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Spontaneous Hindlimb Recovery after Lateral Hemisection
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After an incomplete spinal cord injury (SCI) spontaneous motor recovery can occur in mammals, but the underlying neural substrates
remain poorly understood. The motor cortex is crucial for skilled motor learning and the voluntary control of movement and is known to
reorganize after cortical injury to promote recovery. Motor cortex plasticity has also been shown to parallel the recovery of forelimb
function after cervical SCI, but whether cortical plasticity participates in hindlimb recovery after SCI remains unresolved. Using intra-
cortical microstimulation (ICMS) mapping, behavioral and cortical inactivation techniques in the female Long–Evans rat, we evaluated
the spontaneous cortical mechanisms of hindlimb motor recovery 1–5 weeks after lateral hemisection of the thoracic (T8) spinal cord that
ablated the crossed corticospinal tract (CST) from the contralesional motor cortex while sparing the majority of the CST from the
ipsilesional motor cortex. Hemisection initially impaired hindlimb motor function bilaterally but significant recovery occurred during
the first 3 weeks. ICMS revealed time-dependent changes in motor cortex organization, characterized by a chronic abolishment of
hindlimb motor representation in the contralesional motor cortex and the development of transient bilateral hindlimb representation in
the ipsilesional motor cortex 3 weeks after hemisection, when significant behavioral recovery occurred. Consistently, reversible inacti-
vation of the ipsilesional, but not the contralesional motor cortex, during skilled ladder walking 3 weeks after hemisection reinstated
deficits in both hindlimbs. These findings indicate that the ipsilesional motor cortex transiently reorganizes after lateral hemisection of
the thoracic spinal cord to support recovery of hindlimb motor function.
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Introduction
The motor cortex is crucial for skilled motor learning and volun-
tary control of movement. Motor repertoire is somatotopically

mapped onto the cortex, and cortical movement representations
(motor maps) are highly plastic in humans (Cohen et al., 1991;
Classen et al., 1998; Karni et al., 1998), primates (Nudo et al.,
1996), and rats (Kleim et al., 2004), exhibiting reorganization
tuned by experience. Following damage to the motor cortex, mo-

Received April 21, 2018; revised Aug. 20, 2018; accepted Sept. 29, 2018.
Author contributions: M.M. designed research; A.R.B. performed research; A.R.B. and M.M. analyzed data; A.R.B.

and M.M. wrote the paper.
This work was supported by the Canadian Institutes for Health Research (CIHR; MOP-142288) to M.M., a salary
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Significance Statement

Partial motor recovery can occur after an incomplete spinal cord injury and is hypothesized to result from the reorganization of
spared descending motor pathways. The motor cortex is crucial for the control of voluntary movement and contains topographical
movement representations (motor maps) that are highly plastic. We examined the organization of hindlimb motor maps bilater-
ally after a lateral hemisection of the spinal cord to show that while motor maps are abolished in the deefferented cortex, the spared
ipsilesional cortex transiently reorganizes to gain a representation of the affected hindlimb after injury that relates to recovery.
This finding demonstrates that plasticity in the ipsilesional motor cortex at early time points after spinal cord hemisection is
initially important to support motor recovery.
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tor maps can reorganize to regain representation of affected body
parts that were lost initially after the injury (Wittenberg, 2010).
Motor map reorganization is observed after damage to the motor
cortex in both stroke (Nudo and Milliken, 1996; Traversa et al.,
1997; Biernaskie and Corbett, 2001; Touvykine et al., 2016) and
traumatic brain injury (Nishibe et al., 2010; Combs et al., 2016),
as well as after spinal cord injury (SCI; Girgis et al., 2007; Marti-
nez et al., 2010; Oza and Giszter, 2014; Hilton et al., 2016).

After unilateral cervical SCI in the rat that disrupts corticospi-
nal tract (CST) fibers from the opposite motor cortex (contral-
esional), the forelimb on the side of the lesion (ipsilesional)
partially recovers spontaneously during the first month, despite
persistent deficits in distal movements (Martinez et al., 2010).
Although the overall forelimb motor map size in the de-
efferented contralesional motor cortex is drastically reduced after
injury, the representation of proximal movements is significantly
increased and is consistent with recovery (Martinez et al., 2010).
Skilled training of the ipsilesional forelimb after SCI has further
been shown to facilitate recovery of distal movements and is par-
alleled by an expansion of wrist representation in the contral-
esional motor cortex (Girgis et al., 2007). Although the cortical
mechanisms of forelimb recovery after SCI have received atten-
tion, there are only a few reports on the reorganization of
hindlimb motor cortex and hindlimb motor recovery after SCI.
Among these studies, almost all have focused on examining spon-
taneous reorganization of the de-efferented motor cortex and
consistently show an abolishment of hindlimb motor maps for
up to 4 weeks after injury (Fouad et al., 2001; Frost et al., 2015;
Manohar et al., 2017). Hindlimb motor maps are re-established
in the de-efferented cortex 12 weeks after unilateral SCI due to
intraspinal axonal remodeling, however, this occurs long after the
time in which maximal recovery is observed (Bareyre et al., 2004).
After unilateral motor cortex injury, reorganization of motor
maps in the uninjured hemisphere is observed and may contrib-
ute to functional recovery (Axelson et al., 2013). The question of
whether similar plasticity in hindlimb motor cortex with residual
CST connectivity to the spinal cord at early time points after
unilateral SCI participates in hindlimb motor recovery is not
known.

In this study, we combined behavioral, electrophysiological
and in vivo cortical inactivation techniques to evaluate whether
hindlimb motor cortex spontaneously, in the absence of any spe-
cific rehabilitation training, reorganizes after unilateral SCI and
whether cortical plasticity relates to functional motor recovery.
Following lateral hemisection of the thoracic (T8) spinal cord in
rats, in which the main dorsomedial and the minor dorsolateral
CST fibers from the ipsilesional and contralesional motor cortex
are respectively spared and disrupted, we evaluated locomotor
performance and hindlimb motor map organization bilaterally
in the intact state and for 5 weeks after injury using intracorti-
cal microstimulation (ICMS). Hemisection initially impaired
hindlimb motor function bilaterally but significant partial recov-
ery occurred by the third week. Recovery was paralleled by dy-
namic bilateral cortical changes, characterized by a transient
re-establishment of representation of the affected hindlimb in the
ipsilesional motor cortex and a chronic abolishment of hindlimb
motor maps in the contralesional motor cortex. Consistently,
cortical inactivation of the ipsilesional, but not contralesional,
motor cortex induced bilateral hindlimb deficits 3 weeks after
hemisection, but not in the intact state. Results suggest a role for
transient ipsilesional motor cortex plasticity in supporting spon-
taneous partial hindlimb motor recovery after unilateral SCI in

the rat. This work has been presented in abstract form (Brown
and Martinez, 2016).

Materials and Methods
Animals
One hundred and twenty-seven young-adult female Long–Evans rats
between 12 and 16 weeks of age (221–307 g) at the time of electrophysi-
ological mapping were used in this study. All rats were obtained from
Charles River Laboratories (rat line 006) and housed individually in clear
polycarbonate cages in a colony room maintained on a 12 h light/dark
cycle at 21°C. Rats were provided ad libitum access to food and water
(Prolab RMH 2500 lab diet, PMI Nutrition International) throughout
the duration of their housing. For ICMS experiments, 69 rats were ex-
cluded from analyses due do either incomplete damage to the ipsilesional
dorsal CST or overextended damage to the contralesional CST and right
cord (n � 65), or inconsistent anesthetic plane and evoked movements
during ICMS (n � 4). For cortical inactivation experiments, four rats
were excluded from analyses because of overextended damage to the
contralesional CST (n � 3) or headcap loss (n � 1). Of the 54 rats
included in the results, experimentation for 22 was conducted at Univer-
sité de Montréal, and for 32 at the University of Calgary. No differences
were observed between experiments performed at the two different loca-
tions with respect to lesion size, behavioral measures, or motor map
organization (t tests, all p � 0.05). All procedures followed the guidelines
of the Canadian Council on Animal Care and were approved by the
Health Sciences Animal Care Committee of the University of Calgary
( protocol #AC14-0145) and the ethics committee at the Université de
Montréal ( protocol #15-125).

Experimental approach
Global locomotor and postural abilities were first examined during loco-
motion in the open field. On the same day, ICMS was used to assess the
organization of hindlimb motor maps within both cortices either in the
intact state or at the end of a recovery period ranging 1–5 weeks following
a lateral hemisection of the thoracic (T8) spinal cord in a between-groups
time course design in separate groups of rats (6 groups, n � 8 per group;
Fig. 1 A, B). Next, we investigated the contribution of the ipsilesional and
contralesional motor cortex to hindlimb recovery using reversible corti-
cal inactivation during ladder walking before and following hemisection
in a within-subjects design in three rats with five trials conducted under
each inactivation condition and time point (Fig. 1C). Cortical inactiva-
tion was achieved using chronically implanted cryoloops targeting the
hindlimb motor cortex bilaterally. Following a week of recovery, baseline
horizontal ladder walking performance was assessed before and during
inactivation of either the ipsilesional or contralesional cortex. Implanted
rats were then subjected to a lateral hemisection of the thoracic (T8)
spinal cord and underwent weekly behavioral assessment on the horizon-
tal ladder before and during inactivation of either the ipsilesional or
contralesional motor cortex for 5 weeks.

Spinal cord injury
Anesthesia was induced with a mixture of isoflurane (3% induction,
0.5–3% maintenance) and oxygen. Once anesthetized, the trunk was
shaved, disinfected with iodine, and the rat placed in a stereotaxic frame.
Core body temperature was monitored continuously by rectal thermom-
eter and maintained at 37°C using a feedback-controlled heating pad.
Under aseptic conditions, a 2 cm midline incision in the skin was made
overlaying the T6 –T10 vertebrae, identified by palpitation from the pro-
tuberance of the second thoracic vertebra (Vichaya et al., 2009). The skin
and superficial muscles were retracted and the paravertebral muscles
inserting on the dorsal aspect of the T7–T9 vertebra were dissected. A
bilateral laminectomy of the T8 vertebra exposed the dorsal surface of the
spinal cord, the dura was incised, and droplets of lidocaine (2%) were
applied to the spinal cord to decrease spinal reflexes. A lateral hemisec-
tion of the left side of the spinal cord was performed under microscope
visualization with a dissecting knife and completed with iridectomy scis-
sors. Gelfoam (Pfizer) was placed over the exposed cord as well in the
cavity formed from the muscle dissection. Finally, the muscle layers and
skin were sutured. Buprenorphine hydrochloride (0.05 mg/kg, s.c.) was
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provided prophylactically for pain 20 min before the end of the surgery
and for 3 d after. Rats also received Baytril (10 mg/kg, s.c.; Bayer Animal
Health) antibiotic and 5 ml of lactated ringer’s solution (i.p.) for fluid
resuscitation. Rats were monitored throughout the postoperative period
to ensure proper micturition. Manual expression of the bladder was not
required.

Cryoloop implantation for cortical inactivation
Cryoloop construction has been described previously (Brown and Tes-
key, 2014). Loops fashioned from 23 gauge (0.635 mm outer diameter �
0.33 mm inner diameter) hypodermic stainless steel tubing. A linear 2
mm portion of the loop was shaped to conform to the surface to the
cortical surface. A microthermocouple made from 30 AWG gauge Teflon
insulated copper and constantan wire was soldered to the union of the
inlet and outlet tubes, which were led through a plastic, outside-
threaded, cylinder pedestal (1.7 mm height, 3.5 mm diameter). The mi-
crothermocouple wire was attached to terminating connector pins
(Omega Engineering) and dental acrylic was used encase the cryoloop
tubes, pedestal, and microthermocouple assembly. A detailed descrip-
tion of cryoloop manufacturing and operation is provided by Lomber et
al. (1999). Rats were placed under general, surgical plane anesthesia with
isoflurane (3% induction, 0.5–3% maintenance) and oxygen and fixed in
a stereotaxic instrument (Kopf) with the incisor bar set to skull flat. The
local anesthetic lidocaine (2%) was administered subcutaneously at the
incision site in the scalp. The skull was exposed, a partial craniotomy of
frontal bones was made over the sensorimotor cortex, and dura reflected.
Five stainless steel jeweler screws were placed in the skull adjacent to the
craniotomy to permit firm anchoring of the cryoloop headcap assembly.
The cryoloop assembly was disinfected with 70% ethanol and positioned
in place over the exposed cortex, resting on the pial surface. Loops tar-
geting the hindlimb motor cortex were implanted bilaterally �1.5 mm
posterior to bregma and 1.5–3.5 mm lateral to midline. Dura was re-
placed and a silicone elastomer (Kwik-Sil, World Precision Instruments)
was used to fill the cranial vault. Dental acrylic was used to secure the
cryoloop assembly to the skull and screws. The scalp was sutured around
the cryoloop and acrylic headcap. Buprenorphine hydrochloride (0.05
mg/kg, s.c.) was provided prophylactically for pain 20 min before the end
of the surgery and for 3 d after. Rats also received Baytril (10 mg/kg, s.c.;
Bayer Animal Health) antibiotic.

The surgical procedure to implant cryoloops, their presence in contact
with the cortex, and their operation has been shown not to disrupt the
structural or functional integrity of the cerebrum (Lomber and Payne,

1996; Yang et al., 2006; Brown and Teskey, 2014). Cryoloop dimensions,
holding temperature, and implantation coordinates were chosen to pro-
vide effective inactivation of the hindlimb cortical representation based
on cortical temperature recordings revealing an inactivation area of 7
mm 2 where tissue temperatures at depth (1.5 mm) were held �20°C
(Lomber et al., 1999) in addition to the abolition of evoked ICMS re-
sponses (Brown and Teskey, 2014). In validation experiments, acute in-
activation of the hindlimb motor cortex was shown to reversibly abolish
ICMS-evoked hindlimb, but not forelimb movement in the anesthetized
rat indicating selective targeting of the hindlimb cortex. Following be-
havioral assessment, implanted rats underwent electrophysiological
mapping to validate correct loop placement over hindlimb motor cortex
and verify cortical integrity after implantation by assessing evoked re-
sponses to ICMS stimulation. We observed hindlimb-responsive sites to
ICMS within the ipsilesional cortex underlying cryoloop coordinates in
all cases.

Inactivation of hindlimb motor cortex
The cortex was cooled by pumping chilled methanol from a methanol/
dry ice bath mixture through Teflon tubing connected to cryoloop inlet/
outlet tubes with a reciprocating piston pumps (QG150-Q1-CSC, Fluid
Metering) to maintain a constant loop temperature of 4°C. Loop tem-
peratures were monitored (HH-25TC digital thermometer, Omega En-
gineering) and controlled to � 1°C of the desired value by controlling the
rate of methanol flow. Cortical inactivation was terminated by stopping
methanol flow and allowing passive re-warming of the cortex. The order
of behavioral testing between inactivation conditions (ipsilesional, con-
tralesional) was counterbalanced between sessions. Five minutes were
given in between testing sessions to allow cortical temperatures to return
to normal values.

Behavioral assessment
Open-field score. To evaluate spontaneous recovery of global locomotor
and postural abilities, rats were assessed in an open field and scored using
an adapted version of a neurological scoring scale originally developed
for evaluating locomotor function after cervical SCI (Martinez et al.,
2009). Rats were tested individually for 4 min in a circular Plexiglas open
field (96 cm diameter, 40 cm wall height) under low light to encourage
exploratory behavior. Testing sessions were recorded for off-line analyses
(30 frames/s). Behavioral deficits were categorized for both hindlimbs
separately by evaluating specific parameters of articular movement ampli-
tude, weight support, fine distal positioning, stepping abilities, and forelimb-

Figure 1. Spinal cord injury model and experimental design. A, Schematic representation of the SCI model. Lateral hemisection of the thoracic (T8) spinal cord severs the crossed CST originating
from the contralesional hindlimb motor cortex, which no longer has access to the motoneurons that innervate the ipsilesional hindlimb. In contrast, crossed CST projections from the ipsilesional
motor cortex are spared by the hemisection and still have an access to the spinal motor circuits. B, Hindlimb motor performance was assessed using a neurological rating scale in an open field and
bilateral cortical hindlimb motor maps were derived using ICMS in separate groups of rats before and 1–5 weeks after hemisection (n � 8 rats/group). C, Cryoloops targeting ipsilesional and
contralesional hindlimb motor cortices were chronically implanted in three rats. Ladder walking was assessed before and during separate inactivation of the ipsilesional or contralesional hindlimb
motor cortex before and for 5 weeks after hemisection in the same rats.
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hindlimb coordination. Scores were tallied by evaluating: (1) articular
movement amplitude of hip, knee, and ankle (0 � absent, 1 � slight, 2 �
normal); (2) stationary and active weight support of the limb (0 � ab-
sent, 1 � present); (3) digit position of hindlimb (0 � flexed, 1 � atonic,
2 � extended); (4) paw placement at initial contact (0 � dorsal, 1 �
internal/external rotation, 2 � parallel); (5) paw orientation during lift
(1 � internal/external rotation, 2 � parallel); (6) movement during swing
(1 � irregular, 2 � regular); (7) coordination between the forelimb and
hindlimb (0 � absent, 1 � occasional, 2 � frequent, 3 � consistent); and (8)
tail position (0 � down, 1 � up) for a maximum of 20 points. A sample
scoring rubric is provided in Extended Data Figure 4-1, available at
https://doi.org/10.1523/JNEUROSCI.1062-18.2018.f4-1.

Horizontal ladder-rung walking. To evaluate skilled voluntary control
of the limbs, motor performance was assessed before and during inde-
pendent inactivation of the ipsilesional and contralesional hindlimb mo-
tor cortex using the horizontal ladder-rung walking test (Soblosky et al.,
1997). Rats were trained to walk across a ladder (130 cm long; rungs of 3
mm diameter regularly spaced by 2 cm). A mirror was positioned 45°
under the ladder to facilitate video recording of paw placement and
movement from both lateral and ventral views. The percentage of foot-
faults made over the number of total consecutive steps for each limb was
used to characterize locomotor performance (Metz and Whishaw, 2002).
Foot-faults were defined as either (1) a total miss, where a deep fall of the
limb occurs after the rat misses the rung and fails to touch it; (2) a deep
slip, where a deep fall of the limb occurs after the rat slips off the rung
causing a loss of balance and body posture; or (3) a slight slip, where the
limb slips off the rung but does not cause a loss of balance or body posture
and the animal continues to walk. The percentage of forelimb and
hindlimb foot-faults for each rat was calculated as the number of foot-
faults made by each limb referenced to the number of steps made by each
limb. Five trials were conducted per rat under each testing condition and
time point and the total percentage of foot-faults was used for analyses.
Testing sessions were recorded for later off-line analyses (30 frames/s).

Electrophysiological mapping of hindlimb motor cortex
Standard ICMS techniques (Neafsey et al., 1986; Brown et al., 2009;
Martinez et al., 2010), detailed in this section, were used to generate
motor maps of the hindlimb motor cortex. Rats were anesthetized with
ketamine hydrochloride (80 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.) and

secured in a stereotaxic frame with the incisor bar set to skull flat. Sup-
plemental alternating injections of either ketamine (25 mg/kg) or a mix-
ture of ketamine (17 mg/kg) and xylazine (2 mg/kg) were given i.p. as
required throughout surgery to maintain a constant level of anesthesia as
determined by monitoring vibrissae whisking, breathing rate, and foot
and tail reflex in response to a gentle pinch. A 7 � 5 mm craniotomy was
performed over both sensorimotor cortices. The window approximately
extended between 3 mm anterior to and 4 mm posterior to bregma and
from midline to 5 mm lateral. A small puncture was made in the cisterna
magna with an 18 gauge hypodermic needle to reduce cortical edema.
Dura was removed and silicone fluid (Factor II) heated to body temper-
ature was used to cover the cranial window. A 32� image of the exposed
portion of the brain was captured using digital camera (Canon Canada)
coupled to a Stemi 2000-C stereomicroscope (Carl Zeiss), and displayed
on a personal computer. A grid of 500 �m squares was then overlaid on
the digital image using Canvas imaging software (v11, ACD Systems).
Penetrations were performed at the intersections of the grid lines and in
the center of each square to give an interpenetration distance of 354 �m,
except when located over a blood vessel in which case a penetration was
not performed.

Glass-coated platinum/iridium microelectrodes with an input imped-
ance of 0.5 � 0.1 M� (1000 Hz, 10 nA) were used (FHC). Electrode
impedance was monitored throughout mapping experimentation and
electrodes were discarded when impedance measurements dropped
�0.3 M�. Electrodes were guided into the neocortex to a depth of 1550
�m via microdrive (David Kopf Instruments model 2650), correspond-

Figure 2. Extent of the spinal lesions. A, Microphotograph of a coronal spinal cord section at
thoracic (T8) level after lateral hemisection stained with cresyl violet (cell bodies, purple) and
luxol fast blue (myelin, blue) indicating damage to gray and white matter in the left hemicord
including the dorsal CST (shown in B) with majority sparing of the right dorsal corticospinal
tract. Scale bar, 500 �m. B, Schematic drawings of the largest (black fill) and smallest (white
dashed lines) lesion area within each group. D, Dorsal; V, ventral; L, left; R, right. C, Comparisons
of the extent of maximum cross section lesion area as a percentage of total cross section area in
hemisection groups (n � 8 rats/group). No statistical differences in lesion size was observed
between groups (ANOVA, p�0.219). Data are plotted as group mean�SD. See also Figure 2-1
(available at https://doi.org/10.1523/JNEUROSCI.1062-18.2018.f2-1) for individual values and
Figure 3 demonstrating that contralesional hindlimb motor maps are abolished, whereas the
majority of ipsilesional hindlimb motor map area is preserved acutely (1 h) after hemisection.

Figure 3. Ipsilesional hindlimb motor maps are preserved 1 h after hemisection. A, Surface
plots showing the frequency distribution of hindlimb motor maps derived with ICMS in the
intact state and 1 h after hemisection (n � 3 rats). After hemisection, hindlimb motor maps
were abolished in the contralesional cortex and preserved in the ipsilesional cortex. B, Quanti-
fication of hindlimb motor map area after hemisection relative to the intact state (%). Data are
plotted as group mean � SD.
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ing to the somatic region of neocortical layer V pyramidal neurons (Tes-
key et al., 2002). Movements can be readily elicited within a large (1550 �
150 �m depth from surface) profile of the motor cortex with negligible
effect on their nature or threshold (Young et al., 2011). An isolated pulse
stimulator (Model 2100, A-M Systems) was used to deliver electrical
current. A ground stimulation lead was placed in contact with exposed
neck musculature from the incision to puncture the cisterna magna.
Stimulation trains were 40 ms long and consisted of 13 biphasic cathodal-
lead pulses, each 200 �s in duration, delivered at a frequency of 333 Hz
with a train rate of 1 Hz.

The hip was affixed to a spinal unit allowing free range of motion of the
hindlimbs, with the abdomen supported by an elevated homeostatic
heating pad. To determine a movement threshold, current intensity was
increased from 0 �A, until a movement was elicited or to maximum of
100 �A, and then decreased until the movement was no longer present.
Any penetration site that failed to elicit a movement at this maximum
intensity was considered nonresponsive. A maximum of 10 trains of
pulses were delivered to any given penetration site. The border of the
hindlimb motor map was first defined consisting of either non-hindlimb
movements (neck, jaw, vibrissae, trunk, tail, and forelimb) or nonre-
sponsive points in a systematic fashion. Once the border was defined, the
central hindlimb map was filled in. Hindlimb movements were classified
as either flexion or extension of the hip, knee, ankle, or toes. This proce-

dure was used to minimize the likelihood of the microstimulation session
affecting the map boundaries (Nudo et al., 1990). Throughout the sur-
gery, anesthetic levels were monitored every 15 min by verifying the
thresholds for previously defined positive-response sites. Movements
were monitored visually during electrophysiological mapping and video-
recorded for subsequent analysis (30 frames/s). A light-emitting diode
synchronized with stimulator output was fixed to the stereotaxic frame in
the camera field-of-view. Each responsive site was taken to represent
0.125 mm 2 of cortical surface (354 � 354 �m). Mean stimulation thresh-
olds for hindlimb movements were also calculated. A change in map
organization was considered as alterations in the total hindlimb repre-
sentation size as well as the size of representation of each hindlimb joint,
and the lateralization of the evoked movement (ipsilateral, contralateral,
or bilateral limb movement) between groups. Threshold analyses were
also performed to assess group differences in the minimum current in-
tensity required to elicit hindlimb movements during ICMS.

Histological controls
Following ICMS, rats were given a lethal dose of sodium pentobarbital
and transcardially perfused with 150 ml of 0.1 M PBS followed with 250
ml of cold paraformaldehyde (PFA; 4%) in PBS. The spinal cord between
T6 and T10 vertebral segments was carefully dissected out and postfixed
for 12 h in PFA. Tissue was then cryoprotected in 30% sucrose for 48 h or
until sunk. A Cryostat was used to cut 40 �m frozen coronal sections.
Every third section was mounted onto gelatin-coated slides and stained
with cresyl violet (0.5%) to visualize cell bodies in the spinal gray matter
and luxol fast blue (0.1%) to visualize myelin in the spinal white matter.
Hemisection lesion extent was quantified by evaluation of the maximal
percentage of damaged tissue of the cord observed in the coronal plane as
described previously (Martinez et al., 2010).

Experimental design and statistical
analyses
The experimental design for the different experiments is described in
previous subsections. All rats were randomly assigned to experimental
groups. All experiments were conducted by A.R.B. and behavioral exper-
iments were blindly analyzed by M.M. to avoid experimental bias. To
compare the hemisection lesion size between postoperative groups, one-
way ANOVA was used. Ordinal open-field locomotor scores were as-
sessed with the Kruskal–Wallis nonparametric tests supplemented with
Dunn’s multiple-comparison tests (Benjamini–Hochberg FDR correction)
to examine differences between intact and postoperative time points. As
hindlimb responses were not elicited 1 week after hemisection, ANOVA
supplemented with Tukey HSD multiple-comparison tests were used to
compare electrophysiological mapping data (motor map size and move-
ment thresholds) between intact and postoperative time points 2–5 weeks
after hemisection (5 groups, n � 8 rats/group). ANOVA supplemented with
Tukey HSD multiple-comparison tests were also used to examine the differ-
ences between all intact and postoperative hemisection time points for the
amounts of ketamine and xylazine anesthetic delivered during ICMS (6
groups, n � 8 rats/group). The percentage of cortical stimulation sites evok-
ing bilateral movement at 3 weeks after hemisection compared with the
intact state were not normally distributed due to an absence of bilateral
movements being evoked in the intact state, and were assessed using a non-
parametric Mann–Whitney test (2 groups, n � 8 rats/group). A two-factor
repeated-measures ANOVA supplemented with Bonferroni-corrected
multiple-comparison tests, using intact and postlesion time points as one
factor and inactivation condition as a second factor, was used to assess hor-
izontal ladder crossing performance for cortical inactivation behavioral data.
Post hoc comparison testing was only performed when a main effect was
observed. Statistical analyses were performed using R 3.4.3 (R Core Team,
https://www.R-project.org/) and GraphPad Prism 6. All analyses were
two-tailed. An experiment-wide � level of 0.05 was used. Data are
presented as group mean � SD. *p � 0.05, **p � 0.01, ***p � 0.001.

Results
Extent of spinal cord lesions
In all rats, hemisections targeted the left side of the spinal cord, and
although somewhat variable between rats, the lesions were mainly

Figure 4. Postoperative time course of changes in locomotor performance in the open field.
A, Ipsilesional and B, contralesional hindlimb performance was significantly impaired from
intact values during the first 3 and 2 weeks after hemisection. Data are plotted as group
mean � SD (n � 8 rats/group). Statistical evaluation was performed with Kruskal–Wallis and
Dunn’s multiple-comparison tests, asterisks indicate significances: *p � 0.05, **p � 0.01,
***p � 0.001. See also Figure 2-1 (available at https://doi.org/10.1523/JNEUROSCI.1062-
18.2018.f2-1) for individual values and Figure 4-1 (available at https://doi.org/10.1523/
JNEUROSCI.1062-18.2018.f4-1) for the scoring rubric.
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confined to the left side of the cord. The hemisections disrupted the
crossed CST from the contralesional motor cortex while sparing the
majority of the crossed CST from the ipsilesional motor cortex (Fig.
2A,B). No significant difference in hemisection lesion size, calcu-
lated as the maximal percentage of damaged cross-sectional cord
area, was found between postlesion groups (F(4,35) � 1.515, p �
0.219, ANOVA; Fig. 2C and Fig. 2-1 available at https://doi.org/
10.1523/JNEUROSCI.1062-18.2018.f2-1). To ensure that the lesion
technique spared the majority of the CST on one side only ICMS was
performed in an additional three rats to probe hindlimb motor maps
in the intact state and 1 h after injury. Hemisection abolished
hindlimb movements evoked in the contralesional hemisphere and
preserved 87.1 � 4.1% of hindlimb responses in the ipsilesional
hemisphere (Fig. 3).

SCI results in spontaneous open-field locomotor recovery
For the first 2–3 d following hemisection, the primary conse-
quence of the injury was a flaccid paresis of the ipsilesional
hindlimb. Performance of the ipsilesional hindlimb was signifi-
cantly impacted by the lesion (H(6,47) �36.8, p�2.65E-07, Kruskal–
Wallis; Fig. 4A and Fig. 2-1 available at https://doi.org/10.1523/
JNEUROSCI.1062-18.2018.f2-1) over the first 3 weeks (Week 1: p �
6.48E�07, Week 2: p � 3.20E�03, Week 3: p � 0.0105, Dunn’s
tests). A residual deficit in the ipsilesional hindlimb was notable ex-
ternal rotation of the paw during lift. A persistent disruption of fore-
limb-hindlimb coupling was also observed on the side of the lesion.
The contralesional hindlimb exhibited significant (H(6,47) � 32.1,
p � 5.68E�06, Kruskal–Wallis; Fig. 4B), but smaller, alterations in
hindlimb performance by comparison to the ipsilesional hindlimb
during the first 2 weeks (Week 1: p � 6.0E�06, Week 2: p � 0.0043,
Dunn’s tests) that could reflect compensation for the opposite limb
or deficits resulting from a lack of postural stability, weight support,
and consistent stepping. The hemisection did not impact forelimb
function in any rat.

Hindlimb motor maps in the intact state
In intact rats, ICMS evoked movement of the contralateral
hindlimb exclusively up to 100 �A. Hindlimb motor maps were
centered between 0.5–3.0 mm posterior to bregma and 1.0 –3.0
mm lateral from midline (Figs. 5, 6A,F). Total hindlimb motor

map size was 2.4 � 0.3 mm 2 (Fig. 7A and Fig. 2-1 available at
https://doi.org/10.1523/JNEUROSCI.1062-18.2018.f2-1).
Hindlimb representations were bounded in the anterior aspect by
the caudal end of central forelimb motor area, consistent with
previous work in male Long–Evans rats (Neafsey et al., 1986). In
some rats, hindlimb and forelimb representations were bounded
by an intervening strip of trunk or tail representation. Evoked
hindlimb responses comprised flexions of the hip (12.6 � 9.0%
of total hindlimb area), knee (19.7 � 12.3%), ankle (50.0 �
11.0%), and toe (17.7 � 9.5%; Fig. 7B). Mean stimulation inten-
sity to evoke hindlimb movement was 54.1 � 9.3 �A (Fig. 7C and
Fig. 2-1 available at https://doi.org/10.1523/JNEUROSCI.1062-
18.2018.f2-1). Hindlimb motor map size, location and move-
ment thresholds observed presently in the female Long–Evans rat
is similar to previous reports in Lewis (Fouad et al., 2001) and
Fisher-444 (Frost et al., 2013) rats, indicating that hindlimb mo-
tor map organization is conserved across these strains.

Dynamic reorganization of hindlimb motor maps after SCI
One week following hemisection we observed a marked absence
of hindlimb motor maps in both the ipsilesional (Fig. 6B) and
contralesional (Fig. 6G) motor cortices. Hindlimb representa-
tions remained absent from contralesional motor cortex from 1
to 5 weeks after injury (Fig. 6G–J). While forelimb movements
could be evoked from the caudal end of the central forelimb
representation, there was no encroachment of either the neigh-
boring forelimb representation or any other somatic movement
representation within hindlimb cortical territory in the contral-
esional motor cortex. In the ipsilesional cortex, we observed a
dynamic reorganization of hindlimb motor maps 2– 4 weeks after
hemisection (Fig. 6C–E). The ipsilesional cortex regained a rep-
resentation of the contralesional hindlimb 2 weeks after hemisec-
tion that was significantly smaller (0.9 � 0.3 mm 2) than in intact
rats (2.4 � 0.3 mm 2, F(4,35) � 35.9, p � 6.19E�12, ANOVA,
Tukey post hoc p � 0.001; Figs. 6C, 7A, and Fig. 2-1 available at
https://doi.org/10.1523/JNEUROSCI.1062-18.2018.f2-1). The
ipsilesional cortex then gained transient, bilateral access to the
spinal cord below the hemisection 3 weeks after injury demon-
strated by ICMS evoking movement in both hindlimbs in 43.3 �
13.6% of hindlimb-responsive stimulation sites compared with

Figure 5. Representative hindlimb motor maps in an intact rat derived with ICMS. Stimulation sites evoking contralateral hindlimb movements of the hip (purple), knee (pink), ankle (dark blue),
and toe (light blue) at �100 �A. The hindlimb representation is bounded by forelimb responses at its anterior border (green). Tail movement is indicated in orange. Unresponsive stimulation sites
(showed by X) mark the medial, lateral, and posterior hindlimb representation borders.
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only contralateral movements in the in-
tact state (Mann–Whitney U � 0.0, p �
0.0002; Figs. 6A,D, 7A). Bilateral move-
ments primarily involved hip or ankle
flexion at the same movement threshold
between hindlimbs. No significant differ-
ence in movement thresholds were ob-
served between unilateral and bilateral
hindlimb movements evoked 3 weeks af-
ter hemisection (t(14) � 0.0238, p �
0.981). Hindlimb motor map size in the
ipsilesional cortex 3 weeks after hemisec-
tion was still significantly reduced (1.2 �
0.3 mm 2) compared with intact rats
(2.4 � 0.3 mm 2; Tukey post hoc p � 0.001;
Fig. 7A). Smaller hindlimb motor maps
after hemisection were due to a significant
reduction in the cortical area eliciting
knee flexion 2 weeks after injury (p �
0.019) and ankle flexion 2–3 weeks after
injury (2 weeks: p � 0.0012, 3 weeks: p �
0.0004) compared with intact controls
(Fig. 7B), indicating a graded proximal to
distal recovery of joint representation
over time. Four and 5 weeks after he-
misection, the ipsilesional motor cortex
regained a normal representation of the
contralesional hindlimb (Figs. 6E, 7A).
The results on map size were not due to
significant changes in movement thresh-
olds between groups, although a trend for
increased thresholds was observed 2–3
weeks after hemisection (F(4,35) � 2.38,
p � 0.0701, ANOVA; Fig. 7C). As the
amount of ketamine-xylazine anesthesia
administered during ICMS has been
shown to influence both movement
thresholds and map size (Tandon et al.,
2008), this parameter was systematically
controlled for in ICMS experiments. The
mean amount of ketamine administered
during electrophysiological mapping was
0.123 � 0.022 mg/g/h and did not differ
between groups (F(5,42) � 0.868, p �
0.511, ANOVA). Similarly, the mean
amount of xylazine administered was
0.0317 � 0.0083 mg/g/h and did not differ
between groups (F(5,42) � 0.959, p �
0.454, ANOVA).

Inactivation of the ipsilesional motor
cortex 3 weeks after SCI impairs
hindlimb performance bilaterally on
the horizontal ladder
We next sought to determine whether the
dynamic reorganization of ipsilesional
hindlimb motor maps after hemisection
relate to behaviorally functional compen-
sation of ipsilesional cortical control over
the ipsilesional hindlimb after injury. We
hypothesized that if the bilateral cortical
hindlimb representations observed tran-
siently 3 weeks after hemisection were

Figure 6. Dynamic reorganization of hindlimb motor maps after hemisection. A, F, In intact rats, hindlimb motor maps
contain representations of contralateral joints (hip, knee, ankle, toe) exclusively. B, C, Ipsilesional hindlimb motor maps
disappear in the initial week after hemisection and reappear 2 weeks after SCI. D, Three weeks after hemisection, the
ipsilesional hindlimb motor maps reorganize to produce movements of both hindlimbs. E, Four to 5 weeks after hemisec-
tion, the ipsilesional motor maps return to normal. G–J, Following hemisection, contralesional hindlimb motor maps
remain absent for up to 5 weeks.
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functionally relevant to locomotor recovery of the affected limb,
then reversible inactivation of ipsilesional hindlimb motor cortex
at this time point would impair locomotor performance bilater-
ally. To address this question, we used reversible cryogenic inac-
tivation of the motor cortex in behaving rats (Brown and Teskey,
2014). In validation experiments, inactivation of hindlimb motor
cortex was shown to reversibly abolish ICMS-evoked hindlimb
movement the anesthetized rat (Fig. 8). Cryoloops targeting
ipsilesional and contralesional hindlimb motor cortex were
chronically implanted and rats were trained on the horizontal
ladder-rung walking test. Ladder crossing performance was as-
sessed in the intact state and for 5 weeks following hemisection
before and during separate inactivation of the ipsilesional and
contralesional cortices.

Before cortical inactivation, rats showed partial spontaneous
hindlimb recovery in the ladder task (Fig. 9). There was a signif-
icant increase in foot-faults made by the ipsilesional hindlimb 1

week after hemisection (84.7 � 15.7%) compared with the intact
state (3.5 � 3.6%; F(5,10) � 75.85, p � 1.27E�7, ANOVA simple
effect, Bonferroni post hoc p � 1.01E�14). Ladder crossing per-
formance significantly improved for the ipsilesional hindlimb
over the next 2 weeks after hemisection (Week 2: 58.9 � 4.7%,
p � 6.45E�6; Week 3: 46.7 � 5.2%, p � 0.035) until Week 4
(35.7 � 7.4%; p � 0.075). A residual deficit in performance re-
mained at 5 weeks (25.1 � 9.2%) compared with the intact state
(p � 8.00E�5). There was also a significant impairment in con-
tralesional hindlimb performance during ladder walking 1
(20.6 � 12.6%) and 2 (11.5 � 6.7%) weeks after hemisection
compared with intact values (2.4 � 2.1%, F(5,10) � 9.56, p �
0.00014, ANOVA simple effect, Bonferroni post hoc p �
5.5E�10, p � 5.6E�5) that quickly recovered the following week
(7.8 � 3.9%, p � 0.187). Inactivation of the ipsilesional hindlimb
motor cortex 3 weeks after hemisection significantly increased
the percentage of hindlimb foot-faults made by both the ipsile-
sional (F(2,4) � 23.55, p � 0.0061, ANOVA simple effect, Bonfer-
roni post hoc p � 0.0001) and contralesional hindlimbs (F(2,4) �
7.02, p � 0.049, ANOVA simple effect, Bonferroni post hoc p �
9.41E�9) during ladder walking (Fig. 9). In contrast, the same
cortical inactivation applied to the contralesional cortex after he-
misection or applied in the intact state had no impact on either
hindlimb (all p � 0.05). Importantly, the impact of ipsilesional
cortical inactivation on disrupting hindlimb function was
only effective on the third week after hemisection, demon-
strating that the bilateral representations of hindlimb move-
ments observed in the motor maps were functionally relevant
to recovery. No significant changes in the percentage of foot-
faults made by the forelimbs were observed during inactiva-
tion of either cortex in the intact state or 3 weeks after
hemisection (all p � 0.05; Fig. 10).

Figure 7. Quantification of ipsilesional motor map reorganization. A, ICMS of the ipsilesional
motor cortex evoked movement in both hindlimbs 3 weeks after hemisection, but not in the
intact state. Statistical differences in the cortical area evoking bilateral hindlimb movement
after hemisection from the intact state is showed by ### ( p � 0.001, Mann–Whitney test).
Statistical differences in the cortical area evoking contralateral hindlimb movement is showed
by ** ( p � 0.01, ANOVA supplemented with Tukey HSD). B, The smaller hindlimb motor maps
in the ipsilesional motor cortex 2–3 weeks after hemisection were related to a significant
decrease in ankle (showed by **p � 0.01 and ***p � 0.001, Tukey HSD) and knee (showed by
#p � 0.05, Tukey HSD) representation. C, Movement thresholds did not significantly differ
between postlesion groups ( p � 0.0701, ANOVA). All data are plotted as group mean � SD
(n � 8 rats/group). See also Figure 2-1 (available at https://doi.org/10.1523/JNEUROSCI.1062-
18.2018.f2-1) for individual values.

Figure 8. Inactivation of hindlimb motor cortex. A, Schematic representation of the cortical
inactivation area centered on the hindlimb motor map. B, Photomicrograph of the cryoloop
assembly placed over the hindlimb motor cortex. Scale bar, 500 �m. M, Medial; L, Lateral; A,
anterior; P, posterior. C, Contralateral hindlimb movement evoked by ICMS is abolished during
cooling inactivation and reinstated following passive rewarming of the cortex. White markers
indicate the initial position on hindlimb joints (hip, knee, ankle, metatarsophalangeal, and toe)
before stimulation. Red markers indicate maximal joint displacement during ankle flexion, if
observed, from baseline during a 40 ms stimulation trial at 100 �A.
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Discussion
We performed behavioral, electrophysiological, and cortical in-
activation experiments to determine the time course of hindlimb
motor cortex plasticity and its role in spontaneous partial
hindlimb recovery after hemisection of the thoracic spinal cord in
a rat model of unilateral SCI. We demonstrate that while
hindlimb motor maps in the contralesional cortex are abolished
for 5 weeks after hemisection, the ipsilesional cortex undergo
dynamic plasticity to gain a transient representation of both
hindlimbs 3 weeks after injury. This result indicates that after
CST projections from the contralateral motor cortex were sev-
ered by the hemisection, the ipsilesional motor cortex gained
access to the spinal cord below the lesion to produce movements
of the ipsilesional hindlimb. We next evaluated whether cortical
plasticity functionally relates to hindlimb motor recovery by re-
versibly inactivating the ipsilesional or contralesional hindlimb
motor cortex during ladder walking. Inactivation of the ipsile-
sional hindlimb motor cortex 3 weeks after hemisection impaired
performance of both hindlimbs. These findings indicate a role for
ipsilesional motor cortex plasticity in supporting spontaneous
hindlimb motor recovery after SCI.

Spontaneous hindlimb motor recovery after SCI
Locomotion was initially affected in both hindlimbs after he-
misection. Importantly, the ipsilesional hindlimb was critically
more affected than the contralesional hindlimb. Spontaneous

recovery of joint articulation, active step-
ping, and weight support during locomo-
tion in the open field occurred within 3
weeks, consistent with other studies using
this SCI model in the rat (Ballermann and
Fouad, 2006; Arvanian et al., 2009; Leszc-
zynska et al., 2015). The coordination be-
tween forelimbs and hindlimbs on the
side of the hemisection was also affected
(Helgren and Goldberger, 1993; Bem et
al., 1995; Barrière et al., 2010) and is likely
due to interruption of various pathways
connecting cervical and lumbar segments
that couple the fore- and hindlimb loco-
motor circuits (Sherrington and Laslett,
1903; English, 1980; Courtine et al., 2008).
During horizontal ladder walking, hind-
limb foot-faults were significantly in-
creased on both sides the first week after
hemisection. The contralesional hindlimb
recovered to intact values the following
week. The ipsilesional hindlimb showed
progressive improvement during the first
3 weeks after hemisection with residual
deficits remaining until the end of exper-
imental evaluation similar to a previous
report (Ballermann and Fouad, 2006).

Contralesional hindlimb motor maps
are abolished after SCI
Hindlimb responses could not be evoked
by ICMS in the contralesional cortex for 5
weeks after hemisection, suggesting that it
remained disconnected from its interneu-
ronal and motoneural targets in the spinal
cord below the lesion. Hindlimb motor
maps are known to remain absent for up

to 4 weeks after SCI disrupting both crossed CSTs (Fouad et al.,
2001; Frost et al., 2015; Manohar et al., 2017). Selective lesions of
both dorsal cervical CSTs in mice leads to a re-emergence of
forelimb and hindlimb motor maps within both cortices during
behavioral recovery, but recovery is prevented by subsequent si-
lencing of spared dorsolateral CST projections (Hilton et al.,
2016). As the injury model used in our study transects both dorsal
and dorsolateral CST outputs from the contralateral cortex, the
mouse result suggests that a combined lesion of both projections
in the rat is required to prevent motor map re-emergence for up
to 5 weeks after SCI. Expansion of adjacent forelimb or orofacial
movement representation into hindlimb cortical territory was
not observed, in contrast to selective bilateral dorsal funiculus
lesions (Fouad et al., 2001). A lack of remapping in the hindlimb
motor cortex is consistent with this area representing extensive
sensorimotor overlap (Donoghue and Wise, 1982) that has been
suggested to limit the extent of motor remapping after injury
(Donoghue and Sanes, 1988; Giszter et al., 1998).

Ipsilesional hindlimb motor maps reorganize after SCI
Dynamic reorganization of hindlimb motor maps was observed
in the ipsilesional cortex after hemisection. Hindlimb move-
ments were not evoked in the ipsilesional cortex the first week
after injury and hindlimb cortical area was smaller than normal
the following week. A decline in transmission from uninjured
contralesional CST fibers has been previously reported and

Figure 9. Effect of hindlimb motor cortex inactivation on hindlimb motor performance. Acute inactivation of the ipsilesional
hindlimb motor cortex significantly increased foot faults of both A, ipsilesional and B, contralesional hindlimbs during ladder
walking 3 weeks after hemisection compared with before inactivation and during contralesional cortical inactivation. Data are
plotted as group mean � SD in three rats. Statistical evaluation was performed with a two-factor ANOVA supplemented with
Bonferroni multiple-comparison tests, asterisks indicate significance: **p � 0.01, ***p � 0.001.
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linked to a temporary demyelination of
intact axons during the first 2 weeks after
hemisection (Arvanian et al., 2009). De-
creased responsiveness of the ipsilesional
hindlimb motor cortex to ICMS in the
initial period after hemisection may also
reflect a reduced ability to summate de-
scending volleys at the spinal level (Cirillo
et al., 2016) due to reduced interhemi-
spheric (Aguilar et al., 2010) or spinal (Di-
tunno et al., 2004) excitability. Three
weeks after hemisection, during the time
of spontaneous hindlimb recovery,
the ipsilesional motor cortex reorganized
to develop a novel representation of
both hindlimbs in a subset of stimula-
tion sites. Forty-three � 13% of
hindlimb-responsive stimulation sites
evoked movements of the two hindlimbs
at this time point, whereas in the intact
state, ICMS evokes contralateral hindlimb
movements (Neafsey et al., 1986; Fouad et
al., 2001). A role for cortical plasticity in
the intact hemisphere after unilateral CST
damage may also generalize to other in-
jury models. After a controlled unilateral
contusion to the motor cortex, reorgani-
zation of motor maps is observed in the
uninjured motor cortex where ICMS be-
gins to evoke bilateral movement of the
limbs (Axelson et al., 2013). Following
unilateral cortical stroke (Witte et al.,
2000; Shimizu et al., 2002; Rehme et al.,
2012) and SCI (Frost et al., 2015) there is
increased motor cortex activity contralat-
eral to the lesion that may be capable of significant compensation
for contralateral cortical dysfunction in humans (Strens et al.,
2003). Midline-crossing CST fibers arborize in the intermediate
laminae of contralateral spinal gray matter after SCI (Fouad et al.,
2001; Raineteau et al., 2002; Ghosh et al., 2009, 2010). Collateral
sprouting of undamaged ipsilesional CST fibers could innervate
contralateral interneuronal and motoneuronal pools and allow
movements of both hindlimbs from stimulation of the ipsile-
sional cortex. Although the uncrossed ventral CST projection
from the ipsilesional cortex (Brösamle and Schwab, 1997) can
also promote functional recovery after unilateral injury, it was
not consistently spared between rats. From the fourth week after
hemisection, bilateral hindlimb movements were no longer
evoked by ICMS. At this time point cortical synaptic remodeling
and pruning occurs (Kim et al., 2006). The loss of bilateral
hindlimb representations after hemisection may reflect a refine-
ment of synaptic connections in subcortical motor circuits in-
cluding the cerebellum (Proville et al., 2014), basal ganglia
(Turner and Desmurget, 2010), reticular formation (Zörner et
al., 2014), or spinal cord (Alluin et al., 2009; Martinez et al., 2011,
2012a,b, 2013; Gossard et al., 2015) that may be shaped to sup-
port hindlimb control after injury.

Cortical plasticity participates in hindlimb motor recovery
after SCI
Inactivation of the ipsilesional hindlimb motor cortex 3 weeks
after hemisection, at the time in which it expressed a bilateral
representation of the hindlimbs, impaired ladder walking perfor-

mance of both hindlimbs. Performance was impaired to levels
observed 1 week after hemisection, suggesting that plasticity of
the ipsilesional motor cortex is participating in hindlimb motor
recovery after injury. Inactivation of hindlimb motor cortex did
not affect hindlimb performance on the ladder in the intact state
or at other time points after hemisection. This would also suggest
that in the intact state hindlimb motor performance in the rat is
less sensitive to cortical inhibition than the forelimbs (Brown and
Teskey, 2014) and ipsilesional cortical plasticity after hemisection
strengthened corticospinal input to spinal circuits below the le-
sion bilaterally that were sensitive to cortical inhibition. Similar
results have also been reported where focal lesions of the
hindlimb and trunk motor cortex in rats produce no treadmill
locomotor deficits in the intact state, but do after spinal transec-
tion indicating that locomotor recovery becomes cortically de-
pendent in some SCI models (Giszter et al., 2008).

The contralesional cortex may resume voluntary control over
the ipsilesional hindlimb at later stages after injury. Movements
evoked by ICMS predominantly reflect CST connectivity of the
motor cortex to the interneuronal and motoneuronal pools in the
spinal cord as they are abolished by pyramidotomy (Brus-Ramer
et al., 2009) and ICMS of the motor cortex 3 months after dorsal
spinal hemisection evokes hindlimb movements that are also
abolished by subsequent pyramidotomy (Bareyre et al., 2004). An
absence of motor maps, however, does not preclude activity in
the motor cortex from influencing descending motor control via
indirect spinal cord projections which can be influenced by cor-
tical synaptic block provided by cooling inactivation, particularly

Figure 10. Effect of hindlimb motor cortex inactivation on forelimb motor performance. Acute inactivation of the either the
ipsilesional and contralesional hindlimb motor cortex in the intact state or 3 weeks after hemisection did not affect the foot-faults
made by the A, ipsilesional or B, contralesional forelimbs during ladder walking (all p � 0.05, two-factor ANOVA supplemented
with Bonferroni multiple-comparison tests). Data are plotted as group mean � SD in three rats.
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after CST injury. After unilateral CST damage in the macaque,
precision grasping of the affected forelimb increases regional ce-
rebral blood flow in both motor cortices in the early (�1 month)
recovery stage, and then solely in the contralesional motor cortex
in the late (�3 months) recovery state (Nishimura et al., 2007). A
similar process may occur in the rat where the contralesional
hindlimb motor cortex gains enhanced indirect access to the spi-
nal cord that is not activated by ICMS. In parallel, cortical (Gisz-
ter et al., 2008), subcortical (Ballermann and Fouad, 2006; Filli et
al., 2014; Zörner et al., 2014), and spinal (Alluin et al., 2009;
Martinez et al., 2011, 2012a; Gossard et al., 2015) networks can
spontaneously reorganize to assume control of the affected
hindlimb after CST damage.
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Fouad K, Pedersen V, Schwab ME, Brösamle C (2001) Cervical sprouting of
corticospinal fibers after thoracic spinal cord injury accompanies shifts in
evoked motor responses. Curr Biol 11:1766 –1770. CrossRef Medline

Frost SB, Iliakova M, Dunham C, Barbay S, Arnold P, Nudo RJ (2013) Re-
liability in the location of hindlimb motor representations in fischer-344
rats. J Neurosurg Spine 19:248 –255. CrossRef Medline

Frost SB, Dunham CL, Barbay S, Krizsan-Agbas D, Winter MK, Guggenmos
DJ, Nudo RJ (2015) Output properties of the cortical hindlimb motor
area in spinal cord-injured rats. J Neurotrauma 32:1666 –1673. CrossRef
Medline

Ghosh A, Sydekum E, Haiss F, Peduzzi S, Zörner B, Schneider R, Baltes C,
Rudin M, Weber B, Schwab ME (2009) Functional and anatomical re-
organization of the sensory-motor cortex after incomplete spinal cord
injury in adult rats. J Neurosci 29:12210 –12219. CrossRef Medline

Ghosh A, Haiss F, Sydekum E, Schneider R, Gullo M, Wyss MT, Mueggler T,
Baltes C, Rudin M, Weber B, Schwab ME (2010) Rewiring of hindlimb
corticospinal neurons after spinal cord injury. Nat Neurosci 13:97–104.
CrossRef Medline

Girgis J, Merrett D, Kirkland S, Metz GA, Verge V, Fouad K (2007) Reaching
training in rats with spinal cord injury promotes plasticity and task spe-
cific recovery. Brain 130:2993–3003. CrossRef Medline

Giszter SF, Kargo WJ, Davies M, Shibayama M (1998) Fetal transplants res-
cue axial muscle representations in m1 cortex of neonatally transected rats
that develop weight support. J Neurophysiol 80:3021–3030. CrossRef
Medline

Giszter S, Davies MR, Ramakrishnan A, Udoekwere UI, Kargo WJ (2008)
Trunk sensorimotor cortex is essential for autonomous weight-supported
locomotion in adult rats spinalized as p1/p2 neonates. J Neurophysiol
100:839 – 851. CrossRef Medline

Gossard JP, Delivet-Mongrain H, Martinez M, Kundu A, Escalona M, Ros-
signol S (2015) Plastic changes in lumbar locomotor networks after a
partial spinal cord injury in cats. J Neurosci 35:9446 –9455. CrossRef
Medline

Helgren ME, Goldberger ME (1993) The recovery of postural reflexes and
locomotion following low thoracic hemisection in adult cats involves
compensation by undamaged primary afferent pathways. Exp Neurol
123:17–34. CrossRef Medline

Hilton BJ, Anenberg E, Harrison TC, Boyd JD, Murphy TH, Tetzlaff W
(2016) Re-establishment of cortical motor output maps and spontane-
ous functional recovery via spared dorsolaterally projecting corticospinal
neurons after dorsal column spinal cord injury in adult mice. J Neurosci
36:4080 – 4092. CrossRef Medline

Karni A, Meyer G, Rey-Hipolito C, Jezzard P, Adams MM, Turner R, Unger-
leider LG (1998) The acquisition of skilled motor performance: fast and
slow experience-driven changes in primary motor cortex. Proc Natl Acad
Sci U S A 95:861– 868. CrossRef Medline

Kim BG, Dai HN, McAtee M, Vicini S, Bregman BS (2006) Remodeling of
synaptic structures in the motor cortex following spinal cord injury. Exp
Neurol 198:401– 415. CrossRef Medline

Brown and Martinez • Motor Cortex Plasticity after Spinal Hemisection J. Neurosci., November 14, 2018 • 38(46):9977–9988 • 9987

https://doi.org/10.1523/JNEUROSCI.0379-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20519527
https://doi.org/10.1016/j.expneurol.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19320005
https://doi.org/10.3233/RNN-2012-120242
http://www.ncbi.nlm.nih.gov/pubmed/23047494
https://doi.org/10.1111/j.1460-9568.2006.04726.x
http://www.ncbi.nlm.nih.gov/pubmed/16630047
https://doi.org/10.1038/nn1195
http://www.ncbi.nlm.nih.gov/pubmed/14966523
https://doi.org/10.1152/jn.00255.2010
http://www.ncbi.nlm.nih.gov/pubmed/20573971
https://doi.org/10.1007/BF00229856
http://www.ncbi.nlm.nih.gov/pubmed/7621942
https://doi.org/10.1523/JNEUROSCI.21-14-05272.2001
http://www.ncbi.nlm.nih.gov/pubmed/11438602
https://doi.org/10.1002/(SICI)1096-9861(19970922)386:2%3C293::AID-CNE9%3E3.0.CO;2-X
http://www.ncbi.nlm.nih.gov/pubmed/9295153
https://doi.org/10.1523/JNEUROSCI.2500-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25297087
https://doi.org/10.1016/j.expneurol.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19703443
https://doi.org/10.1523/JNEUROSCI.5852-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19439597
https://doi.org/10.1093/cercor/bhv048
http://www.ncbi.nlm.nih.gov/pubmed/25814508
https://doi.org/10.1152/jn.1998.79.2.1117
http://www.ncbi.nlm.nih.gov/pubmed/9463469
https://doi.org/10.1093/brain/114.1.615
http://www.ncbi.nlm.nih.gov/pubmed/2004259
https://doi.org/10.1089/neu.2015.4136
http://www.ncbi.nlm.nih.gov/pubmed/26421759
https://doi.org/10.1038/nm1682
http://www.ncbi.nlm.nih.gov/pubmed/18157143
https://doi.org/10.1038/sj.sc.3101603
http://www.ncbi.nlm.nih.gov/pubmed/15037862
https://doi.org/10.1523/JNEUROSCI.08-09-03221.1988
http://www.ncbi.nlm.nih.gov/pubmed/3171676
https://doi.org/10.1002/cne.902120106
http://www.ncbi.nlm.nih.gov/pubmed/6294151
https://doi.org/10.1152/jn.1980.44.2.270
http://www.ncbi.nlm.nih.gov/pubmed/7411187
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25274818
https://doi.org/10.1016/S0960-9822(01)00535-8
http://www.ncbi.nlm.nih.gov/pubmed/11719218
https://doi.org/10.3171/2013.4.SPINE12961
http://www.ncbi.nlm.nih.gov/pubmed/23725395
https://doi.org/10.1089/neu.2015.3961
http://www.ncbi.nlm.nih.gov/pubmed/26406381
https://doi.org/10.1523/JNEUROSCI.1828-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19793979
https://doi.org/10.1038/nn.2448
http://www.ncbi.nlm.nih.gov/pubmed/20010824
https://doi.org/10.1093/brain/awm245
http://www.ncbi.nlm.nih.gov/pubmed/17928316
https://doi.org/10.1152/jn.1998.80.6.3021
http://www.ncbi.nlm.nih.gov/pubmed/9862903
https://doi.org/10.1152/jn.00866.2007
http://www.ncbi.nlm.nih.gov/pubmed/18509082
https://doi.org/10.1523/JNEUROSCI.4502-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26109667
https://doi.org/10.1006/exnr.1993.1137
http://www.ncbi.nlm.nih.gov/pubmed/8405276
https://doi.org/10.1523/JNEUROSCI.3386-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27053214
https://doi.org/10.1073/pnas.95.3.861
http://www.ncbi.nlm.nih.gov/pubmed/9448252
https://doi.org/10.1016/j.expneurol.2005.12.010
http://www.ncbi.nlm.nih.gov/pubmed/16443221


Kleim JA, Hogg TM, VandenBerg PM, Cooper NR, Bruneau R, Remple M
(2004) Cortical synaptogenesis and motor map reorganization occur
during late, but not early, phase of motor skill learning. J Neurosci 24:
628 – 633. CrossRef Medline
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