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Abstract

During cortical development, plasticity reflects the dynamic equilibrium between increasing and decreasing functional

connectivity subserved by synaptic sprouting and pruning. After adult cortical deafferentation, plasticity seems to be

dominated by increased functional connectivity, leading to the classical expansive reorganization from the intact to the

deafferented cortex. In contrast, here we show a striking “decrease” in the fast cortical responses to high-intensity forepaw

stimulation 1–3months after complete thoracic spinal cord transection, as evident in both localfield potentials and intracellular

in vivo recordings. Importantly, this decrease in fast cortical responses co-exists with an “increase” in cortical activation over

slower post-stimulus timescales, as measured by an increased forepaw-to-hindpaw propagation of stimulus-triggered cortical

up-states, as well as by the enhanced slow sustained depolarization evoked by high-frequency forepaw stimuli in the

deafferented hindpaw cortex. This coincidence of diminished fast cortical responses and enhanced slow cortical activation

offers a dual perspective of adult cortical plasticity after spinal cord injury.
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Introduction

Plasticity in the central nervous system (CNS) reaches a peak dur-

ing development and it declines dramatically in adulthood (Wie-

sel and Hubel 1963; Huttenlocher 1979; Grutzendler et al. 2002;

Holtmaat et al. 2005). Someprocesses of developmental plasticity

can be reactivated in the adult brain (Pizzorusso et al. 2002; Maya

Vetencourt et al. 2008), particularly after CNS lesion (Murphy and

Corbett 2009; Yamahachi et al. 2009), and indeed, there is exten-

sive literature regarding cortical plasticity after deafferentation

that documents the classical functional enlargement of adjacent

intact areas into deafferented areas (Wall and Egger 1971; Hubel

et al. 1977; Calford and Tweedale 1988; Sanes et al. 1988; Kaas

et al. 1990; Pons et al. 1991; Gilbert and Wiesel 1992; Das and

Gilbert 1995; Schmid et al. 1996; Jain et al. 1997; Florence et al.

1998; Buonomano and Merzenich 1998; Harrison et al. 2013;

Albieri et al. 2015). This expansive reorganization is associated

with a wide scale remodeling of synapses and circuits, due to

complex and coordinated synaptogenesis, axonal sprouting,

and unmasking at cortical and subcortical levels (Jacobs and Do-

noghue 1991; Darian-Smith and Gilbert 1994; Fouad et al. 2001;

Levy et al. 2002; Yamahachi et al. 2009; Vessal ad Darian-Smith

2010; Kambi et al. 2014).

However, classical expansive reorganization cannot fully ex-

plain the complex phenomenon of adult cortical reorganization

after deafferentation (Giannikopoulos and Eysel 2006; Moxon

et al. 2014). Developmental plasticity teaches us that sprouting

coexists with pruning in a synergic and dynamic manner (Hut-

tenlocher 1979; Mataga et al. 2004; Paolicelli et al. 2011), and it

is now becoming progressively clear that axonal/synaptic prun-

ing also plays a critical role in adult cortical plasticity after
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deafferentation (Yamahachi et al. 2009; Keck et al. 2011; van Ver-

sendaal et al. 2012; Gilbert and Li 2012). Unfortunately, the func-

tional implications of synaptic pruning in the deafferented adult

brain remain elusive.

Spinal cord injury (SCI) in rodents is an appealing model in

which the functional consequences of adult cortical deafferen-

tation can be investigated, both because of its clinical relevance

(Moxon et al. 2014) and due to the exquisite layer-specific synap-

tic pruning that occurs in the deafferented cortex (Kim et al. 2006;

Ghosh et al. 2012; Zhang et al. 2015). In the somatosensory cortex,

SCI seems to provoke classical long-term expansive reorganiza-

tion, at least when studied by functionalmagnetic resonance im-

aging (fMRI) (Endo et al. 2007; Ghosh et al. 2010). Paradoxically

though, no long-term cortical reorganization whatsoever can be

detected through electrophysiological single-unit recordings

(Jain et al. 1995; Graziano et al. 2013), unless rats are subjected

to specific drug treatment and/or exercise regimes (Graziano

et al. 2013; Ganzer et al. 2013; Foffani et al. 2016).

To reconcile these findings, the present study set out to estab-

lish an integrative electrophysiological frameworkof long-term re-

organization of the somatosensory cortex after SCI. We adopted a

2-tier experimental strategy: first, to bridge the gap between the

fast cellular level of single-unit recordings (Jain et al. 1995; Grazia-

no et al. 2013; Foffani et al. 2016) and the slow metabolic level of

fMRI (Endo et al. 2007; Ghosh et al. 2010), we investigated cortical

reorganization at a population level through local field potentials

(LFPs); second, to integrate the population results with responses

at the cellular level, we performed in vivo intracellular recordings.

We hypothesized that 2modalities of cortical plasticity exist, with

a possible dissociation between the reorganization of cortical re-

sponses over fast post-stimulus timescales and cortical activation

over slower post-stimulus timescales.

Materials and Methods

Experiments were performed on male Wistar rats in accordance

with the International Council for Laboratory Animal Science

guidelines and the European Union regulation 2010/63/EU. All

the experimental protocols were approved by the Ethical Com-

mittee for Animal Research at the Hospital Nacional de Paraplé-

jicos (Toledo, Spain). Extracellular recordings were performed

in 11 intact animals, 10 animals 1 week after SCI, 13 animals

1 month after SCI and 8 animals 3 months after SCI (Fig. 1). Intra-

cellular recordings were obtained from 8 intact animals and im-

mediately after SCI, and in 4 animals 1–3months after SCI. Intact

animals were housed 2 per cage in standardized cages, with food

and water ad libitum, and kept at 23°C on a 12 h light/dark cycle.

After spinal cord transection, all animals were housed individu-

ally in a nonenhanced environment and were handled for man-

ual voiding of the bladder. No additional exercisewas performed.

The general experimental approach (anesthesia, surgery, extra-

cellular recordings, and peripheral stimulation) is similar to

that used in our previous studies (Aguilar et al. 2010; Yague

et al. 2011, 2014; Humanes-Valera et al. 2013, 2014).

Surgery for Chronic SCI and Post-operative Care

Animalswere anesthetizedwithDolethal (50 mg/kg i.p.), and admi-

nistered 2% Xylagesic (10 mg/kg) as a muscle relaxant and anal-

gesic. The body temperature of the animals was kept constant

(36.5°C) using an automatically controlled heating pad and their

eyes were protected with ophthalmic gel. After anesthetizing the

rats, the skin of the surgical areawas shaved, swabbedwith ethanol

70% and disinfected with Povidona iodine strips. A laminectomy

was performed at thoracic level T9–T10, keeping both themuscula-

ture and vascularization in the surgical area intact. The duramater

was removed and the spinal cord was then completely transected,

as confirmed visually under the surgical microscope by the total

separation of the borders. After inflicting the SCI, the incision was

carefully sutured and the animals were administered 2.5% Baytril

and Buprex. The first day after the surgery the animal’s bladder

was emptied and theywere administered 2.5% Baytril, 2.5% Buprex,

and saline. Saline and Baytril continued to be administered for

1 week and the animal’s bladder was emptied for 3weeks after SCI.

Surgery for in vivo Anesthetized Electrophysiological
Recordings

Animals were anesthetized with urethane (1.5 g/kg i.p.) and their

body temperaturewas kept constant (36.5°C) using an automatic-

ally controlled heating pad. The animals were placed in a stereo-

taxic frame (SR-6 Narishige Scientific Instruments, Tokio, Japan)

with their skull exposed and a craniotomy was performed on the

right side of the midline over the primary somatosensory cortex:

antero-posterior 1 to −4; medio-lateral 1–5 (Paxinos and Watson

2007). The cisternamagnawas opened to decrease brain pressure

and improve the stability of the recordings, as follows: an incision

was made in the skin of the dorsal part of the neck; the posterior

cranial muscles of the occipital bone were gently removed and

separated 1–2 cm from the head, leaving the first 2 segments of

cervical spinal cord and the posterior part of cerebellum over

the obex visible and the dura exposed; a small incision on the

dura was performed close to the occipital bone (where the dura

is spatially separated from the caudal part of the medulla oblon-

gata), causing a small quantity of cerebrospinal fluid to come out,

which was visually confirmed under the microscope. This pro-

cedure releases most of the intracranial pressure that is respon-

sible for brain movements due to the heart pulse and the

breathing, allowing for more stable and long-lasting recordings.

At cranial level, small incisions in the dura mater were made to

allow the recording electrodes to be lowered into the cerebral cor-

tex. Once the electrodeswere located at the hindpawand forepaw

representations of the primary somatosensory cortex, we applied

a few very-high intensity (10 mA) electrical stimulation pulses to

the hindpaw to confirm that no physiological responses were

evoked in the cortex by stimuli delivered below the level of the le-

sion. After confirming that the animal had complete SCI, we per-

formed electrophysiological recordings under lighter anesthesia

(stage III-3: Friedberg et al. 1999; Erchova et al. 2002). Additional

doses of urethane (<one-sixth of the induction dose) were then

administered in order to obtain a consistent state of deep slow-

wave activity. In this statewe performed the electrophysiological

recordings under deeper anesthesia (stage III-4: Friedberg et al.

1999; Erchova et al. 2002).

Extracellular Electrophysiological Recordings

Extracellular recordings were obtained using tungsten electro-

des with a 4–5 MΩ impedance at 1000 Hz (TM31C40KT and

TM31A50KT: WPI Inc Sarasota, FL, USA). Two electrodes were

stereotaxically lowered into the infragranular somatosensory

cortex according to the coordinates of Chapin and Lin 1984),

one in the forepaw area (antero-posterior 0.5 mm;medio-lateral

4 mm; depth 1.1–1.6 mm) and the other in the hindpaw area

(antero-posterior −1 mm; medio-lateral 2.5 mm; depth 1.1–

1.6 mm). Once fixed in place, the electrodes were not moved

throughout the experiment. Ground and reference were placed

in the parietal muscular tissue on opposite sides. All recordings
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were pre-amplified in DC mode, low-pass filtered (<3 kHz) and

amplified using a modular system (Neurolog, Digitimer Ltd.).

Analog signals were converted into digital data at a 20 kHz sam-

pling rate and with 16-bit quantization using a CED power 1401

(Cambridge Electronics Design, Cambridge, UK) controlled by

Spike2 software (v6, Cambridge Electronics Design, Cambridge,

UK). Signals were stored on the hard disk of a PC for later

analysis.

Intracellular Electrophysiological Recordings

Intracellular recordings were obtained with sharp electrodes

using an intracellular amplifier (Axoclamp 2B, Molecular

Devices). Sharp electrodes were made from capillary tubes with

intraluminal glass fibers (borosilicate, o.d. 1.5 mm, i.d. 0.86 mm;

Harvard Apparatus), pulled on a Brown–Flaming horizontal

puller (Model P-97; Sutter Instrument Co.) and filled with 2.5 M

potassium acetate (electrode resistances: 40–80 MΩ). These re-

cordings were included only if the resting membrane potentials

during down-states were stable at values more negative than

−60 mV, the action potentials were larger than 50 mV and the re-

cording lasted longer than 10 min (range 10 min to 2 h). Intracel-

lular data were acquired simultaneously and continuously at

20 kHz (CED1401 Cambridge Electronic Design, Cambridge, UK),

with one extracellular channel in the forepaw cortex. The cister-

namagnawas opened and the cerebrospinal fluid was drained to

decrease the pulsation of the brain and the cortex was covered

with agar 4% to favor stability. All neurons were recorded in

layer V (deep 1100–1700 µm). To electrophysiologically identify

the neurons, we applied intracellular current pulses of 0.5–0.8 s

duration during down-states, with increasing positive currents

(+0.2; +0.4; +0.6; +0.8; +1 nA) and decreasing negative currents

(−0.2; −0.4; −0.6; −0.8; −1 nA). Neurons that showed adaptation

between the first few spikes and the last spikes of the pulse (in

terms of increased inter-spike intervals) were classified as regu-

lar spiking (RS) or putative pyramidal cells, and neurons that

showed no adaptation between the start and the end of the

pulse were classified as fast spiking (FS) or putative interneurons

(Contreras, 2004). In general, a linear relation was found between

the pulse amplitude and the firing rate for both types of neuron,

with a steeper slope for interneurons.We confirmed that the dur-

ation of the spike at half-amplitudewas >0.8 ms for all pyramidal

neurons recorded.

Peripheral Stimulation

Electrical pulses were applied using bipolar needle electrodes lo-

cated subcutaneously at the wrist of the forepaw and hindpaw,

one pole on each side of the paw. The rationale for this stimula-

tion was to activate all types of somatosensory fibers originating

within the paws, including tactile, proprioceptive, and nocicep-

tive fibers. Two stimulation protocols were applied: 0.5 Hz (100

pulse stimuli with 1 ms duration) and 10 Hz (20 trains of 10 stim-

uli of 1 ms duration). Each stimulation protocol was delivered at

2 stimulus intensities: low-intensity (0.5 mA) and high-intensity

(5 mA).

Figure 1. Experimental protocol. Extracellular recordingswere obtained from the forepaw (FP) and hindpaw (HP) representations of the primary somatosensory cortex (Cx)

in urethane-anaesthetized rats. The experiment was performed on different groups of animals: intact animals; 1 week, 1 month, and 3 months after SCI. Complete

transection of the spinal cord was performed at the thoracic T9–T10 level, and we studied both the spontaneous activity and the responses evoked by electrical

stimuli delivered to the forepaw at low (0.5 mA) and high intensity (5 mA). We used 2 stimulation frequencies: 0.5 Hz and 10 Hz. The first recording protocol was

performed under lighter anesthesia and we then administered an additional dose of urethane to obtain a consistent state of slow-wave activity. In this state of deeper

anesthesia we obtained the second recordings. The thick black arrow indicates when the recordings were obtained.

| Cerebral Cortex, 2017, Vol. 27, No. 52928
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Data Analysis

Evoked Responses

LFPs were obtained by averaging the raw signals recorded from

the electrodes across stimuli. The amplitude of the LFP responses

was evaluated as the absolute value of the negative peak in the

average response.

Spontaneous Activity

Spontaneous activity was studied in recordings of at least 150 s

obtained immediately after the low-intensity stimulation and

immediately before the high-intensity stimulation. To evaluate

the level of cortical spontaneous activity quantitatively, we

extracted the rectifiedmultiunit activity (rMUA) by band-pass fil-

tering the raw signals at high frequencies (300–3000 Hz) and

rectifying the resulting signal.

Single-trial Analyses

Single-trial analyses were performed by quantifying the average

rectified rMUA in the 45 ms before each stimulus and the peak-

to-peak amplitude of the LFP response to the subsequent

stimulus.

Intracellular data

The restingmembranepotential (Vm) wasmeasured during periods

of down-states. We verified that the Vm was stable during down-

states over the entire recording protocol, including responses to

peripheral stimulation and spontaneous activity. Input resistance

(Rm) was evaluated from the slope of the I/V plot using the intracel-

lular current pulses. Synaptic responses to somatosensory stimuli

were measured by averaging all the responses occurring during

the down-states, after applying a median filter of 1.5 ms to elimin-

ate the spikes. The amplitude of synaptic responses wasmeasured

as thepeakdepolarizationwithin 50mspost-stimulus. The slope of

synaptic responses wasmeasured by fitting a straight line between

5% and 95% of the peak response.

Adaptation

Paired-pulse adaptation was measured from the ratio between

the average LFP response amplitude to the second and first

stimulus of the 10 Hz train (second/first). Steady-state adaptation

was measured as the ratio between the average LFP response

amplitude to the tenth and first stimulus of the train (tenth/first).

Stimulus-triggered Up-States

Stimulus-triggered up-stateswere quantified both in the forepaw

and hindpaw cortex from the LFP/MUA extracellular recordings.

A stimulus was considered to have triggered an up-state if it sat-

isfied the following criteria: (1) the stimulus occurred in a down-

state (i.e., no cortical activity was observed in the 300 ms before

the stimulus); (2) after the initial short-latency response, a

long-latency activation (corresponding to an up-state) was ob-

served within 200 ms of the stimulus. Stimulus-triggered up-

states were then quantified in terms of probability, as the ratio

of the number of stimuli that triggered an up-state and the num-

ber of stimuli that occurred in a down-state. As a control analysis,

spontaneously triggered up states were automatically quantified

from the MUA in 3 time periods: [t1] −200 to 0 ms before each

stimulus; [t2] 500–700 ms after each stimulus; and [t3] 1000–

1200 ms after each stimulus.

Slow Sustained Depolarization

Slow sustained depolarizations produced by high intensity 10 Hz

stimuli were quantified as the absolute difference between the

Vm during the pre-stimulus down-state and the average Vm dur-

ing the 10 Hz train (1 s) or after the 10 Hz train (1 s).

Statistical Analyses

Statistical analyses were performed using 1-way, 2-way, or 3-way

analyses of variance (ANOVA), with follow-up ANOVAs when ap-

propriate and a Tukey Honest Significant Difference Test for post

hoc comparisons. A squared-root transformationwas usedwhen

necessary to guarantee normality and homoscedasticity. Corre-

lations were assessed with Pearson correlation coefficient. All re-

sults were considered significant at P < 0.05.

Results

A Long-term Decrease in Fast Cortical Responses to
Forepaw Stimuli After Thoracic Spinal Cord Transection

We obtained recordings from the hindpaw–forepaw somatosen-

sory cortex of anesthetized rats, either under control conditions

(intact animals) or 1 week, 1 month, or 3 months after complete

thoracic (T9–T10) spinal cord transection (TX; Fig. 1). We first set

out to obtain electrophysiological evidence of long-term cortical

reorganization of fast cortical responses at the population level

by recording LFPs from the infragranular hindpaw–forepaw som-

atosensory cortex. LFPs were chosen for their sensitivity to syn-

aptic activity, thereby providing a suitable population measure

to evaluate fast cortical responsiveness (Nemoto et al. 2004; Katz-

ner et al. 2009; Aguilar et al. 2010), as well as their sensitivity to

cortical adaptation (Castro-Alamancos 2004a) and plasticity

(Megevand et al. 2009). The infragranular cortex was targeted be-

cause it plays a critical role in cortical input–output integration

under physiological conditions (Murayama et al. 2009; Zarrinpar

and Callaway 2016), it is sensitive to changes in excitability after

deafferentation (Breton and Stuart 2009) and it is where most

synaptic pruning occurs after SCI (Ghosh et al. 2012). We deliv-

ered both low (0.5 mA) and high intensity (5 mA) electrical stim-

uli to the contralateral forepaw, under the rationale that low-

intensity stimuli specifically activate dorsal column pathways

similar to more natural light mechanical stimuli (Lilja et al.

2006), while high-intensity stimuli activate all somatosensory

pathways, ensuring the full engagement of cortical circuits in-

volved in somatosensory processing (Lilja et al. 2006; Yague

et al. 2011; Morales-Botello et al. 2012). To gain insight into the

possible state dependence of cortical responsiveness after spinal

cord transection (Aguilar et al. 2010), we recorded the LFP re-

sponses under 2 states of anesthesia (Humanes-Valera et al.

2013): lighter anesthesia (stage III-3) and deeper anesthesia

(stage III-4; Friedberg et al. 1999; Erchova et al. 2002). Recordings

were obtained simultaneously in the hindpaw cortex and in the

forepaw cortex, which are maximally activated by stimuli below

and above the level of the lesion, respectively.

In our experiments, complete thoracic spinal cord transection

produced long-term effects in the fast LFP responses evoked in

the infragranular hindpaw–forepaw cortex by a contralateral

forepaw stimulus (3-way independent-measures ANOVA, TIME

F(3,229) = 10.6, P < 0.0001: Figure 2A–C). Importantly, we did not

observe classic long-term expansive cortical reorganization.

While cortical responses were not significantly different in ani-

mals recorded 1 week after TX to those in intact animals

(Tukey: P = 0.61), they were dramatically “smaller” in animals

recorded 1 (P < 0.0001) and 3 months after TX (P = 0.0006). We

studied this further by analyzing the responses evoked by high-

intensity forepaw stimuli (5 mA) in the deafferented hindpaw

Dual Cortical Plasticity After SCI Humanes-Valera et al. | 2929
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cortex and in the adjacent forepaw cortex separately, as well as

the responses evoked in the forepaw cortex by low-intensity fore-

paw stimuli (0.5 mA: interaction TIME × STIMULATION F6,229 =

2.2, P = 0.0484). Note that the responses evoked in the hindpaw

cortex by low-intensity forepaw stimuli were not quantified due

to their inconsistency in our experimental conditions (see also

Morales-Botello et al. 2012). The long-term “decrease” in fast cor-

tical responsiveness after TX was not only observed for the re-

sponses evoked by high-intensity forepaw stimuli in the

deafferented hindpaw cortex (follow-up 2-way independent-

measures ANOVA, TIME F3,75 = 4.6, P = 0.0054), but also in the ad-

jacent forepaw cortex (F3,77 = 5.7, P = 0.0012). This similarity is not

particularly surprising, for 2 reasons: (1) the forepaw cortex of in-

tact animals consistently responds to hindpaw stimuli (Moxon

et al. 2008; Aguilar et al. 2010; Morales-Botello et al. 2012;

Humanes-Valera et al. 2013; Yague et al. 2014), therefore the sup-

posedly intact forepaw cortex would also be partially deaffer-

ented after thoracic SCI and this could explain the long-term

decrease in fast cortical responses observed here; (2) recent ana-

tomical data suggested that GABAergic tone is enhanced in the

forepaw cortex after thoracic SCI (Orlando and Raineteau 2015).

Interestingly, the decrease in fast cortical responsiveness after

TX was not significant for the responses evoked by low-intensity

forepaw stimuli (0.5 mA: F3,77 = 2.1, P = 0.11), which is consistent

with the absence of spontaneous cortical reorganization previ-

ously reported when tested with mild mechanical stimuli (Jain

et al. 1995; Graziano et al. 2013), as well as with the absence of be-

havioral changes in forepaw tactile sensation in the samemodel

of SCI (M’Dahoma et al. 2014). A long-term decrease in fast cor-

tical responses to forepaw stimuli after TX may therefore only

be apparent when tested with stimuli that are sufficiently strong

to fully engage cortical circuits. Hence, we subsequently focused

on cortical responses to high-intensity stimuli. Furthermore, as

the smaller responses were virtually identical 1 month and 3

months after TX (Fig. 2), these 2 groups of animals were pooled

together.

Figure 2. Decreased cortical responses after thoracic spinal cord transection. (A) Grand average of LFP responses evoked by high-intensity (5 mA) stimuli delivered to the

contralateral forepaw in the different groups of animals, under lighter anesthesia (darker color) and deeper anesthesia (lighter color). (B–C) Correspondingmeasures of the

response amplitude in the forepaw (B) and hindpaw cortex (C). (Left) Bars represent themeans and the error bars are the standard deviations. (Right) Scatter plots of all the

data. Each point represents the LFP amplitude of a single animal under lighter (x-axis) and deeper anesthesia (y-axis): *P < 0.05; **P < 0.01; ***P < 0.001.

| Cerebral Cortex, 2017, Vol. 27, No. 52930
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The Long-termDecrease in the Fast Cortical Responses to
Forepaw Stimuli After TX Probably Reflects Synaptic
Pruning

The diminished fast cortical responses to forepaw stimuli ob-

served 1–3 months after TX could be the functional consequence

of synaptic pruning. To support this hypothesis, a few alternative

mechanisms that could also provoke a similar dampening of cor-

tical responsiveness to forepaw stimuli must first be excluded.

Three alternative explanationswere considered: (1) a classic fore-

paw-to-hindpaw shift in cortical focus; (2) a gross increase in

spontaneous cortical activity; (3) a loss of the cortical network ac-

tivity underlying higher responsiveness to stimuli that might

occur during down-states rather than up-states.

The first possible explanation for the smaller fast cortical re-

sponses is that of a classical expansive reorganization, with a

shift of the forepaw cortical representation toward the deaffer-

ented hindpaw area (Endo et al. 2007; Ghosh et al. 2010). This ex-

planation is highly unlikely because it would imply an increase in

the responses evoked in the hindpaw cortex by forepaw stimuli.

However, the responses evoked by high-intensity forepaw stim-

uli 1–3months after TXwere smaller than those in intact animals

both in the forepaw and the hindpaw cortex. Therefore, the ob-

served long-term decrease in fast cortical responses to forepaw

stimuli after TX is not secondary to a shift of the forepaw cortical

representation towards the deafferented hindpaw area. Previous

imaging data also seem to exclude a possible shift of the forepaw

cortical representation in the antero-posterior direction (Endo

et al. 2007; Ghosh et al. 2010).

A second possible explanation for the smaller fast cortical re-

sponses to forepaw stimuli 1–3 months after TX could be a gross

increase in cortical spontaneous activity, that is, the exact oppos-

ite of what occurs immediately after the lesion (Aguilar et al.

2010). The rationale behind this alternative explanation is pro-

vided by the well-known state dependency of cortical somato-

sensory responses (Petersen et al. 2003; Sachdev et al. 2004;

Hasenstaub et al. 2007; Reig and Sanchez-Vives 2007; Aguilar

et al. 2010; Humanes-Valera et al. 2013). To exclude this explan-

ation, we investigated the cortical spontaneous activity mea-

sured as the average rectified rMUA, a very sensitive measure in

our experience (Aguilar et al. 2010, 2011; Humanes-Valera et al.

2013; Yague et al. 2014). We observed a different pattern of spon-

taneous activity in the forepawcortex than in the hindpaw cortex

(3-way independent-measures ANOVA, interaction TIME ×

CORTEX F3,154 = 4.2, P = 0.0071; Fig. 3A,B). Specifically, in the fore-

paw cortex we found the expected experimental difference be-

tween deep and light anesthesia in all animal groups (2-way

independent-measures ANOVA, ANESTHESIA F1,79 = 30.3, P <

0.0001), and the level of cortical spontaneous activity was similar

in animals recorded 1 week or 1–3 months after TX with respect

to the intact animals (TIME F2,79 = 1.5, P = 0.22; interaction TIME ×

ANESTHESIA F2,79 = 0.003, P = 0.996). Conversely, while the ex-

pected difference between deeper and lighter anesthesia was

also seen in the hindpaw cortex in all groups of animals (ANES-

THESIA F1,79 = 33.1, P < 0.0001), the cortical spontaneous activity

under lighter anesthesia—but not under deeper anesthesia—

was lower rather than higher in animals recorded 1 week or 1–3

months after TX relative to the intact animals (TIME×ANESTHESIA

F2,79= 4.7, P = 0.0116; Tukey: P < 0.0038). Accordingly, we are confi-

dent that the long-term decrease in fast cortical responses was

not secondary to a gross increase in cortical spontaneous activity.

Rather, the long-term decrease in cortical spontaneous activity in

the hindpaw cortex after TX is consistent with the postulated loss

of cortical synapses (Ghosh et al. 2012), as well as with decrease

in the tonic thalamocortical inputs from the deafferented hindpaw

(Rigas and Castro-Alamancos 2007; Hirata and Castro-Alamancos

2010; David et al. 2013).

The third and most complicated of the alternative explana-

tions for the long-term decrease of fast cortical responses to fore-

paw stimuli is suggested subtly by our own data. The attentive

reader might have noticed that LFP responses were larger in in-

tact animals under deep anesthesia compared with light anes-

thesia, yet not 1–3 months after TX (Fig. 2A,B). This could be

due to alterations of the cortical network mechanisms under-

lying higher responsiveness to somatosensory stimuli occurring

during down-states compared with up-states (Petersen et al.

2003; Sachdev et al. 2004; Hasenstaub et al. 2007; Reig and

Sanchez-Vives 2007; Aguilar et al. 2010; Humanes-Valera et al.

2013). To exclude this possibility, we reanalyzed the data on a sin-

gle-trial basis. We focused specifically on the relationship be-

tween the spontaneous activity immediately before each

stimulus—measured as the mean rMUA in the 45 ms pre-stimu-

lus—and the amplitude of the corresponding single-trial LFP re-

sponse (Aguilar et al. 2010; Humanes-Valera et al. 2013). The tight

negative correlation between pre-stimulus rMUA and single-trial

LFP response observed in intact animals (Pearson R < −0.82, n =

100 trials) was preserved after SCI (R < −0.89), confirming that

the cortical network mechanisms underlying higher responsive-

ness to stimuli occurring during down-states was maintained

and could not explain the observed decrease in fast cortical re-

sponses. In fact, the LFP responses in animals recorded 1–3

months after TX were smaller than those in intact animals for

all levels of prestimulus spontaneous activity. Importantly, 1–3

months after TX the slope of the relationship between prestimu-

lus rMUA and single-trial LFP response was less steep under

lighter anesthesia compared with deeper anesthesia (Fig. 3C).

This observation is important for two reasons: (1) it explains

why the average LFP responses observed 1–3 months after TX

were similar under lighter and deeper anesthesia (Fig. 2A,B); (2)

it suggests that cortical adaptation may be worse 1–3 months

after TX than in intact animals, a possibility thatwas investigated

further (see below).

Overall, synaptic pruning represents the most likely explan-

ation for the long-term decrease in fast cortical responses to fore-

paw stimuli 1–3 months after TX.

Intracellular Correlates of Decreased Fast Cortical
Responses After TX

In order to integrate the information obtained at the population

level with that at the cellular level, we performed in vivo intracel-

lular recordings in the deafferented hindpaw infragranular som-

atosensory cortex in intact animals (n = 11 cells from 8 animals),

immediately after TX (n = 10 cells from 5 of the above 8 animals),

and in animals 1–3months after TX (n = 10 cells from 4 rats). Note

that even though the immediate effects of cortical reorganization

after TX were characterized extracellularly in our previous works

(Aguilar et al. 2010; Humanes-Valera et al. 2013), this time period

is included here to provide the complete intracellular dataset (as

far as we know these are the first cortical intracellular recordings

reported in the literature after SCI). All cells but 2 were physiolo-

gically identified as putative pyramidal neurons (Fig. 4A) and all

the intracellular measures were obtained during the down-

states.

Our data suggest that TX did not have a strong impact on the

basic intrinsic properties of the cells (Fig. 4B,C), as the resting

membrane potential did not increase significantly immediately

after TX (one-way ANOVA F2,27 = 2.6, P = 0.0896), while the
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membrane resistance was indistinguishable in the 3 groups (F2,25=

0.1, P = 0.88). Conversely, TX had a strong impact on the synaptic re-

sponses tohigh-intensity forepawstimuli, as expected fromthe LFP

results (Fig. 4D–G). Indeed, the amplitude of synaptic responseswas

significantly higher than in intact animals immediately after TX

(F2,27= 6.5, P= 0.0050; unpaired one-sided t-test: P = 0.0085) and sig-

nificantly smaller 1–3 months after TX than immediately after TX

(P = 0.0013), although this amplitude was not significantly smaller

than that in intact animals (P = 0.14). Similarly, the slope of the syn-

aptic responses tended tobehigher immediatelyafterTXcompared

with intact animals (F2,27= 6.2, P= 0.0060; unpaired one-sided t-test:

P = 0.10) and it was significantly smaller 1–3 months after TX when

comparedwith the slope both immediately after TX (P = 0.0045) and

in intact animals (P= 0.0152). These results suggest that the imme-

diate increase in LFP responses reported previously (Humanes-

Valera et al. 2013), and the long-term decrease in LFP responses

1–3 months after TX reported here, represent the population

effects of synchronous synaptic responses at the cellular level.

Long-term Decrease in the Adaptation of
Fast Infragranular Cortical Responses After TX

According to basic neurophysiology, proximal synaptic inputs—

those closer to the soma—induce steeper synaptic responses

Figure 3. Spontaneous activity and single-trial analysis. (A) Representative examples of spontaneous MUA simultaneously recorded in the hindpaw cortex (gray) and

forepaw cortex (black) under lighter (left) and deeper anesthesia (right). (B) Average rectified multiunit activity (rMUA) in the hindpaw (left) and forepaw cortex (right).

Bars represent the means and the error bars are the standard deviations: *P < 0.05; **P < 0.01; ***P < 0.001. (C) (Left) Representative LFP (upper trace) and MUA recordings

(lower trace) around 2 single-trial stimuli delivered in the up and down cortical states. (Right) Joint single-trial analysis of spontaneous activity (mean rMUA in the

45 ms prestimulus, x-axes) and the responses evoked in the forepaw cortex by high-intensity forepaw stimuli (LFP amplitude, y-axes). Single trials were sorted within

animals based on the prestimulus rMUA and then averaged across the animals in each group. Best-fitting exponential curves are also shown for each group.
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compared with distal synaptic inputs. Therefore, the more gentle

slope of the synaptic responses observed 1–3 months after TX is

consistentwith a greater loss of proximal synapses in the infragra-

nular cortex comparedwith the distal synapses in the supragranu-

lar cortex. In keeping with this view, cortical spine loss after SCI

seems to be more severe in the infragranular layers compared

with the supragranular layers (Ghosh et al. 2012). This difference

is particularly relevant from a functional perspective, given that

thalamo-cortical synapses have opposing physiological properties

in infragranular and supragranular layers (Viaene et al. 2011a;

2011b). Infragranular cells produce mostly “Class 1” responses to

thalamic inputs characterized by paired-pulse adaptation (Viaene

et al. 2011a), while supragranular cells producemostly “Class 2” re-

sponses characterized by paired-pulse facilitation (Viaene et al.

2011b). Therefore, we predicted that the stronger loss of infragra-

nular rather than supragranular synapses after TX would reduce

the adaptation of infragranular LFP responses to repetitive fore-

paw stimuli.

In order to test this prediction, we recorded infragranular LFP

responses to 10 Hz trains of 10 stimuli delivered to the contralat-

eral forepaw in a subset of animals (intact, n = 9; 1–3 months

after TX, n = 17). Accordingly, our data show that paired-pulse

adaptation (the response amplitude ratio between the second

and first stimulus of the train, i.e., second/first) was weaker in

animals recorded 1–3 months after TX compared with intact ani-

mals, that is, the response amplitude ratio was closer to one (3-

way ANOVA, TIME F1,144 = 4.68, P = 0.0254: Fig. 5A). Within the con-

text of synaptic depression, decreased cortical adaptation might

intuitively be considered as an obvious consequence of decreased

cortical responsiveness. However, this was not the case and in

fact, in the whisker system it has been elegantly shown how and

why weaker stimuli produce “more” cortical adaptation than

stronger stimuli (Ganmor et al. 2010; Mohar et al. 2013). Indeed,

our data confirm and extend these findings to the hindpaw–fore-

paw cortex, in which paired-pulse adaptation was nicely depend-

ent on stimulation (STIMULATION F2,144 = 21.35, P < 0.0001), being

Figure 4. Intracellular recordings. (A) Representative cell recorded in the infragranular hindpaw cortex during spontaneous activity (above) and in response to current

pulses (below). (B) Scatter plot of the resting membrane potential (Vm, x-axis) and input resistance (R, y-axis) of all cells recorded in 3 different groups of animals:

intact (black), immediately after injury (purple), and 1–3 months after injury (green). (C) Corresponding average measures. (D) Representative intracellular recordings

in the infragranular hindpaw cortex during consecutive forepaw stimuli (5 stimuli above, 2 stimuli expanded below) in the 3 groups of animals. (E) Grand average of

synaptic responses. (F) Scatter plot of the amplitude (x-axis) and slope (y-axis) of the synaptic responses in all cells. (G) Corresponding average measures. The bars

represent the means and the error bars are the standard deviations: *P < 0.05; **P < 0.01; ***P < 0.001.
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weaker in response to high-intensity than low-intensity forepaw

stimuli (Tukey: P = 0.0003), and even lower when the responses to

high-intensity forepawstimuliwere recorded in thehindpawcortex

than in the forepaw cortex (P= 0.0099). Thus, the decreased cortical

adaptation is not an obvious consequence of the decreased cortical

responsiveness, but ratheragenuine functional aspect of long-term

cortical reorganization after SCI. As expected, paired-pulse adapta-

tion was stronger under deeper anesthesia compared with lighter

anesthesia (STATE F1,144= 18.82, P < 0.0001), consistent with classic-

al studies in the whisker cortex (Castro-Alamancos 2004b).

Steady-state adaptation, measured as the response ampli-

tude ratio between the tenth and first stimulus of the train

(tenth/first), yielded similar results. Thus, there was a tendency

toward stronger adaptation during deep rather than light anes-

thesia (STATE F1, 143 = 3.2725, P = 0.0725), while adaptation was

weaker for high-intensity stimuli than for low-intensity stimuli

(STIMULATION F2, 143 = 57.33, P = 0.0001). Most importantly, weak-

er adaptationwas observed in animals recorded 1–3months after

TX than in intact animals (TIME F1, 143 = 4.71, P = 0.0317).

These results show that the electrophysiological characteriza-

tion of long-term cortical reorganization after SCI is not limited to

the long-term decrease of infragranular responsiveness, but also

involves a long-term decrease in infragranular adaptation.

The Long-term Decrease in Fast Cortical Responses
co-exists with an Increase in Slow Cortical Activation
After TX

So far we have provided electrophysiological evidence of the

long-term cortical reorganization that occurs after SCI, involving

reduced responsiveness and adaptation in the infragranular

somatosensory cortex, which is consistent with the anatomical

evidence of infragranular synaptic pruning after TX (Ghosh

et al. 2012). However, in order to establish a complete electro-

physiological framework of the long-term cortical reorganization

after SCI, we need to reconcile our results with the long-term in-

crease in cortical responsiveness observed after TX with fMRI re-

cordings (Endo et al. 2007; Ghosh et al. 2010). Due to the slower

nature of fMRI responses, we sought electrophysiological evi-

dence for the long-term increases in cortical excitability after

TX over slower timescales post-stimulus, both at the population

and cellular levels.

At the population level, we previously described that when the

cortex is in a state of slow-wave activity, there are 2 components to

the responses evoked in thehindpawcortex by forepawstimuli: (1)

faster short-latency responses (<30 ms) typical of the thalamocor-

tical responses (Manns et al. 2004), and (2) slower long-latency

activations (>50 ms) that correspond to up-states triggered in the

forepaw cortex that propagate to the hindpaw cortex (Castro-

Alamancos 2009; Aguilar et al. 2010; Humanes-Valera et al. 2013).

Therefore, we quantified these slower long-latency activations for

each stimulation protocol in terms of probability that the stimuli

delivered to the forepaw triggered up-states in the hindpaw cortex

(Fig. 6A). With high-intensity stimuli, the probability of observing

stimulus-triggered up-states in the hindpaw cortex was close to

100%. In contrast, with low-intensity stimuli this probability was

much lower and, importantly, it was significantly higher in ani-

mals recorded 1–3 months after TX than in intact animals (2-

way ANOVA, interaction TIME × CORTEX F1,30 = 15.8, P = 0.0004;

Tukey: P = 0.0002; Fig. 6B,C). Furthermore, the probability of

Figure 5.Cortical adaptation decreases after thoracic spinal cord transection. (A) Raw traceswith representative single-trial LFP responses evoked by 10 Hz stimulus trains

of high intensity (5 mA) stimuli delivered to the contralateral forepaw in an intact animal (left) and in an animal recorded 1 month after SCI (right). (B) Corresponding

grand-averages—across all trials and all animals—in intact animals (gray, left) and in animals recorded 1–3 months after SCI (green, right). (C) Corresponding average

measures of paired-pulse adaptation, that is, the response amplitude ratio between the second and the first stimulus of the train (second/first). An amplitude ratio

closer to one indicates less adaptation. The bars represent the means and the error bars the standard deviations. *P < 0.05 (D) Scatter plot of paired-pulse adaptation

(y-axis) versus steady-state adaptation (x-axis) for all animals.
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Figure 6. Increased cortical responses over slower timescales. (A) Three representative examples of LFP responses evoked in the forepaw (Cx FP, black) and hindpaw cortex

(Cx HP, gray) by low-intensity (0.5 mA) forepaw stimuli. The examples are single trials inwhich the stimulus triggered an up-state in the forepaw cortex that propagated to

the hindpaw cortex (A1), the stimulus triggered an up-state in the forepaw cortex that did not propagate to the hindpaw cortex (A2), or the stimulus did not trigger an up-

state in either cortex (A3). (B) Scatter plot representing the probability of up-states being triggered in the hindpaw (x-axis) and forepaw cortex (y-axis) by forepaw stimuli in

intact animals (black) and in animals recorded 1–3 months after SCI. Each point corresponds to an individual animal. (C) Corresponding measures of stimulus-triggered

up-states. The bars represent the means and the error bars are the standard deviations: ***P < 0.001. (D) Spontaneously triggered up-states −200 to 0 ms before each

stimulus [t1], 500–700 ms after each stimulus [t2]; and 1000–1200 ms after each stimulus [t3]. (E) Representative LFP recording from the forepaw cortex (upper trace)

and intracellular recording in hindpaw cortex (lower trace) in response to 10 Hz forepaw stimuli. (F) Grand average of the membrane potential responses of cells

recorded in intact animals (black line), immediately after injury (purple line) and 1–3 months after injury (green line). (G) Corresponding measures of slow sustained

depolarization. The bars represent the means, the error bars are the standard deviations and the asterisks indicate significant differences: **P < 0.01.
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observing stimulus-triggeredup-states in the forepawcortexwasno

different 1–3 months after TX than in intact animals (P> 0.99). As a

control analysis,we verified that the increased probabilityof observ-

ing stimulus-triggered up-states in the hindpaw cortex was not due

to an increase probability of observing spontaneously-triggered up

states1–3monthsafterTX (3-wayANOVA,P>0.28; Fig. 6D). These re-

sults suggest that at the population level it is possible to electrophy-

siologically detect a long-term increase in cortical activation over

slow time scales (>50ms) due to the long-term increase in cortico-

cortical propagation of stimulus triggered up-states after SCI.

At the cellular level, repetitive 8 Hz whisker stimulation in

mice induces slow sustained depolarizations in cortical neurons

that are responsible for long-term potentiation (LTP) (Gambino

et al. 2014). A subset of the cells recorded intracellularly in the

hindpaw cortex (n = 10 in intact animals; n = 7 in animals re-

corded immediately after TX; n = 6 in animals recorded 1–3

months after TX) were subjected to the 10-Hz stimulation proto-

col used to quantify adaptation. However, the synaptic responses

were too small and variable (particularly 1–3 months after TX) to

quantify robust paired-pulse adaptation in the deafferented

hindpaw cortex. Nevertheless, the 10 Hz stimulus trains (at

5 mA) induced responses that involved slow-rising and long-last-

ing depolarizations (typically subthreshold), which slowly de-

cayed at the end of the stimulus train (Fig. 6E–G). These slow

sustained depolarizations were remarkably similar to the depo-

larizations reported with 8 Hz whisker stimulation (Gambino

et al. 2014). We did not observe any sustained firing in the MUA

of our extracellular recordings, consistent with the subthreshold

nature of these depolarizations (data not shown). Importantly,

these slow sustained depolarization were similar in cells re-

corded immediately after TX to those from intact animals, yet

they were surprisingly higher in cells recorded 1–3 months after

TX (2-way ANOVA, TIME F2,20 = 8.4, P = 0.0022; Tukey P = 0.0047

compared with immediately after TX, and P = 0.0041 compared

with intact animals; Fig. 6G). It remains to be establishedwhether

these slow sustained depolarizations could also be elicited by

stimulation amplitudes and frequencies relevant to fMRI proto-

cols (1 mA at 3 Hz in Endo et al. 2007; 1.6–6 mA at 3 Hz in Ghosh

et al. 2010). Nevertheless, these data show that at the cellular

level it is also possible to electrophysiologically reveal an in-

crease in cortical activation at slow post-stimulus timescales.

Discussion

In this work, we demonstrate that 1–3 months after complete

thoracic spinal cord transection a striking decrease in fast cortical

responses to high-intensity forepaw stimuli is produced in con-

junction with an increase in cortical activation over slower post-

stimulus time scales. The long-term decrease in fast cortical

responses was observed at both the population level (through de-

creased LFP responses) and the intracellular level (as dampened

synaptic responses). Likewise, the long-term increase in slow cor-

tical activation was also observed at the population level (through

enhanced forepaw-to-hindpaw propagation of stimulus-triggered

up-states), and at the intracellular level (through increased slow

sustained depolarization evoked in the deafferented hindpaw cor-

tex by high-frequency forepaw stimuli). Decreased and increased

cortical responsiveness can therefore coexist over different post-

stimulus time scales, providing a dual electrophysiological frame-

work of cortical reorganization after SCI.

Early versus Long-term Cortical Reorganization After SCI

Our framework reconciles several conflicting observations in the

literature regarding reorganization of the somatosensory cortex

after SCI. It is important to remark that we are referring to

lesioned animals that did not receive any exercise, pharmaco-

logical therapies, or other interventions that affect cortical re-

organization after SCI. Integrating the present findings with

previous results, we can define a time course of cortical reorgan-

ization after complete SCI in rats that involves at least 2 phases:

an early phase, minutes-to-days after injury; and a more long-

term phase, weeks-to-months after injury.

In the early phase, increased cortical responses to high-inten-

sity stimuli above the level of the lesion are observed over fast

post-stimulus time scales (i.e., tenths of ms post-stimulus).

These responses are evident both in the infragranular layers,

through extracellular (Aguilar et al. 2010; Humanes-Valera et al.

2013) and intracellular recordings (data herein), and in the supra-

granular layers, through voltage-sensitive dye imaging (Ghosh

et al. 2010). In the same early phase, increased cortical activation

can also be observed over slower time scales (i.e., hundreds ofms)

whenmeasured by fMRI (Endo et al. 2007; Ghosh et al. 2010; Syde-

kum et al. 2014). Therefore, there is substantial agreement that in

the early phase of cortical reorganization after SCI cortical re-

sponsiveness increases over all time scales, leading to classical

expansive reorganization.

Conversely, in the long-term there is a decrease in cortical re-

sponses to high-intensity stimuli above the level of the lesion

over fast time scales, as witnessed here. This long-term decrease

in fast cortical responses is consistent with the absence of long-

term cortical reorganization observed from single-unit responses

to mild tactile stimuli in untreated rats after SCI (Jain et al. 1995;

“sham” animals in Graziano et al. 2013). In the same late phase,

increased cortical activation can be observed over slower time

scales, as measured by fMRI (Endo et al. 2007; Ghosh et al.

2010), through the forepaw-to-hindpaw propagation of stimu-

lus-triggered up-states in population recordings, and through

slow sustained depolarizations in intracellular recordings. It is

important to note that fMRImetabolic responses are typically ob-

tained at 3 Hz with high-intensity stimuli (≥1 mA), which are

likely to induce slow subthreshold depolarization. This suggests

that the stronger fMRI responses might reflect the increased

metabolic activity that is related to the increased slow subthres-

hold depolarizations reported here. In any case, our data show

that increased and decreased cortical responsiveness can coexist

in different post-stimulus timescaleswithin the long-term phase

of cortical reorganization after SCI.

Mechanism(s) of Long-term Cortical Reorganization
After SCI

Synaptic pruning represents the most plausible mechanism

underlying the long-term decrease in fast cortical responses re-

ported here after spinal cord transection (Kim et al. 2006; Ghosh

et al. 2012; Zhang et al. 2015). The loss of infragranular synapses

is likely to lead to the observed combination of a decrease in amp-

litude and slope of synaptic potentials at the intracellular level,

ultimately producing the decreased responsiveness at the popu-

lation level. In support of this hypothesis, we excluded 3 alterna-

tive mechanisms that could also lead to decreased cortical

responsiveness: a classical forepaw-to-hindpaw shift in cortical

focus; a gross increase in cortical spontaneous activity; and a

loss of the cortical network activity underlying greater respon-

siveness to stimuli occurring during down-states as opposed to

up-states. The link between decreased fast cortical responses

and pruning is further supported by a more sophisticated corol-

lary prediction that arises from the layer-specificity of synaptic

pruning after SCI. Infragranular neurons lose spines specifically

| Cerebral Cortex, 2017, Vol. 27, No. 52936
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in the dendritic segment proximal to the soma, corresponding to

layer 5, and to a much lesser extent in the distal segment corre-

sponding to layers 2/3 (Ghosh et al. 2012). Thalamocortical inputs

to layer 5 are mainly characterized by paired-pulse adaptation

(Viaene et al. 2011a), whereas paired-pulse facilitation is the

main characteristic of thalamocortical inputs to layer 2/3 (Viaene

et al. 2011b). It therefore follows that a greater loss of infragranu-

lar as opposed to supragranular synapses should shift the paired-

pulse behavior of infragranular neurons fromadaptation towards

facilitation. This prediction is confirmed by the weaker adapta-

tion to 10 Hz stimuli observed in animals 1–3 months after SCI.

It should be noted that this weaker cortical adaptation cannot

simply be due to decreased cortical responsiveness, since low-in-

tensity stimuli produced more cortical adaptation in our experi-

ments than high-intensity stimuli, consistent with previous

observations in the whisker system (Ganmor et al. 2010; Mohar

et al. 2013). Although we cannot exclude a contribution of altered

noradrenergic and/or cholinergic neuromodulatory systems (Fa-

vero et al. 2012; Castro-Alamancos and Gulati 2014), reduced in-

fragranular cortical adaptation could be a genuine functional

consequence of layer-specific infragranular pruning.

The possible mechanisms underlying the increase in slow

cortical activation are somewhat more complex. At the intracel-

lular level, we observed an increase in slow sustained depolariza-

tions in response to stimulus trains in animals recorded 1–3

months after SCI. These increased depolarizations could simply

be another electrophysiological consequence of the layer-specifi-

city of synaptic pruning at the dendritic segment proximal to the

soma (Ghosh et al. 2012), whereby the slower dynamics of meta-

botropic receptors (Viaene et al. 2011a) and plateau potentials

(Gambino et al. 2014) in the distal supragranular segment become

predominant in the overall subthreshold activity of infragranular

neurons (Breton and Stuart 2009). At the population level, we ob-

served an increased probability of stimulus-triggered up-states

propagating from the forepaw cortex to the hindpaw cortex 1–3

months after SCI. According to previouswork on the barrel cortex

in vitro (Wester and Contreras 2012), layer 5 is critical for the

propagation of up-states and therefore, one would expect infra-

granular pruning to diminish rather than enhance the probability

of stimulus-triggered up-states propagating from the forepaw to

hindpaw cortex, the opposite of what we found. One possible ex-

planation is that infragranular pruning after SCImight affect ver-

tical/local connectivity more intensely (Feldmeyer 2012) than

horizontal/global connectivity (Schnepel et al. 2015). Such dis-

sociation between local and global connectivity has already

been observed in other models of deafferentation (Butz et al.

2014). An additional explanation is that SCI might induce long-

term alterations to neuromodulatory systems, and in particular,

a reduction of cholinergic tone would increase the cortico-cor-

tical propagation of up-states (Wester and Contreras 2012). We

showed previously that acute SCI slows down spontaneous cor-

tical activity (Aguilar et al. 2010; Yague et al. 2014) and decreases

the requirements for anesthesia (Foffani et al. 2011). Here, slower

spontaneous activity was still evident in the deafferented cortex

1–3 months after SCI, which could indeed be a consequence of

cholinergic depression. We also cannot rule out whether in-

creased cortico-cortical propagation of stimulus-triggered up-

states reflects classical cortico-cortical rewiring. Whatever the

exact mechanisms, the coexistence of decreased fast cortical

responsiveness and increased slow cortico-cortical up-state

propagation observed here suggests that long-term cortical re-

organization after SCI might involve an elegant combination of

dampened vertical/local connectivity and enhanced horizontal/

global connectivity.

Pathophysiological Implications

Our findings have several possible pathophysiological implica-

tions. First, the coexistence of different effects on different

post-stimulus time scales offers a dual framework not only for

reconciling results obtained with different techniques in the

same animal models (e.g., electrophysiology vs. fMRI), but also

for carefully translating the results from animals models to

human patients. In this respect, it is important to remark the

lack of a complete segregation between forepaw and hindpaw re-

presentation in the rat somatosensory cortex (Moxon et al. 2008;

Aguilar et al. 2010; Morales-Botello et al. 2012; Humanes-Valera

et al. 2013; Yague et al. 2014). Second, the equilibrium between

decreased vertical/local connectivity and increased horizontal/

global connectivity might be critical for the appearance of clas-

sical expansive reorganization. In this regard, it is important to

note that complete spinal cord transection—the same model

used here—alters the transcriptional activity of genes and the

protein expression associated with cortical plasticity (Endo

et al. 2007; Graziano et al. 2013). Therapies that boost cortical

plasticity, such as exercise (Kao et al. 2009; Jones et al. 2009; van

den Brand et al. 2012; Graziano et al. 2013; Oza and Giszter 2014,

2015), serotonergic pharmacotherapy (Ganzer et al. 2013; Foffani

et al. 2016), or simply environmental enrichment (Kim et al.

2008), might favor increased horizontal/global connectivity over

decreased vertical/local connectivity, ultimately inducing clas-

sical expansive reorganization. This therapy-dependent switch

from reduced responsiveness to expansive reorganization should

be carefully considered when relating our results—obtained in

unexercised, untreated animals in a somatosensory context—to

motor cortex reorganizationwith andwithout exercise of various

kinds after SCI (Fouad et al. 2001; van den Brand et al. 2012; Oza

and Giszter 2014, 2015; Ganzer et al. 2016) or to other deafferen-

tation effects observed in motor contexts (Sanes and Donoghue

2000). Finally, the same equilibrium could be determinant for

the trade-off between adaptive reorganization, promoting behav-

ioral recovery (Manduch et al. 2002; Curt et al. 2002; Cramer et al.

2005; Lotze et al. 2006; Hoffman and Field-Fote 2010), and mal-

adaptive reorganization, leading to neuropathic pain (Flor et al.

1995; Lotze et al. 1999; Peyron et al. 2004; Wrigley et al. 2009a;

2009b; Gustin et al. 2012; Makin et al. 2013). Our results add 1 de-

gree of freedom, suggesting that fast cortical responses and slow

cortical activationmight be affected distinctly in different deaffer-

entation models, and targeted separately by different therapeutic

approaches. Thanks to this additional degree of freedom, our dual

framework supports a critical functional role played by synaptic

pruning not only in developmental plasticity (Huttenlocher 1979;

Mataga et al. 2004; Paolicelli et al. 2011), but also in adult cortical

plasticity (De Paola et al. 2006; Yamahachi et al. 2009; Keck et al.

2011; van Versendaal et al. 2012; Gilbert and Li 2012).

Conclusions

The coexistence of decreased fast cortical responses and in-

creased slow cortical activations offers a dual perspective of

adult cortical plasticity after SCI.
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