinal cord was visually confirmed
under the surgical microscope by the total separation of the borders.
Electrophysiological recordings were continuously acquired during the
transection to confirm the stability of the recordings from control con-
ditions to after lesion. Between 10 and 30 min after the transection, we
started the postlesion protocol, recording evoked responses and sponta-
neous activity with the spinal cord transected. Based on the absence of
reflexes to forepaw stimuli and on the absence of corneal reflex, animals
never received additional anesthesia between the prelesion protocol and
the postlesion protocol. We never observed spontaneous whisker move-
ments during the recordings.

Electrophysiology
Electrophysiological extracellular recordings techniques were similar to
our previous works (Aguilar et al., 2008; Foffani et al., 2009). Recordings
were obtained using tungsten electrodes with 4 –5 M� impedance at
1000 Hz (TM31C40KT and TM31A50KT of WPI). Two electrodes were
lowered in the infragranular somatosensory cortex, one in the forepaw
area (anteroposterior: 0 – 0.5 mm; mediolateral: 3.5– 4.5 mm) and the
other one in the hindpaw area (anteroposterior: �0.5 to �1 mm; me-
diolateral: 2–2.5 mm), following the coordinates of Chapin and Lin
(1984). Beside the stereotactic coordinates, the exact anteroposterior and
mediolateral locations of the electrodes were adjusted with multiple pen-
etrations (up to five, typically three penetrations per electrode) to opti-
mize the physiological responses to the corresponding peripheral stimuli
(maximum amplitude, minimal latency). To adjust the depth, we first
identified layer 4, where response latencies are the shortest, and then
lowered the electrodes to the infragranular layers (depth: 1.1–1.8 mm).
Once the final locations were defined, the electrodes were fixed in the
place and were not moved throughout the entire experiment. We specif-
ically targeted the infragranular layers because they are (1) the cortical
layers expressing maximal convergence of excitatory and inhibitory in-
puts, both local and long-range; (2) the main origin of cortical outputs;
and (3) the layers where the majority of active states originate (Castro-
Alamancos, 2000; Sanchez-Vives and McCormick, 2000; Castro-
Alamancos and Rigas, 2002; Sakata and Harris, 2009). The infragranular
cortex is thus particularly appropriate to investigate at the network level
cortical changes after deafferentation. Nonetheless, we would like to note
that because active states— both spontaneous and evoked—rapidly syn-
chronize all cortical layers, the results of the present study are highly
likely to extend beyond the infragranular cortex.

All recordings were preamplified, filtered (1 Hz to 3 kHz), and ampli-
fied using a modular system (Neurolog; Digitimer). Analog signals were
converted into digital data at 20 kHz sampling rate and 16 bit quantiza-
tion using a CED power 1401 (Cambridge Electronics Design) controlled
by Spike2 software (v6 Cambridge Electronics Design). Signals were
stored on a hard disk of a PC for posterior analysis.

Peripheral stimulation
Electrical pulses were applied using bipolar needle electrodes located
subcutaneously in the wrist of the forepaw and of the hindpaw, one pole
in each side of the paw. The rationale for this stimulation was to activate
all types of somatosensory fibers originating within the paws, including
tactile, proprioceptive, and nociceptive fibers. The protocol consisted of
a total of 100 pulse stimuli with duration of 1 ms and frequency of 0.5 Hz.
Two different intensities were applied: low intensity (0.5 mA) and high

intensity (5 mA). Low-intensity stimuli were intended to activate only a
fraction of the available fibers, mainly low-threshold primary fibers run-
ning through the lemniscal pathway, from the dorsal columns to the
brainstem (Lilja et al., 2006). High-intensity stimuli were intended to
activate the maximum number of fibers, including high-threshold pri-
mary fibers that make synapse in the dorsal horns of the spinal cord, in
turn activating the spinothalamic tract (Lilja et al., 2006).

Control experiments
In a number of animals (n � 8), blockers of voltage-dependent sodium
channels (TTX or lidocaine) were applied topically in the spinal cord at
thoracic level (T9 –T10). With this treatment it was possible to avoid the
traumatic damage of the spinal cord and reproduce the same effects of
the transection in terms of total deafferentation of lower trunk and hind-
limbs. The experimental protocol was the same as previously described
for the spinal transection, but in this case a few drops of TTX (50 �M) or
lidocaine (2% in saline) were applied directly over the spinal cord. Im-
mediately a cotton piece was soaked in the same compound and deli-
cately placed over the spinal cord. The block of axonal conduction was
verified by the absence of any physiological response to a few pulses of
electrical stimulation delivered to the hindpaw at very high intensity (10
mA). As soon as the effect of the blocked axonal conduction was ob-
served, we performed our protocol to record cortical evoked responses
and spontaneous activity. Immediately after, the cotton piece soaked
with TTX or lidocaine was removed and the area was rinsed with saline,
every 10 min during a total of 1–2 h, until the complete recovery of the
cortical evoked responses to hindpaw stimuli.

We also performed a set of “sham” experiments (n � 9) in which the
spinal cord remained intact after the laminectomy for the entire duration
of the experiment. Besides the absence of spinal cord lesion, the experi-
mental protocol was the same as in the transected animals.

Data analysis
Cortical responses. LFP responses were obtained by averaging across stim-
uli the raw signals recorded from the electrodes. LFP response amplitude
was evaluated as the absolute value of the negative peak in the average
response. Repeating the analyses using a peak-to-peak measure yielded
essentially the same results, with slightly greater amplitudes (data not
shown). Multiunit responses were obtained by (1) bandpass filtering the
raw signals at high frequencies (800 –3000 Hz), (2) detecting all spikes
that exceeded the background noise by at least 5 SDs, and (3) averaging
the spikes across stimuli to construct peristimulus time histograms
(PSTHs). The magnitude of multiunit responses was evaluated as the
average number of spikes per stimulus emitted in the first 30 ms after the
stimulus.

Spontaneous activity. Cortical spontaneous activity was studied in re-
cordings at least 200 s long, performed between the low-intensity stimu-
lation and the high-intensity stimulation. To quantitatively evaluate the
level of cortical spontaneous activity, we extracted the rectified multiunit
activity (rMUA) by bandpass filtering the raw signals at high frequencies
and rectifying the resulting signal. Note that the multiunit signal we used
above to construct the PSTHs of the responses is a point process, whereas
the rMUA used here is a time series, representing the compound spiking
activity of the local population of neurons around the electrode. The
rMUA was chosen because it correlates well with the membrane potential
of intracellular recordings and it is thus a good measure of the level of
activity in cortical networks (Hasenstaub et al., 2007). The rMUA spec-
trum was estimated by (1) subtracting the mean to the rMUA, (2) calcu-
lating its autocorrelation function, and (3) estimating the power spectral
density with Thomson multitaper method. The peak frequency of the
rMUA spectrum was used as a measure of the average alternation rate
between active and silent states. The neurophysiological consistency of
this measure was visually verified in all recordings, and recordings in
which the rMUA did not reach a sufficient signal-to-noise ratio to prop-
erly estimate the spectrum were excluded from the analyses. We also
calculated the mean of the rMUA (in the time domain) as a measure of
the overall level of cortical spontaneous activity.

Correlation between cortical spontaneous activity and evoked responses.
We investigated the relation between cortical spontaneous activity and
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evoked responses by evaluating, on a stimulus-by-stimulus basis, the
median of the rMUA in a 100 ms prestimulus window and the single-trial
LFP amplitude in the 100 ms poststimulus window (see Fig. 3B). In each
animal and condition, single-trial LFP amplitudes were sorted based on
the prestimulus rMUA median, averaged over blocks of 10 stimuli to
obtain 10 points per animal, and finally averaged across animals.

Statistical analyses
Changes in cortical responses were evaluated with two-way repeated-
measures ANOVAs, with prelesion–postlesion as first factor with two
levels (before spinal transection and after spinal transection) and stimu-
lus as second factor with two levels (low intensity and high intensity).

Changes in cortical spontaneous activity were evaluated with two-way
mixed ANOVAs, with prelesion–postlesion as first factor with two levels
of repeated measures (before spinal transection and after spinal transec-
tion) and hindpaw–forepaw as second factor with two levels of indepen-
dent measures (forepaw cortex and hindpaw cortex).

Tukey honestly significant difference test was used for all post hoc
comparisons.

Correlations between prestimulus activity and poststimulus responses
were performed with Pearson correlation coefficients.

All results were considered significant at p � 0.05.

Results
Changes of cortical responses
We first investigated immediate changes in the cortical LFP re-
sponses evoked by electrical stimuli delivered to the hindpaw and
forepaw before and after thoracic transection of the spinal cord
(Fig. 1A). LFP responses are the intracranial equivalent of the
somatosensory evoked potentials used in human studies. In in-
tact animals (n � 14), LFP responses in the forepaw cortex to
forepaw stimuli displayed greater amplitude than LFP responses
in the hindpaw cortex to hindpaw stimuli (Table 1), which is
consistent with our previous work (Moxon et al., 2008). Imme-
diately after transection of the spinal cord, LFP responses to hind-
paw stimuli— below the level of the lesion—were abolished,

A

B

Figure 1. Changes of cortical responses. A, LFP responses evoked in the forepaw cortex by forepaw stimuli (black) and in the hindpaw cortex by hindpaw stimuli (gray) before (left) and
immediately after (right) complete thoracic transection of the spinal cord in a representative animal. B, PSTHs representing multiunit responses recorded from the same electrodes. LFP responses
and PSTHs were evaluated from 100 stimuli. Time 0 (x-axis) represents stimulus onset. Spinal cord transection completely abolished the responses evoked by hindpaw stimuli, as expected, but
remarkably enhanced the responses evoked by forepaw stimuli.

Table 1. Cortical responses before and immediately after complete thoracic transection of the spinal cord, pharmacological block, or sham

Before After

HP FP HP FP

Spinal cord transection (n � 14)
High intensity 0.50 � 0.33 1.21 � 0.48 — 1.63 � 0.44
Low intensity 0.27 � 0.12 0.30 � 0.16 — 0.31 � 0.20

Spinal cord pharmacological block (n � 8)
High intensity 0.45 � 0.32 1.08 � 0.57 — 1.52 � 0.83
Low intensity 0.17 � 0.07 0.23 � 0.14 — 0.26 � 0.21

Sham (n � 9)
High intensity 0.52 � 0.35 1.05 � 0.75 0.49 � 0.30 1.10 � 0.68
Low intensity 0.19 � 0.13 0.23 � 0.15 0.16 � 0.10 0.21 � 0.15

Data are amplitudes of LFP responses (in millivolts) to high- or low-intensity stimuli. FP, Forepaw; HP, hindpaw.
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confirming the complete spinal cord lesion. Conversely, LFP re-
sponses evoked in the forepaw cortex by forepaw stimuli—above
the level of the lesion—remarkably increased (Table 1) (two-way
ANOVA, prelesion–postlesion factor: p � 0.0001). This in-
creased amplitude was specifically observed in response to high-
intensity (5 mA) stimuli (interaction factor: p � 0.0004; Tukey:
p � 0.0002), but not in response to low-intensity (0.5 mA) stim-
uli (Tukey: p � 0.99).

These results were then corroborated by evaluating the mul-
tiunit responses (Fig. 1B): similarly to the LFP responses, the
magnitude of multiunit responses evoked in the forepaw cortex
by forepaw stimuli significantly increased after spinal cord tran-
section (two-way ANOVA, prelesion–postlesion factor: p �
0.0109), specifically in response to high-intensity stimuli (from
5.2 � 2.7 to 7.0 � 2.5 spikes/stimulus; interaction factor: p �
0.000393; Tukey: p � 0.0002), but not in response to low-
intensity stimuli (1.2 � 1.0 and 1.4 � 1.4 spikes/stimulus; Tukey:
p � 0.73).

Changes of cortical spontaneous activity
To get insights into the possible network mechanisms underlying
the increased forepaw responses after thoracic transection, we
studied the immediate changes of cortical spontaneous activity
(Fig. 2). In intact rats, the cortical spontaneous activity consisted
of the characteristic behavior induced by urethane anesthesia, in
which periods of synchronous network activity (active states)
alternate with periods of silence (silent states). This behavior was
evident in the MUA, and could be quantified by the peak fre-
quency of the rectified MUA spectrum. The alternation between
active and silent states occurred on average at 1.10 � 0.86 Hz in
the hindpaw cortex (range 0.37–2.94 Hz) and at 1.00 � 0.67 Hz in
the forepaw cortex (range 0.37–2.31 Hz), with high correlation
between the two cortices (Pearson: r � 0.97, p � 0.0000002, n �
12; in two animals the MUA recorded from the hindpaw cortex
had poor signal-to-noise ratio, so these animals were excluded
from this analysis). After thoracic transection of the spinal cord,
the alternation between active and silent states became slower,

occurring on average at 0.50 � 0.12 Hz (range 0.37– 0.69 Hz) in
the hindpaw cortex and at 0.50 � 0.10 Hz (range 0.37– 0.69 Hz)
in the forepaw cortex (two-way ANOVA; prelesion–postlesion
factor: p � 0.0024; hindpaw–forepaw factor: p � 0.75; interac-
tion: p � 0.77; n � 12), again with high correlation between the
two cortices (Pearson: r � 0.97, p � 0.00000008). The slower
alternation between active and silent states after thoracic transec-
tion was particularly evident when the cortex started from a rel-
atively faster oscillatory state (as in Fig. 2). After the lesion, all
animals switched to a cortical state of slow-wave activity similar
to that observed during slow-wave sleep (�1 Hz) (Steriade et al.,
1993; Crunelli and Hughes, 2010). This slower alternation be-
tween active and silent states after thoracic transection corre-
sponded to a globally more silent cortical spontaneous activity, as
evidenced by a decreased mean amplitude of the rectified MUA
(two-way ANOVA; prelesion–postlesion factor: p � 0.0031;
hindpaw–forepaw factor: p � 0.42; interaction: p � 0.13; n � 12).

Relation between cortical spontaneous activity and
evoked responses
To establish a direct relationship between slower/more silent cor-
tical spontaneous activity and increased forepaw responses, we
investigated whether the level of cortical spontaneous activity
immediately preceding each forepaw stimulus affected the sub-
sequent single-trial LFP response to the stimulus (Fig. 3A). In
intact rats (n � 14), we found a clear inverse correlation between
spontaneous activity and forepaw response (Fig. 3B,C): the
greater the median of the rectified MUA immediately preceding
the stimulus, the smaller the LFP response evoked by the subse-
quent stimulus (Pearson: r � �0.96, p � 0.00001) (Fig. 3C).
After spinal transection, this inverse correlation was maintained
(r � �0.93, p � 0.0001) (Fig. 3C), but the lower values of spon-
taneous activity (expected from the previous paragraph) were
associated with even higher values of response. The slope (S) of
this inverse correlation between spontaneous activity (in micro-
volts) and evoked responses (in millivolts) was much steeper for
high-intensity stimuli (before transection, S � �0.110; after

A B

Figure 2. Changes of cortical spontaneous activity. A, Examples of 20 s spontaneous recordings of LFPs and MUA from the forepaw cortex (black) and the hindpaw cortex (gray) before (left) and
immediately after (right) complete thoracic transection of the spinal cord in a representative animal. B, Power spectrum of the rMUA corresponding to the recordings shown in A. Before spinal cord
transection, the somatosensory cortex of this animal was oscillating at delta frequencies (�3 Hz), but the oscillation switched to slow-wave activity (�0.5 Hz) after the spinal cord transection.
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transection, S � �0.168) than for low-intensity stimuli (before
transection, S � �0.056; after transection, S � �0.067) (Fig.
3C), because low-intensity stimuli are less likely to trigger active
states associated with the response than high-intensity stimuli
(Hasenstaub et al., 2007; Reig and Sanchez-Vives, 2007). This
could explain why the increased forepaw responses were specifi-
cally observed with high-intensity stimuli: after the deafferenta-
tion imposed by thoracic transection of the spinal cord, forepaw
stimuli are more likely to occur when the cortex is more silent,

but only high-intensity stimuli are able to consistently trigger
active states, and thus to evoke larger cortical responses.

In the cortical state of slow-wave activity induced by spinal
cord transection, we expected the active states triggered by high-
intensity forepaw stimuli to propagate from the forepaw cortex to
the hindpaw cortex. We therefore investigated the activity of the
hindpaw cortex in response to forepaw stimuli, as evaluated by
averaging the rMUA evoked by high-intensity forepaw stimuli, in
animals with good MUA recordings from the hindpaw cortex

Figure 3. Relation between cortical spontaneous activity and evoked responses. A, Example of 10 s recordings of LFPs and MUA in response to electrical somatosensory stimuli delivered every 2 s.
The time around two representative stimuli is expanded on the bottom: if immediately before the stimulus the cortex is silent (small MUA), then the LFP response is large; if immediately before the
stimulus the cortex is active (large MUA), then the LFP response is small. B, Single-trial data from a representative animal: rMUA before stimulus (x-axis) is plotted against the LFP response ( y-axis)
for 100 high-intensity stimuli delivered before (empty squares) and after (filled dots) complete thoracic transection of the spinal cord. C, Pooled data from all the animals (n � 14). For each animal,
stimuli were sorted based on the rMUA before stimulus and LFP responses were averaged in blocks of 10 stimuli, to obtain 10 points per animal, which were then averaged across animals. Error bars
indicate 95% confidence intervals. The increased evoked responses correlated with the more silent spontaneous activity after spinal cord transection. D, Average rMUA responses evoked in the
hindpaw cortex by high-intensity forepaw stimuli after spinal transection in a representative animal that displayed both short-latency responses and long-latency activations. The signal around time
0 was truncated to eliminate the stimulus artifact. E, Example of LFP recordings throughout two consecutive high-intensity forepaw stimuli (interstimulus interval 2 s) before (left) and after (right)
spinal cord transection. During slow-wave activity, high-intensity forepaw stimuli triggered active states in the forepaw cortex that propagated to the hindpaw cortex, generating long-latency
activations (arrows).
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(n � 12). We observed two types of “responses”: (1) short-
latency responses (�30 ms) and (2) long-latency activations
(�50 ms) (Fig. 3D). Short-latency responses were typical somato-
sensory responses—of the same type as the “non-homologous re-
sponses” we described in Moxon et al. (2008)—and were
observed in 7 of 12 animals (58%) before transection and in 7 of
12 animals (58%) after transection. Long-latency activations
were instead due to active states triggered in the forepaw cortex,
propagating to the hindpaw cortex, and were observed in 5 of 12
animals (42%) before transection and in 9 of 12 animals (75%)
after transection. In the animals in which the cortex started from
a faster oscillatory state, before spinal cord transection forepaw
stimuli did not trigger cortical active states (because the cortex
was already active); conversely, during slow-wave activity after
spinal cord transection forepaw stimuli did trigger active states in
the forepaw cortex, which propagated to the hindpaw cortex and
generated the long-latency activations (Fig. 3E). The increased
probability of observing long-latency activations in the hindpaw
cortex in response to forepaw stimuli immediately after thoracic
spinal cord transection, therefore, is another consequence of the
cortical state change induced by the spinal injury.

Pharmacological block of the spinal cord
To verify that the slower/more silent cortical spontaneous activity
and the consequent increased forepaw responses were specifically

due to the deafferentation, we performed a set of experiments in
which spinal cord conduction was transiently blocked using ei-
ther lidocaine or TTX (Fig. 4). These experiments were particu-
larly challenging because of the difficulty of locally diffusing the
drug without lesioning the spinal cord. Only rats in which the
pharmacological block was complete and reversible were in-
cluded in the study (n � 8).

The results we obtained with the pharmacological block were
very similar to the ones obtained with the transection (Table 1):
hindpaw responses were abolished, confirming the effectiveness
of the pharmacological block, but the LFP responses evoked in
the forepaw cortex by forepaw stimuli markedly increased (Fig.
4A) (two-way ANOVA, predrug–postdrug factor: p � 0.0069;
n � 8), particularly in response to high-intensity stimuli (inter-
action: p � 0.0127; Tukey: p � 0.0040), but not in response to
low-intensity stimuli (Tukey: p � 0.99). In the same way, the
spontaneous alternation between active and silent states (hind-
paw: 1.05 � 0.57 Hz; forepaw: 0.92 � 0.56 Hz) was significantly
slower after the pharmacological block (hindpaw: 0.73 � 0.37
Hz; forepaw: 0.71 � 0.34 Hz), as revealed by the peak of the
rectified MUA spectrum (Fig. 4B,C) (two-way ANOVA; pre-
drug–postdrug factor: p � 0.0137; hindpaw–forepaw factor: p �
0.75; interaction: p � 0.54; n � 7), and the overall level of cortical
spontaneous activity was significantly more silent after the phar-
macological block, as revealed by the decreased mean amplitude

A

B C

D

Figure 4. Cortical changes after pharmacological block of the spinal cord. A, Changes of cortical responses in a representative animal (as in Fig. 1 A). B, C, Changes in cortical spontaneous activity
in a representative animal (as in Fig. 2 A, B). D, Relation between cortical spontaneous activity and evoked responses in all animals (n � 8) (as in Fig. 3C). The cortical changes observed after
pharmacological block of the spinal cord were very similar to the ones observed after spinal cord transection.
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of the rectified MUA (two-way ANOVA; prelesion–postlesion
factor: p � 0.0140; hindpaw–forepaw factor: p � 0.58; interac-
tion: p � 0.34; n � 7). These changes in spontaneous activity
correlated with the evoked responses similarly to the experiments
with spinal cord transection (Fig. 4D).

As an additional control condition, we performed a set of
experiments in which animals underwent the same experimental
protocol, but no lesion or pharmacological block of the spinal
cord was performed (n � 9). Cortical responses and spontaneous
activity were thus evaluated before and after “sham.” The ampli-
tude of LFP responses evoked in the forepaw cortex by forepaw
stimuli did not change after sham (two-way ANOVA, presham–
postsham factor: p � 0.92; n � 9). In same way, the peak of the
rectified MUA spectrum did not change after sham (two-way
ANOVA, presham–postsham factor: p � 0.40; n � 7), nor was a
decrease of the rectified MUA amplitude observed (two-way
ANOVA, presham–postsham factor: p � 0.72; n � 7). Therefore,
the results observed after spinal transection are unlikely to be
related to unspecific alterations induced by the experimental pro-
cedures and are most likely due to the deafferentation.

Discussion
The main result of the present work is that a complete thoracic
transection of the spinal cord produces an immediate functional
reorganization in the primary somatosensory cortex of anesthe-
tized rats. While cortical responses evoked by stimuli delivered
below the level of the lesion are obviously abolished after spinal
transection, cortical responses evoked by stimuli delivered above
the level of the lesion markedly increase. Importantly, these in-
creased responses are paralleled by—and correlate with—a
slower and overall more silent cortical spontaneous activity, rep-
resenting a switch to a network state of slow-wave activity. The
same immediate cortical changes are observed after reversible
pharmacological block of spinal cord conduction, but not after
sham. The deafferentation produced by spinal cord injury can
thus immediately change the state of large cortical networks,
leading to increased cortical responses to stimuli delivered above
the level of the lesion.

Changes of cortical responses
The increased cortical responses to forepaw stimuli we observed
immediately after thoracic spinal cord injury are in good agree-
ment with the long-term changes observed in previous studies
with functional imaging in rats, using either thoracic contusion
(Hofstetter et al., 2003), thoracic transection (Endo et al., 2007),
or thoracic bilateral dorsal section of the spinal cord (Ghosh et al.,
2010). In particular, using functional magnetic resonance imag-
ing (fMRI) in the same spinal cord injury model that we used,
Endo et al. (2007) found increases of blood oxygenation level-
dependent (BOLD) signals in the primary somatosensory cortex
in response to stimulation of the intact forelimb in the first fMRI
protocol they performed 3 d after injury. Similarly increased cor-
tical responses to forepaw stimuli were reported 1 week after
spinal cord injury by Ghosh et al. (2010), using both fMRI and
voltage-sensitive dye imaging (VSD). Since BOLD, VSD, and LFP
responses to sensory stimuli are reasonably related (Logothetis
et al., 2001; Arthurs and Boniface, 2003; Petersen et al., 2003;
Goloshevsky et al., 2008), our findings likely represent the early
electrophysiological counterpart of the results of Endo et al.
(2007) and Ghosh et al. (2010). Importantly, we observed in-
creased cortical responses after spinal transection only with high-
intensity stimuli, likely activating both the dorsal columns and
spinothalamic tract (Lilja et al., 2006), but not with low-intensity

stimuli, likely activating only the dorsal columns (Lilja et al.,
2006). This difference might help reconciling the studies by
Hofstetter et al. (2003), Endo et al. (2007), and Ghosh et al.
(2010), who observed long-term cortical reorganization using
relatively high-intensity electrical stimuli, with the study by Jain
et al. (1995), who reported absence of any cortical reorganization
with light tactile stimuli after dorsal column section. Although
our experimental approach does not allow us to assess changes in
the spatial extent of cortical activation, our results show that
increased cortical responses to stimuli above the level of the le-
sion can be observed immediately after transection of the spinal
cord.

Changes of cortical spontaneous activity
Cortical responses to sensory stimuli highly depend on the ongo-
ing spontaneous activity of cortical networks (Arieli et al., 1996;
Wörgötter et al., 1998; Azouz and Gray, 1999; Kisley and
Gerstein, 1999; Tsodyks et al., 1999; Kenet et al., 2003; Lakatos et
al., 2008). However, virtually all studies investigating the reorga-
nization of cortical responses after deafferentation by peripheral
or central injuries—including the studies by Endo et al. (2007)
and by Ghosh et al. (2010)—neglect its possible dependence on
changes in cortical spontaneous activity. Here we show that imme-
diately after thoracic transection of the spinal cord, cortical sponta-
neous activity becomes strikingly slower and overall more silent,
switching to a state of slow-wave activity similar to that observed
during slow-wave sleep (Steriade et al., 1993; Vyazovskiy et al., 2009;
Crunelli and Hughes, 2010). The most intuitive explanation
for these immediate changes in cortical spontaneous activity is
that spinal cord transection likely decreases the tonic inputs to
supraspinal somatosensory structures, ultimately producing a
cortical effect that resembles a direct thalamocortical deafferen-
tation (Rigas and Castro-Alamancos, 2007; Hirata and Castro-
Alamancos, 2010). At first glance, it might thus appear surprising
that the slowing/silencing occurred not only in the deafferented
hindpaw cortex, but also in the supposedly intact forepaw cortex.
In the rat, however, the forepaw cortex and the hindpaw cortex
are functionally connected (Moxon et al., 2008; Ghosh et al.,
2009, 2010), and the physiologic alternation between active and
silent states occurs synchronously across large cortical regions
(Fox and Armstrong-James, 1986; Steriade, 2006; Mohajerani et
al., 2010; see also supplemental Results). Therefore, if one region
(e.g., the hindpaw cortex) slows down, adjacent regions (e.g., the
forepaw cortex) are also likely to slow down due to physiological
synchronization mechanisms (Amzica and Steriade, 1995). Be-
sides deafferentation of somatosensory structures, it is possible
that spinal transection also directly affected the activity of brain-
stem structures and thalamic nuclei regulating cortical synchrony
and arousal, contributing to the observed changes in cortical
spontaneous activity (Moruzzi and Magoun, 1949; Lindvall et al.,
1974; Hobson et al., 1975; Foote et al., 1980; Aston-Jones and
Bloom, 1981a,b; Fox and Armstrong-James, 1986; Satoh and
Fibiger, 1986; Hallanger et al., 1987; Steriade et al., 1990; Aguilar
and Castro-Alamancos, 2005; Ren et al., 2009). Importantly, slower
cortical activity after spinal cord injury has been previously observed
with EEG recordings in patients (Tran et al., 2004; Boord et al.,
2008), and both slower cortical activity (Wydenkeller et al., 2009)
and long-term cortical reorganization (Wrigley et al., 2009) cor-
relate with the emergence of neuropathic pain. From a transla-
tional perspective, it is thus tempting to suggest—with all the
necessary caveats of comparing data from awake patients and
anesthetized rats—that the immediate slowing of cortical spon-
taneous activity after spinal cord injury described here might
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have a pathophysiological role for long-term cortical reorganiza-
tion and neuropathic pain.

Relation between cortical spontaneous activity and
evoked responses
The immediate cortical reorganization observed after peripheral
injuries is classically explained in terms of unmasking of latent
excitatory synapses by removal of inhibition, which could occur
at cortical level (Jacobs and Donoghue, 1991), in the thalamus
(Nicolelis et al., 1993; Faggin et al., 1997), and possibly also at
lower levels. Our increased forepaw responses immediately after
thoracic transection of the spinal cord could indeed be explained,
at least in part, by classical unmasking. However, our results show
that the increased cortical responses are directly related to the
slower/more silent cortical spontaneous activity, thus offering an
additional mechanism to explain immediate changes in cortical
responses after deafferentation. In the rat somatosensory system,
brief peripheral stimuli evoke larger cortical responses when the
cortex is in a silent compared to an active state (Petersen et al.,
2003; Sachdev et al., 2004), particularly when the stimuli them-
selves are able to trigger active states associated with the responses
(Hasenstaub et al., 2007; Reig and Sanchez-Vives, 2007). This
inverse relation between the level of spontaneous activity and the
amplitude of evoked responses is clearly present in our data. The
lesion itself transitions the somatosensory cortex to a slower/
more silent state, so that forepaw stimuli delivered after spinal
transection are more likely to occur when the cortex is more silent
compared to before the lesion, and consequently evoke larger
cortical responses associated with active states that propagate
from the forepaw cortex to the hindpaw cortex. The mechanism
underlying this phenomenon is essentially the same by which
cortical somatosensory responses are enhanced in quiescent
states compared to attentive states in awake animals (Castro-
Alamancos, 2004). Our results thus go beyond the classical idea of
unmasking identified with peripheral injuries, revealing that
changes in the state of the brain could play a critical role in the early
mechanisms of cortical reorganization after deafferentation.

Pharmacological block of the spinal cord
It is important to remark that we observed the same immediate
cortical changes after reversible pharmacological block of the spi-
nal cord, and that no changes were observed after sham. There-
fore, these cortical changes are unlikely to be due to the axotomy
of efferent corticospinal cells (Hains et al., 2003; Lee et al., 2004;
Jurkiewicz et al., 2006), to unspecific systemic reactions to the
spinal injury, or to the experimental protocol, but are most likely
specifically due to the deafferentation. Our result that deafferenta-
tion affects cortical slow-wave activity supports the view that this
important sleep rhythm is not purely cortical, as usually considered,
but is also critically controlled by subcortical structures (Fox and
Armstrong-James, 1986; Manjarrez et al., 2002; Crunelli and
Hughes, 2010). The possible mechanistic role played by slow-wave
activity in shaping long-term cortical reorganization after deafferen-
tation (Aton et al., 2009) should be further investigated in future
studies.

Conclusions
In conclusion, the deafferentation due to spinal cord injury can
immediately change the state of large cortical networks, and this
change in the state of the brain plays a critical role in the imme-
diate functional reorganization of the primary somatosensory
cortex after spinal cord injury. More in general, our study sug-

gests that the state of the spinal cord and the state of the brain are
tightly connected.
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