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Abstract
Exercise-induced cortical plasticity is associated with improved functional outcome after brain or
nerve injury. Exercise also improves functional outcomes after spinal cord injury, but its effects on
cortical plasticity are not known. The goal of this investigation was to study the effect of moderate
exercise (treadmill locomotion, 3 min/day, 5days/week) on the somatotopic organization of forelimb
and hindlimb somatosensory cortex (SI) after neonatal thoracic transection. We used adult rats
spinalized as neonates because some of these animals develop weight-supported stepping and,
therefore, the relationship between cortical plasticity and stepping could also be examined. Acute,
single-neuron mapping was used to determine the percentage of cortical cells responding to cutaneous
forelimb stimulation in normal, spinalized, and exercised spinalized rats. Multiple single neuron
recording from arrays of chronically implanted microwires examined the magnitude of response of
these cells in normal and exercised spinalized rats. Our results show that exercise not only increased
the percentage of responding cells in the hindlimb SI, but also increased the magnitude of the response
of these cells. This increase in response magnitude was correlated with behavioral outcome measures.
In the forelimb SI, neonatal transection reduced the percentage of responding cells to forelimb
stimulation but exercise reversed this loss. This restoration in the percentage of responding cells after
exercise was accompanied by an increase in their response magnitude. Therefore, the increase in
responsiveness of hindlimb SI to forelimb stimulation after neonatal transection and exercise may
be due, in part, to the effect of exercise on the forelimb SI.
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Introduction
Exercise induces changes in somatotopic maps of the somatosensory or motor cortices of
animals with brain or peripheral injuries, and these changes are related to functional recovery
(Friel et al., 2000;Florence et al., 2001;Ramanathan et al., 2006). In the case of spinal cord
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injury (SCI), exercise also improves recovery, but the role of exercise induced cortical plasticity
after SCI is not well understood. (Weidner et al.,2001; Cai et al., 2006).

SCI alone can alter somatotopic maps in two ways. The first is sometimes referred to as
"silencing". This refers to the case when the region of the somatosensory cortex most affectedly
the injury does not respond to any cutaneous stimulation, (Jain et al., 1995;Jain et al.,2003).
The second possibility is that the affected region develops a novel somatotopic organization,
such that the cells in this region respond to stimulation of peripheral areas innervated from
spinal segments rostral to the injury (McKinley and Swyter, 1989;Chau and McKinley,
1991). The influences of post-injury behavioral activity of the animals in these studies,
however, were rarely addressed. Jain et al. (2003) examined somatosensory maps of spinalized
rats exposed to an enriched environment, and compared these to maps of spinalized rats
exposed to standard laboratory housing. They found no differences in the response of cells in
the affected somatosensory cortex between the two groups. In contrast, neurons in the affected
somatosensory cortex of spinalized kittens that received passive exercise, responded to sensory
stimulation of peripheral areas innervated rostral to the injury (Chau and McKinley, 1991).
Therefore, exercise may modify the organization of the somatosensory cortex after spinal cord
injury.

Our goal was to examine the effects of exercise on organization of the hindlimb and forelimb
somatotopic representations in the cortex in adult rats with neonatal midthoracic transections.
Using acute, single neuron mapping techniques (McKinley and Swyter, 1989; Jain et al.,
1995; Leiser and Moxon, 2006), we first compared the percentage of cells in the supragranular,
granular and infragranular layers of the hindlimb somatosensory cortex that responded to
sensory stimulation of forelimbs among three groups of rats: normal adult, non-exercised
spinalized, and exercised spinalized rats. We also made quantitative measures of the magnitude
of the response of single neurons in the hindlimb infragranular cortex of normal adults and
exercised spinalized rats to the sensory stimulation (Foffani et al., 2004;Tutunculer et al.,
2006;Leiser and Moxon, 2007; Moxon et al., 2008). Second, we evaluated the effect of exercise
on cells in the forelimb somatotopic representation of the somatosensory cortex using both the
acute and quantitative measures. Our results demonstrate that exercise not only increased the
percentage of cells in the hindlimb somatosensory cortex of spinalized rats that responded to
stimulations of the forelimbs, but exercise also increased the response magnitude of these cells.
This increase in response magnitude was correlated with the frequency of weight supported
stepping on the treadmill. Exercise also increased the response magnitude of cells in the
forelimb cortex of spinalized rats, which may have contributed to the enhanced responsiveness
of cells in the hindlimb cortex.

Materials and Methods
Overview of Experimental Methods

To assess the percentage of responding cells in somatosensory cortex, an acute, single-neuron
mapping study was performed on normal adult rats, adult rats spinalized as neonates
(spinalized) and adult rats spinalized as neonates given daily treadmill exercise (exercised
spinalized). Single, microelectrodes were inserted into the forelimb or hindlimb primary
somatosensory cortex and single neurons from the supragranular, granular and infragranular
layers were identified as either responsive or not responsive to cutaneous stimulation of the
forelimbs. Differences in the average percentage of cells that responded to cutaneous
stimulation between the three groups (normal, spinalized and exercised spinalized) were
assessed using a one-way ANOVA and Tukey post hoc analysis. For groups that were
determined to be significantly different from each other, we then assessed differences in the
percentage of responding cells for each layer independently. The Two-Proportions test was
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used to assess difference between the ratio of responding cells to cells recorded for each cortical
layer between the different animal groups.

To assess the effect of exercise after neonatal spinal transection on the output layer of the
somatosensory cortex, chronic multiple, single-neuron recordings were made from the
infragranular layer in normal adult and exercised spinalized rats while cutaneous stimulation
was applied to the forelimbs. For each animal, 16 channel microwire arrays were implanted
bilaterally into the infragranular somatosensory cortex of the hindlimb or forelimb
representation. Action potentials from single neurons in response to triggered sensory
stimulation of shoulder and forelimbs were recorded, and peri-stimulus time histograms were
generated. The average number of spikes per stimulus and the latency of the response were
compared between the two groups using a multivariate analysis of variance (MANOVA).
Differences between groups on individual variables were assessed using Tukey’s post-hoc test.
In addition, the magnitude of the response of infragranular cells recorded from the hindlimb
somatosensory cortex was correlated to the behavioral outcome of the animals. All surgical
procedures were performed under the guidelines of the National Institutes of Health and
approved by the Institutional Animal Care and Use Committee of Drexel University.

Transection Procedures
The transection procedure for the Sprague Dawley pups was identical to our previous method
(Shumsky et al., 2005; Kao et al., 2006). Briefly, Sprague Dawley (Charles River) pups were
anesthetized by hypothermia, the spinal cord was exposed by laminectomy at the T8/T9 level,
and transected with iridectomy scissors followed by aspiration on postnatal day 2. A collagen
matrix, Vitrogen, was injected into the site of the transection to fill the cavity. The muscle and
skin were sutured in layers with 5-0 silk. Pups were then warmed, and when they became active,
were returned to the mothers and littermates. The pups were weaned at 4 weeks and housed
under a 12 h light/dark cycle with free access to food and water.

Animals
Spinalized rats were randomly divided into two groups, those that received exercise (exercised
spinalized) and those that did not (spinalized). In order to ensure that the behavior of the two
groups of rats was similar, rats were tested to assess their ability to support their weight during
treadmill locomotion four weeks after spinalization, before exercise began for the exercise
group. Some spinalized rats can support their weight during a step cycle during treadmill
locomotion (Miya et al, 1997; Gister et al., 1998; Kao et al., 2006). A step cycle was defined
as a sequential flexion and extension of the hindlimb on the treadmill. Not all step cycles on a
treadmill involved weight-supported stepping. Weight supported step cycles, in which the
hindlimbs support the hindquarters so that they are elevated above the surface of the treadmill
were distinguished from non-weight supported step cycles, in which the hindlimbs flex and
extend, but the knee remains in contact with the treadmill, and the hindquarters are not elevated
above the surface of the treadmill. Treadmill sessions were videotaped in the lateral view and
locomotion was evaluated. The percentage of weight-supported steps (%WSS) was assessed
over 3 minutes of treadmill locomotion. The average weight of the exercised spinalized rats
(weight=230+/−20g) was not different from the average weight of the spinalized rats
(weight=238+/−23g) when measured at the time of cortical recordings (p=0.70).

Exercise Protocol
Spinalized rats that did not receive exercise were left sedentary in their cages, but handled and
checked 5 days/week for skin lesions and other health concerns. Starting 4 weeks after
transection, rats in the exercise group were placed on a motorized treadmill apparatus for 3
min/day as a speed of 6.5 m/min, 5 days per week. No other stimulation was applied to the rats
during treadmill locomotion. The exercise protocol continued for 6–8 months to be consistent
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with previous studies (Jain et al., 2003). Since the uninjured rats were freely moving in their
cages, the regular locomotion undergone by the spinalized rats during this exercise protocol
was an attempt to increase the activity level of the spinalized rats to a level comparable to that
of normal rats.

Acute Single-Unit Mapping Procedure
Acute single neuron mappings were performed in 3 groups: normal controls, neonatally
spinalized rats that did not receive exercise and neonatally spinalized rats that received
treadmill exercise. 6–8 months after spinalization, rats were anesthetized by intraperitoneal
injection of sodium pentobarbital (45mg/kg) and placed in a stereotaxic frame. For all animals,
the anesthesia level was maintained at Stage III-4 (Friedberg et al., 1999). This had the effect
of reducing the responsiveness of cells and we therefore continuously stimulated the cutaneous
surface throughout the mapping procedure in order to indentify single neurons (see below).
Craniotomies were performed over either the right or left cortex to expose the hindlimb or
forelimb representations in the primary somatosensory cortex. The stereotaxic coordinates for
hindlimb craniotomy were from 0 to 3 mm posterior to bregma and from 2 to 3 mm lateral.
The coordinates for forelimb craniotomy were from 1.5 mm anterior to 3 mm posterior and 3
to 5 mm lateral. Electrode penetrations were defined using the stereotaxic coordinates for the
forelimb and hindlimb somatosensory cortex (Paxinos and Watson 2007).

A high impedance (10 MOhm) tungsten microelectrode (FHC, Inc, Bowdoin, ME) was
mounted on a stereotaxic electrode manipulator. A ground wire was inserted into the brain
adjacent to the craniotomies. The microelectrode was then moved to the anterior-posterior and
medial-lateral coordinates that defined a predetermined location above either the forelimb or
hindlimb somatosensory cortex (refer to Figure 1 for electrode penetration locations), and
lowered, perpendicular to the surface of the brain, to penetrate the dura and pia. The
microelectrode was then slowly inserted into the brain.

The signals from the microelectrode were continuously monitored on the oscilloscope and
audio speakers as the electrode was lowered. The cutaneous surface of the animal was
continuously stimulated while the electrode was lowered. When a neuron was encountered,
the dorsal/ventral coordinates of the cell were noted. Two experimenters then determined
whether the identified cell responded to sensory stimulation. The first experimenter, with
knowledge of the electrode placement, used wooden probes to touch the hair/skin on the
forelimb and shoulder. The second experimenter, blind to the position of the electrode and
treatment group of the animal, determined if the cell responded to the stimulus, predominately
by listening for a change in firing rate. If the cell did not respond to the stimulation with an
increase in firing rate, the cell was noted as negative. If the cell did respond to the stimulation
with an increase in firing rate, the cell was noted as positive. If the cell was noted as positive,
then the receptive field of the cell was identified by tapping locations on the body rostral to
the level of the injury. Stimulation of any body surface that elicited an increase in firing was
considered part of the cell’s receptive field. To ensure that tapping forces between animals and
across sites were uniform, the responses elicited by the wooden probe were periodically
compared to responses elicited by von Frey filaments to calibrate the stimulus applied by the
wooden probe. The stimulation consisted of pressing a filament gently against the skin,
perpendicular to its surface until the filament bended 90 degrees. This procedure was done 5
times for each filament and skin site, to ensure reproducibility of the results. The filament
necessary to elicit a response similar to the wooden probe was noted and compared across
animals and locations. The filaments required to produce an equivalent response ranged from
4.31 (bending force of 2 g) to 4.93 (bending force of 8 g) across animals and animal groups.
There were no identifiable differences in the distribution of filaments used between the groups.
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After a cell was characterized, the microelectrode was moved at least 50 microns deeper (with
respect to the cortical surface) before another cell could be identified in the same penetration
to ensure a new cell was encountered. For every cell identified, we determined if the cell
responded to the stimulation of the forelimbs. In addition, the stereotaxic coordinates of the
microelectrode position were identified allowing us to evaluate neuronal responsiveness for
each layer of the cortex. To minimize tissue damage and its possible effects on cell
responsiveness during later penetrations, no more than seven penetrations were performed per
animal. Approximately 20 cells were encountered during each penetration.

Data Analysis—First, to determine if there were differences among the groups, the
percentage of responding cells were noted for each penetration and a one-way ANOVA was
performed with Tukey post-hoc test to identify significant differences between groups. For
those groups for which a difference was identified, differences were then assessed on a layer-
by-layer basis. Cells were assigned to different cortical layers based on penetration depth into
supragranular: 50–700 microns (layer II/III), granular: 750–1,000microns (layer IV) and
infragranular: 1,050–2,000 microns (layer V) categories. The percentage of cells that
responded to cutaneous stimulation rostral to the injury(positive) was defined as the number
of cells responding to sensory stimulation over the total number of cells identified (positive
and negative). This percentage was calculated for each layer of the cortex. The Two-
Proportions test was used to assess difference between the ratio of responding cells to cells
recorded for each cortical layer. The probability level for each group determined by the Fisher’s
exact test was used to test significance with a value of p<0.05 considered significant.

Chronic Multiple Single-Neuron Recording Procedure
To determine if exercise also altered the response magnitude of these cells to cutaneous
stimulation, triggered stimuli were applied across the forelimb cutaneous surface in a second
set of animals that were chronically implanted with arrays of microelectrodes into the output
or infragranular layer. The responsiveness of neurons in the hindlimb and forelimb
representations of the somatosensory cortex of spinalized that received exercise was quantified
using peri-stimulus time histograms (PSTHs) and compared to those of normal rats. Rats were
implanted with two microelectrode arrays, one into the left somatosensory cortex and the other
into the right somatosensory cortex. 6–8 months after spinalization and exercise, rats were
anesthetized by intraperitoneal injection of sodium pentobarbital (45mg/kg) and placed in a
stereotaxic frame. Craniotomies were performed over both the right and left cortices to expose
the hindlimb or forelimb representations in the primary somatosensory cortex (Figure 1B). The
dura and pia were removed just prior to electrode implantation. Both electrode arrays consisted
of two rows of eight 50-micron Teflon-coated stainless steel microwires (NB labs, Dennison,
TX) and were implanted one at a time. The electrode array was mounted on a micromanipulator
and a ground wire was inserted into the brain. The electrode array was aligned to bregma, and
oriented so that the rows ran rostrocaudally. The array was then moved to pre-determined
anterior/posterior and medial/lateral coordinates within the exposed hindlimb and forelimb
craniotomies. Once the array was placed at the predetermined coordinates, it was lowered
perpendicular to the surface of the brain. As the electrode array was slowly lowered, the signals
were monitored, one channel at a time, on the oscilloscope and audio speakers. When
characteristic large amplitudes of infragranular neurons were recorded on the majority of
electrodes, the array was cemented in place with dental cement. Animals were then allowed
10 days for any initial reaction to the implant to subside before the mapping sessions were
performed.

After the 10 day recovery period, the mapping procedure was performed. Rats were lightly
anesthetized with a low dose of Nembutal (30mg/kg) and maintained in a lightly anesthetized
state, Stage III-2 (Friedberg et al., 1999) in order to ensure minimal effect on neuronal
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responsiveness while immobilizing the rat. Signals from the electrodes were amplified and
filtered with a multi-neuron acquisition system (Plexon inc. Dallas, TX). The resulting signals
were displayed on an oscilloscope and amplified through loudspeakers to aid in online neuronal
spike sorting on all channels corresponding to the electrodes.

Quantitative measures of neuronal responses were generated by recording the spike times of
each neuron while different locations across the body were repeatedly stimulated with an
electronically controlled probe similar to our previous studies (Tutunculer et al., 2006; Foffani
et al., 2004). Five locations on each side of the body were repeatedly contacted. The left and
right forepaw digit 2 (LFD2, RFD2) were contacted on the ventral surface in the center of the
pad. The left and right forepaw (LFPW, RFPW) were contacted on the dorsal surface in the
center. The left and right shoulder (LSH, RSH) were contact on the dorsal surface at the top
of the humerus. The left and right forepaw palm pads 5 were contacted in the center on the
ventral surface (LFPL5, RFPL5). Finally, the left and right lower arm (LLA, RLA) were
contacted on the dorsal surface midway along the radius/ulna.

Each of the above locations was consecutively stimulated 100 times at 0.5Hz with a fine tipped
metal probe 1 mm in diameter. To be consistent with previous studies in healthy animals
(Moxon et al., 2008; Tutunculer et al., 2006; Foffani et al., 2004) and ensure that only tactile
receptors at the sight of contact were activated, the metal probe was controlled with an
electromechanical stimulator (Gemini GV6), which delivered squared-pulse stimuli (duration:
100 ms, frequency: 0.5 Hz), similar to previous studies (Chapin, 1986; Foffani et al., 2004).
The tip of the metal probe moved 0.5 mm in response to the square-pulse stimuli. To control
the magnitude of the stimuli at each location, the metal probe was first positioned on the skin,
ensuring contact but no visual indentation under 10x magnification. The metal probe was then
moved 0.5 mm away from the skin and the stimulation was started. This procedure allowed
consistent stimulus across locations and across animals.

All locations were stimulated during the same recording session to ensure that the same neurons
were recorded during stimulation of all ten locations. The waveforms and action potential times
of all the discriminated neurons were recorded, and data stored in NeuroExplorer (Nex
Technologies, Littleton, MA, version 2.66) for offline analysis. For every stimulus location,
PSTHs of all neurons were calculated using Nex functions, and exported to Matlab (version
6.5, The Mathworks) for further analysis.

Data Analysis—In order to identify significant responses in the PSTHs, three tests were
performed for each discriminated neuron and peripheral location stimulated: 1) A threshold
was set as the average background activity of the neuron (evaluated from 100 ms to 5 ms before
the stimulus) plus 3 standard deviations and the first and the last significant bin (1ms bin size)
that exceeded the threshold in a window between 5 ms and 90 ms after the stimulus was
identified, 2) at least three bins were suprathreshold and 3) the response between the first and
last significant bin has to be significantly greater than the average background activity (non-
paired t-test, p<0.001). For every significant response, three parameters were extracted from
the PSTH: (1) response magnitude defined as the average number of spikes per stimulus
between the first and the last significant bin minus the background firing rate (i.e. probability
of spike per stimulus), (2) the first bin latency (FBL), or the time interval between the stimulus
onset and the first significant bin of the response and (3) the last bin latency (LBL) or the time
interval between the stimulus onset and the last significant bin of the response. These three
parameters, (response magnitude, first bin latency and last bin latency), were compared
between groups (normal and spinalized exercised) using a multivariate analysis of variance
(MANOVA) to asses differences between groups.

Kao et al. Page 6

J Neurosci. Author manuscript; available in PMC 2009 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Data Analysis for Correlating % WSS and Neuronal Activity—Spearman R
(Statistica 5.5, Statsoft, Tulsa, OK), a non-parametric correlation test, was used to correlate
the response magnitude of cells obtained from the chronic multiple single-unit recordings in
the hindlimb and forelimb representations of the somatosensory of exercised, spinalized rats
with individual measures of %WSS. A p-value of <0.05 was considered significant.

Perfusion and histological processing of the brain and spinal cord
At the end of the mapping sessions, the rats were perfused transcardially with buffered saline,
followed by buffered 2% paraformaldehyde, and then by buffered 2% paraformaldehyde
containing 10% sucrose. The cortex was removed and flattened between two glass slides. The
tissue was cryoprotected in 30% sucrose and sectioned (70 microns parallel to the pial surface)
frozen on a sliding microtome. Series of these sections from the cortex were stained for
cytochrome oxidase (CO) activity (Wong-Riley, 1979). Spinal cords were removed and placed
in phosphate buffer containing 30% sucrose for 72 h. Specimens were frozen in OCT and
sectioned on a freezing microtome at 20 µm. The transection segments of the spinal cords were
sectioned parasagitally, and alternate sections were Nissl-myelin stained. The resulting
sections were examined under a microscope to confirm completeness of the transection (Figure
1D). The average extent of the lesion for all animals was 6.4mm±2.2mm and there were no
differences in the rostrocaudal extent of the lesions between the spinalized and the exercised
spinalized groups.

To further ensure complete transections, animals with the best %WSS (n=3) were selected for
serotonergic staining (5-HT). Segments of the cord rostral (as control) and caudal to the
transection segment was sectioned transversely and stained with a polyclonal antibody to 5-
HT. Frozen sections mounted on slides were incubated at 4 °C with the primary antibody
(diluted 1:40,000 Immunostar, Stillwater, MN) for 16 h, with biotinylated goat anti-rabbit IgG
for 2 h, and with avidin-biotinylated horseradish peroxidase complex for 2 h, as specified by
the manufacturer (ABC Standard Kit; Vector Laboratories, Burlingame, CA). Peroxidase
reactivity was visualized with 0.05% diaminobenzidine tetrahydrochloride and 0.01%
hydrogen peroxide in 0.05mM Tris buffer. No staining for 5-HT was found caudal to the
transection.

Results
Treadmill exercise induces novel organization in the hindlimb somatosensory cortex after
neonatal midthoracic transection

As expected, some cells in hindlimb cortex of normal adult rats respond to stimulation of the
forelimbs, presumably via intracortical connections (Chapin et al., 1987). A mid-thoracic
transection eliminates hindlimb input to the somatosensory cortex while leaving forelimb input
intact, and thus would be expected to eliminate the responsiveness of cells in the somatosensory
cortex to stimulation of peripheral areas below the level of the transection. To assess the effect
of exercise on the responsiveness of cells in the hindlimb somatosensory cortex to cutaneous
forelimb stimulation, acute single neuron mappings were performed in three groups of animals:
normal control (N=4), neonatally spinalized rats that did not receive treadmill exercise (N=5),
and neonatally spinalized rats that received treadmill exercise (N=5). For each penetration, we
averaged the percentage of responding cells across groups. There was a significant group
difference between the average percentage of cells that responded to cutaneous stimulation
(ANOVA p<0.02). In fact, the average percentage of cells in the hindlimb cortex responding
to stimulation in the exercised spinalized rats (38.7±16% of 294 cells) was significantly greater
than either that of the normal (8.3±4.5% of 311 cells) or spinalized (7.7±8.4% of 150 cells)
rats (Tukey post-hoc, p<0.05 for both).
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There were also notable differences on a cortical layer-by-layer basis between the animal
groups (Figure 2). Since cells were not recorded from every cortical layer during each electrode
penetration, the numbers of penetrations for which cells were recorded from for each animal
are reported separately for the supragranular, granular and infragranular layers (Figures 2A–
C). As expected, in normal rats, a small percentage of cells in all layers of the hindlimb
somatosensory cortex responded to stimulation of the forelimb, [supragranular (3±4%),
granular (11±10%),infragranular (11±5%)].The spinalized rats showed similar percentages of
cells that responded to sensory stimulation in all cortical layers [(supragranular (0%), granular
(17±7%), infragranular (6±3%)] (Figure 2D–F). Since the cells recorded from the spinalized
rats also did not respond to cutaneous stimulation of the hindlimbs, these cells would have
been silenced in response to the neonatal spinalization. This is in agreement with several studies
on the effects of spinalization on the responsiveness of cells in the affected region of the cortex.

A different picture emerged when we examined the cells recorded from the exercised spinalized
animals. Treadmill exercise markedly increased the percentages of cells that responded to
cutaneous forelimb stimulation in the supragranular and infragranular hindlimb somatosensory
cortices of spinalized rats [(supragranular (46±5%), infragranular (50±5%)]when compared to
those of normal [supragranular (3±4%), infragranular (11±5%)] or neonatally spinalized rats
that did not receive exercise [supragranular (0%), infragranular (6±3%)] (Figures2D,F).There
was no noticeable difference between the percentage of responding cells in the granular layer
of the exercised spinalized rats (21±6%) when compared to the percentages of responding cells
in the granular layers of the normal (11±10%), or spinalized rats that did not receive exercise
(17±7%) (Figure 2E). In fact, the exercised spinalized rats had a significantly greater proportion
of cells in the hindlimb cortex responding to sensory stimulation of the forelimbs in the
supragranular and infragranular layers(two proportions test, p<0.001 for both), but not in the
granular layer (p=0.07). Therefore, treadmill exercise induced a novel organization in the
extragranular layers of the hindlimb somatosensory cortex after neonatal T8/T9 transection.

Treadmill exercise increases the magnitude of the response of hindlimb infragranular
neurons to sensory stimuli

To determine if exercise also altered the magnitude of the response of extragranular cells to
sensory stimuli in the spinalized exercised group, a second study was then performed using
two additional groups of animals: spinalized rats that received exercise (N=10) and normal rats
(N=9). Infragranular cells in the hindlimb somatosensory cortex were studied using multiple,
single-neuron recording techniques from arrays of microwire electrodes chronically implanted
into the infragranular hindlimb somatosensory cortex (refer to Methods). The response of each
cell to cutaneous stimulation of each peripheral location was quantified from the cell’s peri-
stimulus time histogram (Figure 3A). In general, the infragranular hindlimb cells in the
exercised spinalized rats responded with greater magnitude than those of the normal rats.

As expected, some cells in the infragranular hindlimb somatosensory cortex of normal rats
responded to cutaneous stimulation of the forelimb. The average magnitude of these responses
(response magnitude = 0.3625±0.002 spikes/stimulus) was less than that of cells recorded from
the forelimb somatosensory cortex to the same stimulation (response magnitude = 0.6266
±0.001 spikes/stimulus, p<0.001), and the latency was longer (first bin latency = 24±0.08 msec
for hindlimb somatosensory cortex cells compared to 18±0.47 msec for forelimb
somatosensory cortex cells, p<0.001) consistent with our previous study (Moxon et al, 2008).
It has been suggested that the responsiveness of cells recorded from the hindlimb cortex to
cutaneous forelimb stimulation is mediated by intracortical connections from the forelimb
somatosensory cortex to the hindlimb somatosensory cortex (Chapin et al., 1987), and this
could account for the delay.
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Cells of the hindlimb somatosensory cortex of exercised spinalized rats showed an increase in
the average magnitude of response (response magnitude = 0.4408±0.012 spikes/stimulus vs.
response magnitude = 0.3625±0.002 spikes/stimulus, p<0.001) (Figure 3B), but without
changes in the latency measures (first bin latency = 22±0.4 msec, and last bin latency = 47±0.8
msec for exercised spinalized rats; first bin latency = 24±0.08 msec and last bin latency = 48
±0.13 msec for normal rats) (Figure 3C). Therefore, the exercise induced increase in the
percentage of cells that respond to sensory stimulation after neonatal SCI is accompanied by
an increase in the magnitude of the response of these cells.

Weight-supported stepping is correlated with the response magnitude of cells in the
infragranular hindlimb somatosensory cortex

We next evaluated whether the increased response magnitude of cells in the hindlimb
somatosensory cortex was correlated with the ability of exercised spinalized rats to perform
weight supported steps (WSS) on the treadmill (Figure 4). Normally, a small number of
neonatally spinalized rats develop some ability to support their own weight while locomoting
on a treadmill (Miya et al., 1997;Giszter et al., 1998;Kao et al., 2006). The average response
magnitude of the hindlimb cells was positively correlated to the %WSS (r = 0.814, p<0.01),
suggesting that the extent to which the hindlimb somatosensory cortex can respond to
cutaneous forelimb sensory stimulation may be related to the ability of the rat to take more
weight-supported steps.

Treadmill exercise restores percentage of responding cells in the forelimb somatosensory
cortex

To assess the effect of exercise after neonatal spinalization on the percentage of responding
cells in the forelimb somatotopic representation (an area of cortex not directly affected by the
injury), acute, single-neuron mappings of the forelimb somatosensory cortex were performed
on normal (N=4), neonatally spinalized rats that that did not receive exercise (N=4), and
neonatally spinalized rats that received exercise (N=5). Surprisingly, there was a significant
group difference for the average percentage of cells that responded to cutaneous stimulation
(ANOVA, p<0.01).For the spinalized rats, there was a significant decrease in the percentage
of cells responding to sensory stimulation (35.3±12.6% of 240 cells)compared to those of the
normal (72.3±13% of 140 cells)or exercised spinalized (76.5±9.7% of 138 cells)rats (Tukey
post-hoc, p<0.02). We suspect that spinalized animals have reduced locomotion within their
cages, resulting in the reduced sensory responsiveness compared to normal animals, and that
the treadmill exercise replaced the reduced locomotion of the spinalized animals, therefore
restoring the sensory responsiveness of the cells. However, further study is required to confirm
this.

These differences in the forelimb somatosensory cortex could also be assessed on a layer-by-
layer basis (Figure 5). Since cells were not recorded from every layer during each penetration,
the numbers of penetrations for which cells were recorded for each animal are reported
separately for the supragranular, granular and infragranular layers (Figure 5A–C). Across all
the three cortical layers, the normal rats and exercised spinalized rats had similar percentages
of cells that responded to sensory stimulation[normal: supragranular (71±20%), granular (86
±25%), infragranular (60±15%)];[exercised spinalized: supragranular (81±10%), granular (82
±17%), infragranular (64±18%)] (Figure 5D–F). However, the percentages of sensory
responsive cells recorded from neonatally spinalized rats were markedly reduced across all
three cortical layers [supragranular (39±9%), granular (21±6%), infragranular(46±8%)]. This
reduction was significant across all the layers (two proportions test, p<0.01 for supragranular,
p<0.001 for granular and p<0.05 for infragranular). Therefore, neonatal transection at the T8/
T9 level diminishes the somatotopic representation in the forelimb somatosensory cortex and
this can be reversed by treadmill exercise. These results suggest that for adult rats with neonatal
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thoracic transectons, our paradigm of 3 minutes per day, 5 days per week of treadmill exercise
for 6–8 months is sufficient to compensate, at the supraspinal level, for their lack of mobility.

Treadmill exercise increases the response magnitude of cells in the infragranular forelimb
somatosensory cortex after neonatal spinalization

Despite the fact that there were no differences in the percentage of responding cells between
normal and exercised spinalized rats, treadmill exercise significantly increased the response
magnitude of forelimb somatosensory cortex cells in exercised spinalized rats (N=5)to sensory
stimulation of the forelimb periphery compared to that of normal animals (N=4) (p<0.001).
The response of each cell to stimulation of each location was quantified from the cell’s peri-
stimulus time histogram (Figure 6A).

The average response magnitude of infragranular cells in the forelimb somatosensory cortex
of exercised spinalized rats (response magnitude = 1.49±0.07 spikes/stimulus) was greater than
that of the infragranular cells in normal rats (response magnitude = 0.6266±0.001 spikes/
stimulus) (Figure 6B). The change in response magnitude did not affect the first bin latency
(for exercised spinalized rats = 18±0.47 msec; for normal rats = 17±0.02 msec)(Figure 6C),
but was accompanied by a change in the last bin latency (for exercised spinalized rats = 48
±0.94 msec; for normal rats = 39±0.05 msec), (p<0.001). This created an overall increase in
the duration of the response of forelimb cells to forelimb stimulation in exercised spinalized
rats compared to that of normal rats. The increased response magnitude of these forelimb
somatosensory cells was not correlated to the increase in %WSS. However, the response
magnitude of these forelimb cells was significantly correlated to the increased response
magnitude of hindlimb cells (data not shown).Therefore, interactions between the hindlimb
somatosensory cortex and the forelimb somatosensory cortex could be responsible for the
increased duration of the response of forelimb cells that is evident by an increase in response
magnitude of forelimb cells of exercised spinal rats compared to normal rats.

Discussion
Our studies suggest that cortical plasticity after spinal cord injury can be induced by
sensorimotor stimulation, such as that derived from treadmill exercise. In the hindlimb
somatosensory cortex of spinalized rats that did not receive treadmill exercise, very few cells
responded to cutaneous stimulation of the forelimb, similar to what is seen in normal animals.
After daily treadmill exercise however, cells in the hindlimb somatosensory cortex of the
spinalized rats were more likely to respond to cutaneous forelimb sensory stimulation. These
cells also responded with more spikes per stimulus than cells recorded from the hindlimb
somatosensory cortex of normal animals. Therefore, cortical plasticity is not prevented by the
spinal cord injury itself, but requires sensorimotor stimulation to induce changes in the
somatotopic map of the cortex.

Importantly, the increase in response magnitude of hindlimb infragranular neurons after
exercise was correlated to the %WSS. Since the percentage of cells responding to sensory
stimulation was not correlated (data not shown), these results suggest that exercise increases
the number of cells responding to the sensory stimulation regardless of its impact on weight-
supported stepping. This increase in number of cells responding to a stimulus, combined with
a correlation between number of spikes per stimulus and %WSS, suggest that for a given
stimulus, there is a substantial increase in neuronal activity for animals that achieve the highest
levels of weight supported stepping.

The changes in the hindlimb cortex after neonatal thoracic transection and treadmill exercise
occurred only in the extragranular layers. Since the granular layer of the hindlimb
somatosensory cortex was not affected by exercise, consistent with previous multi-unit
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mapping studies (Jain et al., 2003), thalamocortical processing is unlikely to be markedly
affected by the exercise. The fact that there was a significant effect of exercise on the
extragranular layers of the hindlimb somatosensory cortex suggests that changes in cortico-
cortical activity are responsible. The functional organization of the cortex supports the idea
that sensory information is processed between layers within a column before it is transmitted
to other columns via the extragranular layers (Silva and Koretsky, 2002). However, a recent
study in primate using a unilateral cervical spinal cord injury demonstrated reorganization in
the thalamus that paralleled that of the cortex after approximately two years (Jain et al.,
2008). Therefore, a thalamocortical influence on the effects seen in the cortex cannot be ruled
out without further study.

Surprisingly, the spinalized rats that did not receive treadmill exercise had fewer cells in the
forelimb somatosensory cortex that responded to stimulation of the forelimb compared with
normal rats. This could be due to some developmental change after the spinalization, however,
it is most likely due to the greater restriction of their movements when compared with the
normal and exercised spinalized rats. Thus, sensory input to the intact forelimb is reduced.
Previous studies have demonstrated a similar effect in that this type of reduced sensory input
has been shown to reduce the area of the forelimb cortex that responds to sensory stimulation
(Langlet et al., 1999).

As might be expected, this reduction effect was reversed after the spinalized rats participated
in treadmill exercise. Therefore, the amount of exercise these spinalized rats were exposed to
in this study was likely to be sufficient to normalize their activity to levels comparable to those
of normal rats. Furthermore, the magnitude of the response of infragranular forelimb cells to
forelimb stimulation was greater in exercise spinalized animals than normal animals. This
increase in response magnitude was accompanied by an increase in duration of the response.
While neither of these measures correlated to behavioral outcome in these rats, the increase in
response magnitude of the infragranular forelimb cells was correlated to the increase in the
response magnitude of the infragranular hindlimb cells suggesting significant interactions
between these two areas of the brain. Recent evidence has suggested that molecular
mechanisms within the deprived and adjacent cortical representations of SCI rats may decrease
inhibitory neurite outgrowth, thus enhancing intracortical connections between these two
representations (Endo et al., 2007).

Despite the fact that our results support cortico-cortical changes, we cannot determine if these
changes were due to changes in synaptic efficacy, sprouting, or the formation of new
connections across cortical regions. In normal animals after exercise, in vitro studies of local
circuits to identify mechanisms for changes in cortical organization suggested that the ability
of cells to alter synaptic efficacy depends on levels of incoming activity by increasing synaptic
efficacy due to a general excitation of the cortical cells (Abraham and Bear, 1996; Hickmott
and Merzenich, 2002). Peripheral injury studies to identify the mechanism for cortical plasticity
of affected regions of the cortex also support cortico-cortical plasticity (Donoghue and Sanes,
1988; Wang et al., 1995; Lane et al., 1999). Finally, synaptic plasticity has been shown in the
motor cortex of adult rats with C4 overhemisections. In these cells, dendritic spine length
increased and spine density decreased within 7 days, but returned to normal by day 28 post
hemisection “indicating a more immature and modifiable pattern of synaptic
connectivity” (Kim et al., 2006). However, the spinal cord injured rats of that study did not
receive any explicit exercise protocol. It remains unclear if more long term changes in the
cortex would have been observed if the rats had received any form of exercise.

When neonatally spinalized rats are trained to walk on a treadmill, they can develop high levels
of weight supported stepping (Miya et al., 1997). It had been presumed that this occurs because
of reorganization within the spinal cord of neonatally injured rats that is unavailable to adult
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injured rats. However, follow-up studies (Giszter et al.,1998) demonstrated that treadmill
training induced novel organization in the motor cortex of rats spinalized as neonates, namely,
the increased cortical representation of a subset of the axial musculature. This novel
organization pattern was related to functional recovery. While the precise mechanism by which
axial muscles are recruited in this animal model is unknown, Giszter et al., (1998) postulated
that while the hindquarters continued to operate largely autonomously from the forelimbs, the
increased control of the axial muscles could improve balance, stabilization, steering control
and some propulsive coupling to the caudal axial and hindlimb system. Recent work (Giszter
et al., 2007) analyzing the ability of these animals to maintain stance in the presence of
controlled perturbations demonstrated that the strategy of these animals relied completely on
their forelimb. Essentially, the forelimbs worked to isolate the hindlimbs from the perturbations
and reduced the load on the hindlimbs. These two factors may combine to allow local pattern
generators below the level of the lesion to provide weight-supported stepping in response to
local reflexes without instabilities and stance failure, which is now completely controlled by
the forelimbs. Our data now extend these results to demonstrate that weight-supported stepping
may also take advantage of increased representation of the forelimbs in the sensory cortex.
Moreover, our result that the number of weight-supported steps was significantly correlated to
the magnitude of the neuronal responses in the novel cortical representation of the forelimbs
suggests that this enhanced sensory processing may also contribute to the isolation of the
hindlimbs, contributing to the improved balance and making it easier for these animals to take
weight-supported steps. Therefore, in rats with complete spinal cord transection, exercise alters
both the sensory and motor organization of the cortex, and this novel organization may, in part,
contribute to the increased weight supported steeping of animals with spinal cord injury.
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Figure 1.
Penetration sites for the acute single-neuron mapping of forelimb and hindlimb somatosensory
cortex in normal, spinalized and exercised spinalized rats. A. The flattened somatosensory
cortex, when stained with cytochrome oxidase in a normal adult rat, reveals the locations that
we targeted in this study. Solid lines outline the hindlimb and forelimb somatosensory cortices.
B. Schematic of the flattened somatosensory cortex based on 1 mm grids showing the
stereotaxic coordinates of the forelimb and hindlimb somatosensory cortex. C. Penetration sites
into the forelimb and hindlimb somatosensory cortex for each group of rats. Responses were
recorded from electrodes placed in the supragranular, granular and infragranular layers of the
hindlimb and forelimb somatosensory cortices. ● Electrode penetration sites that elicited cells
which responded to sensory stimulation.  Electrode penetration sites that elicited cells which
did not respond to sensory stimulation.  Electrode penetration sites that did not elicit any
cells. D. Nissl/myelin staining of the spinal cord of a representative adult rat transected as a
neonate at the T8/T9 level. No cell bodies or axons were observed in the transection site
(outlined in black). The extent of this representative injury was comparable with the other
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injuries. The average rostral to caudal extent of the injury was 6.4±2.2 mm, and no differences
were observed in the extent of the injury between the spinalized and exercised spinalized
groups. Scale bar indicates 5.0 mm.
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Figure 2.
Exercise increased the percentages of cells in the extragranular layers of the hindlimb
somatosensory cortex of spinalized rats that responded to touch stimulation of the forelimb
periphery. (A–C) The numbers of electrode penetrations within the hindlimb somatosensory
cortex for which cells were detected are shown for each animal(circles represent normal
animals, squares represent spinalized animals and triangles represent exercised spinalized
animals).(D–F) The averages of the percentage of cells that responded to sensory stimuli for
each penetration are plotted as a per layer basis for each animal group. As expected, a small
number of cells within the hindlimb somatosensory cortex responded to touch stimulation of
the forelimb periphery in all layers of normal rats:[supragranular (3% of 64 cells), granular
(11% of 55 cells) and infragranular (11% of 192 cells)]. After neonatal T8/T9 transection, the
percentages of cells that responded to touch stimulation did not change when compared with
those of normal rats [supragranular (0% of 15 cells), granular (17% of 24 cells) and
infragranular (6% of 111 cells)]. Exercise increased the percentages of sensory responsive cells
in both the supragranular (46% of 44 cells) and infragranular (50% of 211 cells) layers of
spinalized rats when compared with those of the normal and non-exercised spinalized rats.
Exercise did not increase the percentage of cells responding to touch stimulation in the granular
layer (21% of 39 cells) of spinalized rats when compared with those of the normal and the non-
exercised spinalized rats.
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Figure 3.
Exercise increased the response magnitude of cells in the infragranular hindlimb cortex to
forelimb stimulation in spinalized rats. A. Examples of peri-stimulus time histograms showing
the responses of four infragranular hindlimb cells recorded simultaneously from each of three
stimulus locations: forepaw digit 2 (FD2), forepaw palm pad 5 (FPL5) and forelimb (FL). B.
The average response magnitude of infragranular cells within the hindlimb somatosensory
cortex of exercised spinalized rats (0.4408±0.12 spikes/stimulus, # of rats = 10) was greater
than that of normal rats (0.3625±0.002 spikes/stimulus, # of rats = 9), ***p<0.001. C. No
differences were observed between the first bin latency of exercised spinalized rats (22±0.4
msec) vs that of normals (24±0.08 msec), or the last bin latency of exercised spinalized rats
(47±0.8 msec) vs that of normals (48±0.13 msec).
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Figure 4.
The response magnitude of cells in the infragranular layer of the hindlimb cortex correlated
with % weight supported steps in exercised spinalized rats. A. Photographs of two adult rats
with neonatal T8/T9 transections performing treadmill exercise (a mirror is placed behind the
treadmill to ensure all activity of the hindlimbs is captured). On the left is one exercised
spinalized rat exhibiting no weight support. The hindquarters are dragged on the surface of the
treadmill. On the right is an exercised spinalized rat exhibiting a weight supported step. The
hindlimbs are supporting the hindquarters above the surface of the treadmill. B. The average
weight supported steps for 8 rats were obtained after electrode implantation in the hindlimb
somatosensory cortex. Each box represents different days of the sensory maps. Five rats had
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undergone two different days of sensory maps, while three rats had one sensory map. The
average response magnitude of the cells were positively correlated with %WSS (**p<0.01).
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Figure 5.
Exercise restored the percentage of cells that responded to sensory stimulations in the forelimb
somatosensory cortex of spinalized rats. Data were collected from 4 normal, 4 spinalized, and
5 exercised spinalized rats. (A–C) The numbers of electrode penetrations within the forelimb
somatosensory cortex from which cells were detected are shown for each animal (circles
represent normal animals, squares represent spinalized animals and triangles represent
exercised spinalized animals).(D–F) The averages of the percentages of cells that responded
to sensory stimuli for each penetration were plotted as a per layer basis for each animal group.
As expected, a high percentage of cells in all cortical layers of the forelimb cortex responded
to sensory stimulation of the forelimb [supragranular (71% of 42 cells), granular (86% of 21
cells), infragranular (60% of 77 cells)]. Neonatal spinalization decreased the percentages of
sensory responsive cells in all layers of the forelimb cortex[supragranular (39% of 31 cells),
granular (21% of 28 cells)and infragranular (47% of 181 cells)] when compared with those of
the normal rats. Exercise restored the percentages of sensory responsive cells in all cortical
layers of spinalized rats, comparable to those of normals [supragranular (81% of 21 cells),
granular (82% of 27 cells) and infragranular (64% of 90 cells)].
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Figure 6.
Exercise increased the response magnitude of cells in the forelimb somatosensory cortex to
forelimb stimulation in spinalized rats. A. Examples of peri-stimulus time histograms showing
the responses of four cells recorded simultaneously from each of three stimulus locations:
forepaw digit 2 (FD2), forepaw palm pad 5 (FPL5) and forelimb (FL). B. The average response
magnitude of infragranular cells within the forelimb somatosensory cortex of exercised
spinalized rats (1.49±0.07 spikes/stimulus, # of rats = 5) was greater than that of normal rats
(0.626±0.001 spikes/stimulus, # of rats = 4), ***p<0.001. C. There was no difference in the
first bin latency of cortical forelimb cells of the exercised spinalized rats (17±0.02 msec) when
compared with the first bin latency from the normals (18±0.47 msec). There was an increase
in the last bin latency of the response of cortical cells in the exercised spinalized rats (48±0.94
msec)when compared with that of the normals (39±0.05 msec), ***p<0.001.
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