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Plasticity of Intact Rubral Projections Mediates Spontaneous
Recovery of Function after Corticospinal Tract Injury
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Axons in the adult CNS fail to regenerate after injury, and therefore recovery from spinal cord injury (SCI) is limited. Although full
recovery is rare, a modest degree of spontaneous recovery is observed consistently in a broad range of clinical and nonclinical situations.
To define the mechanisms mediating spontaneous recovery of function after incomplete SCI, we created bilaterally complete medullary
corticospinal tract lesions in adult mice, eliminating a crucial pathway for voluntary skilled movement. Anatomic and pharmacogenetic
tools were used to identify the pathways driving spontaneous functional recovery in wild-type and plasticity-sensitized mice lacking Nogo
receptor 1. We found that plasticity-sensitized mice recovered 50% of normal skilled locomotor function within 5 weeks of lesion. This
significant, yet incomplete, spontaneous recovery was accompanied by extensive sprouting of intact rubrofugal and rubrospinal projec-
tions with the emergence of a de novo circuit between the red nucleus and the nucleus raphe magnus. Transient silencing of this
rubro–raphe circuit in vivo via activation of the inhibitory DREADD (designer receptor exclusively activated by designer drugs) receptor
hM4di abrogated spontaneous functional recovery. These data highlight the pivotal role of uninjured motor circuit plasticity in support-
ing functional recovery after trauma, and support a focus of experimental strategies on enhancing intact circuit rearrangement to
promote functional recovery after SCI.
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Introduction
Spinal cord injury (SCI) results in irreversible devastating func-
tional impairments. Damaged axons fail to regenerate after SCI
due to the inhibitory environment in the mature CNS (Yiu and
He, 2006) and the low intrinsic growth capacity of adult neurons
(Liu et al., 2011). There are two classes of inhibitory molecules,
myelin-associated inhibitors and chondroitin sulfate pro-
teoglycans (CSPGs) that signal through Nogo receptors 1 and
3 (Fournier et al., 2001; Liu et al., 2002; Venkatesh et al., 2005;
Dickendesher et al., 2012), paired immunoglobulin-like receptor
B (PirB) (Atwal et al., 2008), and protein tyrosine phosphatase
sigma (PTP�) (Shen et al., 2009; Fry et al., 2010). Previously,
intrinsic factors that restrict the growth potential of injured CNS
neurons were identified, including phosphatase and tensin ho-
molog (PTEN) (Park et al., 2008; Liu et al., 2010) and Kruppel-
like factor 7 (KLF7) (Moore et al., 2009). Antagonizing the
influence of these factors either genetically (Kim et al., 2004; Caf-
ferty et al., 2010; Liu et al., 2010; Dickendesher et al., 2012; Bartus
et al., 2014) or pharmacologically (Schnell and Schwab, 1990;
Bradbury et al., 2002; GrandPre et al., 2002; Li et al., 2004; Wang

et al., 2006, 2011) has shown some increase in axon regeneration;
however, functional restoration remains partial.

Common to SCI models is a detectable degree of functional
recovery without intervention, despite the absence of long-
distance regeneration of the main descending motor pathway,
the corticospinal tract (CST). Therefore, plasticity or localized
sprouting of axotomized or intact spinal and supraspinal axons is
hypothesized to drive spontaneous functional recovery. Indeed,
localized compensatory sprouting of axotomized CST axons ros-
tral to the lesion site forming de novo relay connections with long
propriospinal neurons has been shown to drive spontaneous lo-
comotor recovery in an activity-dependent manner after dorsal
(Bareyre et al., 2004) and lateral (Courtine et al., 2008) hemisec-
tion. Furthermore, neuroprosthetic approaches that combine
electrochemical stimulation of deafferented lumbar–sacral cir-
cuits with partial body weight supported treadmill training
(Courtine et al., 2009) and robotic postural lateral and vertical
trunk support (van den Brand et al., 2012) have shown significant
functional recovery of locomotion after more severe SCI medi-
ated via priopriospinal relay connections bridging the lesion site.
However, less is known about the capacity of intact spinal and
supraspinal circuits to drive spontaneous functional recovery af-
ter SCI. Intact premotor pathways, including the rubrospinal,
reticulospinal, and vestibulospinal, have been suggested to medi-
ate spontaneous locomotor recovery after mild thoracic spinal
contusion, as retrograde tracing of these nuclei from lumbar spi-
nal cord, together with locomotor recovery, is lost after moderate
contusion. Furthermore, our previous data have shown that the
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intact CST sprouts into the denervated
side of the spinal cord after unilateral CST
lesion (Cafferty and Strittmatter, 2006),
and elevating plasticity within this circuit
by deleting Nogo receptor 1 (NgR1) en-
hances sprouting and elevates functional
recovery. Similarly, augmenting plasticity
of intact axons by suppressing PTEN (Liu
et al., 2010), overexpressing KLF (Black-
more et al., 2012), delivering brain-
derived neurotrophic factor (Ueno et al.,
2012), or degrading CSPGs with chon-
droitinase ABC (Starkey et al., 2012) has
been observed. Enhanced restoration of
forelimb function has also been observed
after stimulating plasticity in corticofugal
projections after unilateral CST lesion
(Z’Graggen et al., 1998, 2000; Raineteau et
al., 1999). Together, these studies suggest
that plasticity of intact axons is a potent
substrate to restore function after SCI.

In this study, we used a combination of
behavioral, anatomical, and in vivo phar-
macogenetic neuronal silencing to ascer-
tain the mechanisms driving spontaneous
recovery of function after partial SCI. We
identified a novel connection between the
red nucleus and the nucleus raphe mag-
nus (NRM) that drives spontaneous resti-
tution of function after complete CST
lesion, and furthermore, elevating plastic-
ity within this circuit enhances spontane-
ous functional recovery.

Materials and Methods
Mice
Adult (7–9 weeks of age) male ngr1 �/ � mice
(described previously; Kim et al., 2004) back
crossed with C57/BL6 mice for than nine gen-
erations and age matched C57/BL6 (Charles
River Laboratories) wild-type (ngr1�/�) mice
were used in this study. To minimize the num-
ber of animals used while maintaining enough
rigor to achieve our scientific objectives
(Festing and Altman, 2002), we used freely
available power analysis (hedwig.mgh.harvard.
edu/sample_size/js/js_parallel_quant.html) to
estimate sample sizes. The experiments are
powered at 90% based on the number of ani-
mals in each group, the standard deviation as
determined by our preliminary grid-walking
data (see Fig. 3A), and a significance level of
0.05. Before behavioral assessment and sur-
gery, mice were randomized and split into
cages of three. These blocks were maintained unless evidence of fighting
was apparent, upon which aggressors were housed singly.

Surgery
To complete bilateral pyramidotomy (bPyX) or sham lesion, mice were
anesthetized with ketamine (100 mg/kg) and xylazine (15 mg/kg) and
placed in a supine position, an incision was made to the left of the trachea,
and blunt dissection exposed the occipital bone at the base of the skull.
The occipital bone was removed on either side of the basilar artery with
blunt Dumont #2 forceps to expose the medullary pyramids. The dura
mater was pierced with a 30 gauge needle and resected. The pyramids
were transected bilaterally with fine Dumont #5 forceps to a depth of 0.25

mm (n � 18 per genotype) or just exposed for sham lesion (n � 30 per
genotype). The wound was closed with 4.0 Vicryl suture. Four weeks after
bilateral pyramidotomy, mice (n � 24 per genotype) were reanesthetized
with ketamine/xylazine and given a unilateral microinfusion (Micro4;
World Precision Instruments) of 100 nl of a 10% solution of biotinylated
dextran amine (BDA; 10,000 molecular weight; Invitrogen) over 3 min in
the left red nucleus (3.5 mm posterior, 0.75 mm lateral, and 3.5 mm deep
relative to Bregma). An additional cohort of mice (n � 36 per genotype)
received a microinfusion of 75 nl of the recombinant adeno-associated
virus (AAV) rAAV2-hSyn-HA-hM4di-IRES-mCitrine (University of
North Carolina Vector Core, Chapel Hill, NC) over 3 min into the nu-
cleus raphe magnus (�6.0 mm, 0.0 mm lateral, and 5.2 mm deep relative to

Figure 1. Bilateral pyramidotomy does not influence nonskilled locomotor function. A, A schematic shows the location of the
bPyX and degeneration of the CST. B–E, Photomicrographs of caudal brainstem and C7 spinal cord immunostained for PKC� show
the intact corticospinal tract in the medullary pyramids (B, green) and the spinal ventral dorsal column projection (D, white) of
ngr1�/� mice 4 weeks after sham lesion and its absence 4 weeks after bPyX (C, E). Intense GFAP immunoreactivity delineates the
extent of the lesion and confirms its confinement to the pyramidal tract (C). F, G, Assessment of nonskilled locomotor function with
footprint analysis revealed that neither ngr1�/� (n � 9, black bars) nor ngr1 �/ � (n � 9) mice displayed a functional deficit 4 d
(F ) or 35 d (G) after bPyX in forelimb and hindlimb stride length or forelimb and hindlimb base of support compared to sham-
lesioned ngr1�/� (n � 7) and ngr1 �/ � (n � 8) controls. Gait parameters described in F are schematized in F1. Data are
displayed as average distance in gait parameter as a percentage of sham � SEM. F1–F4, G1–G4, Examination of footprints (red
ink applied to forelimbs and blank ink to hindlimbs) from ngr1�/� (F1, F2) and ngr1 �/ � mice (F3, F4 ) 4 d after bPyX (F2, F4 )
or sham lesion (F1, F3), and ngr1�/� (G1, G2) and ngr1 � / � mice (G3, G4 ) 35 d after bPyX (G2, G4 ) or sham lesion (G1, G3)
shows no difference in stride length or base of support parameters (described in F1). Scale bar, 500 �m.
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Bregma) 3 weeks before bPyX or sham lesion. An investigator blinded to
genotype completed all surgical procedures. All procedures and postopera-
tive care were performed in accordance with the guidelines of the Institu-
tional Animal Use and Care Committee at Yale University.

Behavioral analysis
All mice underwent three behavioral tests to assess their nonskilled loco-
motor function, skilled locomotor function, and skilled forelimb func-
tion before and after bilateral pyramidotomy. Mice were trained on each
task for 1 week, and then presurgical baselines scores were collected. An
experimenter blinded to genotype and treatment completed behavioral
assessment and subsequent analysis.

Nonskilled locomotor function. Footprint analysis was used to assess
nonskilled locomotor function (Duffy et al., 2012). Animals had water-
based nontoxic paint placed on the plantar surfaces of all four limbs (red
on forelimbs and black on hindlimbs) and were then run three times along a
1-m-long narrow corridor lined with absorbent paper. Stereotyped gait and
motor coordination parameters, including left and right forelimb and
hindlimb stride length and forelimb and hindlimb base of support, were
measured from three complete step cycles from the middle of the runway on
days �3, 4, 7, 14, 21, 28, and 35 after bilateral pyramidotomy (n � 12 per
group) or sham lesion (n � 8 per group). Data are presented as the average
distance of each parameter as a percentage of sham-lesioned controls �
SEM. The Shapiro–Wilk test was used to assess whether data were normally
distributed between genotypes at every time point studied.

Subsequently, data were analyzed with repeated-measures ANOVA
with Bonferroni’s correction for multiple comparisons.

Skilled locomotor function. Grid-walking analysis was used to assess
skilled locomotor function (Starkey et al., 2005). Mice were placed on an
elevated 45 � 45 cm metal grid with 2.5 � 2.5 cm square spacing covered
by a dark box to make the environment more comfortable for the ani-
mals. Mice were videotaped via reflection from a mirror placed under the
grid and allowed to explore the grid for 3 min. Videos were scored for the
percentage of impaired steps out of the first 50 steps for each limb indi-

vidually. Impaired steps included a foot slip
where the limb fell between the rungs or an
incorrectly placed step where either the ankle
or the tips of the digits were placed on the rung
instead of proper grasping of the rung. Animals
were tested 3 d before bilateral pyramidotomy
for baseline function and 2, 4, 7, 14, 21, 28, and
35 d after lesion. Data are presented per limb as
the average percentage of the first 50 steps that
were impaired � SEM. The Shapiro–Wilk test
was used to assess whether data were normally
distributed between genotypes at every time
point studied. Subsequently, data were ana-
lyzed via repeated-measures ANOVA with
Bonferroni’s correction for multiple compari-
sons. Post hoc analysis was completed for statis-
tically significant differences comparing the
percentage of missteps at each time point be-
tween genotypes and the effect of lesion over
time with ANOVA.

Skilled forelimb function. Tape removal was
used to assess skilled forelimb function (Star-
key et al., 2005). A small piece of adhesive tape
was placed on the plantar surface of each fore-
limb. The time taken to sense the tape (animal
shaking the limb and bringing the limb to the
mouth) was recorded as the sensory score. The
time taken to remove the tape from the fore-
limb was recorded as the motor score. A total of
three trials were performed for each forelimb,
with a maximum time limit of 3 min to sense
and remove the tape. Animals were tested 3 d
before bilateral pyramidotomy for baseline
function and 2, 4, 7, 14, 21, 28, and 35 d post
lesion (dpl). Data are presented as the average
time taken in seconds to sense and remove the

tape � SEM. The Shapiro–Wilk test was used to assess whether data were
normally distributed between genotypes at every time point studied.

Subsequently data were analyzed via repeated-measures ANOVA with
Bonferroni’s correction for multiple comparisons. Post hoc analysis was
completed for statistically significant differences comparing the time
taken to sense and remove the tape at each time point between genotypes
and the effect of lesion over time with ANOVA.

Behavior after rAAV2-hSyn-HA-hM4Di-IRES-mCitrine injection into
nucleus raphe magnus. Animals were injected with rAAV2-hSyn-HA-
hM4di-IRES-mCitrine into the NRM as described above (n � 36 per
genotype). Three weeks after injection, animals were randomized and
split into two groups, a red group to assess anatomical distribution of
hM4di (n � 12 per genotype) and a blue group to assess the functional
impacts of hM4di activation (n � 24 per genotype; see Fig. 8C).

Grid-walking analysis was performed as described above on mice in
the red group on day 21 after hM4di injection; however, 30 min before
assessment, mice (n � 6 per genotype) received an intraperitoneal injec-
tion of either 0.2% DMSO in saline or clozapine N-oxide (CNO; 1 mg/kg,
Sigma-Aldrich; Rogan and Roth, 2011; Lee et al., 2014). Twenty-four
hours after intraperitoneal injection, grid-walking analysis was repeated
to assess the chronic effects of hM4di activation. Data are presented as the
average percentage of missed steps made over 3 min � SEM. The Shapiro–
Wilk test was used to assess whether data were normally distributed between
genotypes and treatments at every time point studied. Subsequently, data
were analyzed via ANOVA with Bonferroni’s correction. Twenty-two
days after hM4di injection, mice in the red group were treated intraperi-
toneally with either vehicle or CNO (n � 6 per genotype). Thirty minutes
after treatment, animals were placed on an accelerating rotarod (1 rpm
with an acceleration of 0.1 rpm/s) for 5 min. Sixty minutes after the
rotarod, mice were transcardially perfused and prepared for histological
examination (as described below) of c-fos activity in the raphe nuclei
(Sluka and Rasmussen, 2010) and the vestibular nuclei (Ruigrok et al.,
1996; Sluka and Rasmussen, 2010).

Figure 2. Bilateral pyramidotomy results in a transient deficit in skilled forelimb function. A–D, Skilled forelimb motor function
was assessed using the tape removal task and analyzed using repeated-measures ANOVA with a Bonferroni correction for multiple
comparisons (A, B) with post hoc ANOVA (A–D). Data are shown as the average time taken in seconds to remove the tape from each
forelimb within each group � SEM. The time taken to remove the tape was significantly increased by the left forelimb (A,
#F(3,20) � 11.872, p � 0.005, post hoc; *p � 0.005) and the right forelimb (B, #F(3,20) � 9.403, p � 0.005, post hoc; *p � 0.005)
in ngr1�/� mice after bPyX (A, B, black lines; n � 7) compared to sham-lesioned controls (black stippled lines; n � 6). Lesion-
induced deficits failed to reach significance in the time taken to remove the tape by the left forelimb (A; NSD, p � 0.09) or right
forelimb (B; NSD, p � 0.061) in ngr1 �/ � mice after bPyX (red lines; n � 7) compared to sham-lesioned (red stippled lines; n �
6) controls. There was no significant difference in the time taken to remove the tape between bPyX ngr1�/� and bPyX ngr1 �/ �

mice in either their left forelimb (A; NSD, p � 0.387) or right forelimb (B; NSD, p � 0.44). Assessment of the effect of lesion over
time within each group showed that both ngr1�/� and ngr1 �/ � mice displayed a significant lesion induced increase in the time
taken to remove the tape after bPyX (*p � 0.05) in both left (C) and right forelimbs (D). Both ngr1�/� and ngr1 �/ � demon-
strated spontaneous restitution of function back to prelesion baseline levels by day 21 in the left forelimb (C) and by day 14 in the
right forelimb (D).
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Three weeks after hM4di injection, mice in
the blue group underwent either bilateral pyr-
amidotomy (n � 12 per genotype) or sham
lesion (n � 12 per genotype). On days �5, 4, 7,
14, 21, 28, and 35 after lesion (or sham), all
mice underwent two sessions of grid-walking
analysis separated by 2 h. Thirty minutes be-
fore the first assessment period, all mice re-
ceived an intraperitoneal injection of saline (as
above). Thirty minutes before the second
behavioral assessment period, all mice received
an intraperitoneal injection of CNO (as
above). Data are presented as average percent-
age of missteps made per limb during 3 min of
grid walking � SEM. The Shapiro–Wilk test
was used to assess whether the data were nor-
mally distributed between genotypes at every
time point studied. Subsequently, data were
and analyzed by two-way repeated-measures
ANOVA with Bonferroni’s correction for mul-
tiple comparisons. Post hoc analysis was com-
pleted for statistically significant differences
comparing the percentage of missteps at each
time point between genotypes, treatment, and
the effect of lesion over time with ANOVA.

Histology
Mice were killed with an overdose of ketamine/
xylazine and were transcardially perfused with
0.9% NaCl (normal saline) followed by 4%
paraformaldehyde in PBS. Brains and spinal
cords were dissected, postfixed in 4% parafor-
maldehyde overnight at 4°C, and subsequently
embedded in 10% gelatin (Sigma-Aldrich) dis-
solved in water for vibratome sectioning.
Transverse sections (35– 40 �m) of cervical
spinal cord (C6 –C7) and brain including basi-
lar pontine nuclei (BPNs) and raphe nuclei
were processed for BDA with streptavidin-
conjugated secondary antibodies (Invitrogen) and
tyramide signal amplification (PerkinElmer). Im-
munofluorescence used antibodies directed
against 5-hydroxytryptamine (5-HT; 1:1000;
ImmunoStar), green fluorescent protein (1:
5000; Invitrogen), protein kinase C-� (PKC�;
1:200; Santa Cruz Biotechnology), c-Fos (1:
500; Santa Cruz Biotechnology), and glial
fibrillary acidic protein (GFAP; 1:10,000;
Dako) with Alexa Fluor 350, 488, and 594 (1:
100 for Alexa Fluor 350; 1:500 for Alexa Fluor
488 and 594; Invitrogen).

Quantification of BDA-labeled axons
Densitometric analysis of BDA-labeled axons
traced from the red nucleus and terminating in
the cervical spinal cord, pontine nuclei, and
nucleus raphe magnus was completed in
ImageJ (version 1.48r; National Institutes of
Health) as described previously (Cafferty and Strittmatter, 2006). Briefly,
labeled axons were selected by thresholding, and the average fiber length was
measured using the skeletonize function in five sections per animal. Data are
presented as the average length of BDA� axons, in square millimeters, in
each locus, and were analyzed by ANOVA with Bonferroni’s correction.

Quantification of 5-HT and c-fos positive cells in NRM and
vestibular nuclei
The cells located in the nucleus raphe magnus were labeled immunohis-
tochemically with 5-HT. The number of 5-HT-positive cells and the
number of 5-HT-positive cells expressing c-fos were quantified to deter-
mine the amount of functional inhibition of the NRM with CNO treatment.

The numbers of c-fos-positive cells were quantified in the vestibular nuclei
bilaterally as a control for CNO and vehicle treatments. The vestibular nuclei
were identified by morphology and comparison to Paxinos and Franklin’s
(2001) brain atlas (five sections per area per mouse; n � 3–4 per group).
Data are presented as the average number of 5-HT�c-fos� neurons in the
NRM � SEM and were analyzed by ANOVA with Bonferroni’s correction.

Results
Complete recovery of overground locomotion and fine
forelimb function after bilateral pyramidotomy
To dissect the pathways mediating spontaneous recovery of func-
tion after SCI, we used a bilateral pyramidotomy model (Fig. 1A).

Figure 3. Bilateral pyramidotomy results in significant and sustained functional deficits in skilled locomotion. A–H, Skilled
locomotion was assessed by counting the number of footfalls made during 3 min of grid walking on a 2.5 � 2.5 cm mesh grid and
analyzed using repeated-measures ANOVA with a Bonferroni correction for multiple comparisons (A, B, E, F ), with post hoc ANOVA
(A–H). Data are shown as the average number of missed steps expressed as a percentage of total steps made over 3 min � SEM.
A, B, E, F, Both ngr1�/� (black lines; n � 11) and ngr1 �/ � (red lines; n � 12) mice showed a significant increase in the
percentage of missed steps made by the left forelimbs (A; #F(3,32) � 297.555, p � 0.005), the right forelimbs (B; #F(3,32) �
210.306, p � 0.005), the left hindlimbs (E; #F(3,32) � 265.443, p � 0.005), and the right hindlimbs (F; #F(3,32) � 319.533, p �
0.005) compared with sham-lesioned ngr1�/� (n � 9) and ngr1 �/ � (n � 9) controls. Additionally, ngr1 �/ � mice recovered
significant function of all limbs compared to ngr1�/� mice after bPyX. #p � 0.005 with post hoc ANOVA; *p � 0.005. C, D, G, H,
Assessment of the effect of lesion over time within each group showed that both ngr1�/� and ngr1 �/ � mice showed a
significant lesion-induced increase in the percentage of missed steps made by all limbs after bPyX that was sustained throughout
the testing period. Ngr1�/� demonstrated significant spontaneous functional recovery in all limbs by 14 dpl compared to the
maximum deficits observed at 2 dpl. However, ngr1 �/ � showed accelerated spontaneous functional recovery, as by day 7 after
lesion they had already made significantly fewer errors compared to the maximum deficits observed at 2 dpl. *p � 0.005.

1446 • J. Neurosci., January 28, 2015 • 35(4):1443–1457 Siegel et al. • Rubral Plasticity Restores Function after Spinal Cord Injury



This approach completely severs both sides of the corticospinal
tract without interfering with any other motor or sensory path-
ways. The CST is incapable of spontaneous axon regeneration
(Kim et al., 2004); therefore, functional restitution after bPyX
would have to rely on compensation from alternate intact motor
circuits. We showed previously that plasticity within intact CST
circuits is enhanced after unilateral CST lesion [unilateral pyrami-
dotomy (uPyX)] in NgR1 knock-out mice (ngr1�/ �) (Cafferty and
Strittmatter, 2006). Therefore, we chose to complete these exper-
iments in both wild-type (ngr1�/�) and plasticity-sensitized
ngr1�/ � mice, thus maximizing our ability to observe function-
ally meaningful structural changes.

Previous studies have shown that spontaneous recovery of
motor function after SCI is task specific and dependent upon the
identity of the descending motor tracts that have been inter-
rupted (Raineteau and Schwab, 2001). Specifically, unilateral
CST lesion has been shown to have no significant impact on
skilled and nonskilled locomotion, but rather specifically impairs
skilled forelimb function (Metz et al., 1998; Muir and Whishaw,
1999; Kanagal and Muir, 2009). Therefore, to explore the mech-
anisms that drive spontaneous recovery of function after com-
plete CST lesion, we sought a behavioral paradigm that would
demonstrate a significant lesion-induced deficit, followed by a
period of modest but incomplete recovery. To this end, we used
three behavioral tasks that would assess skilled forelimb function,
nonskilled locomotor function, and skilled locomotor function
using the forelimb adhesive tape removal task (Fig. 2A–D), foot-
print analysis (Fig. 1F,G), and grid-walking analysis (Fig. 3A–H),
respectively.

To ensure that the CST was completely interrupted in all le-
sioned mice after bPyX, we immunostained coronal sections of
brainstem through the lesion site and cervical spinal sections with
antibodies to PKC� (Fig. 1B–E). PKC� is expressed in the intact
CST (Cafferty and Strittmatter, 2006) and can be seen in the
pyramids (Fig. 1B) and the ventral dorsal columns in intact mice
(D). PKC� staining is abolished in the ventral brainstem and
dorsal columns after bPyX, confirming complete ablation of
the CST (Fig. 1C,E). Previous studies have highlighted the con-
founding potential of severe lesions when targeting the CST with
pyramidotomy (Whishaw et al., 1993); therefore, we stained
brainstem sections with antibodies to GFAP to assess the extent of
the lesion. Careful inspection of the lesion site revealed that in-
tense GFAP immunoreactivity (Fig. 1C) was confined to the
pyramidal tract, suggesting that underlying structures remained
intact in all animals that received bPyX.

Stereotyped locomotor parameters (Fig. 1) assessed via foot-
print analysis showed that neither ngr1�/� nor ngr1�/ � dis-
played a lesion-induced deficit in stride length or base of support
at either 4 d (Fig. 1F) or 35 d (G) after bPyX compared with sham
lesion. These data are in agreement with previous reports show-
ing that complete CST lesions do not cause measurable deficits in
nonskilled locomotion (Metz et al., 1998; Muir and Whishaw,
1999; Kanagal and Muir, 2009), suggesting that the CST contrib-
utes little to this function and/or that compensation from redun-
dant intact extrapyramidal pathway(s) is maintaining normal
nonskilled locomotor function after complete axotomy of the
CST.

Assessment of fine forelimb function using the tape removal
task showed that neither ngr1�/� nor ngr1�/ � mice showed a
deficit in the time taken to sense the presence of the adhesive tape
after complete CST lesion compared to sham-lesioned controls
(data not shown). The time taken to remove the tape was signif-
icantly increased after bPyX in ngr1�/� mice compared with

Figure 4. Bilateral pyramidotomy increases plasticity of the intact rubrospinal tract. A,
A schematic shows the location of the red nuclei, the location of the BDA injection, and the
unilateral projection of the rubrospinal tract in the lateral funiculus of the spinal cord and
its termination pattern at every spinal segment. B, Photomicrograph shows a coronal
section of brain (with corresponding plate from Paxinos and Franklin’s (2001) mouse
atlas) through the red nucleus 6 weeks after a 75 nl stereotaxic microinjection of BDA
(BDA, red; DAPI, blue). The discrete immunofluorescence confirms the fidelity of targeting
the red nuclei specifically. C, D, Bar charts show average density of BDA� RST axons per
mm 2 (�SEM) in the cervical spinal cord (C) and PnC (D) in bPyX and sham-lesioned
ngr1 �/� and ngr1 �/� mice. E–H, Photomicrographs show BDA� RST axons (with map
of corresponding spinal segment) in the DLF and terminals in intermediate laminae in
coronal sections of C7 spinal cord of ngr1�/� (E, G) and ngr1 �/ � (F, H ) mice after bPyX
(G, H ) and sham lesion (E, F ). There was no significant difference in the density of BDA�
RST axons in the dorsal or ventral halves (E; delineated in line with the central canal) of the
spinal cord at cervical segments C6 –C8 between ngr1�/� and ngr1 �/ � mice after sham
lesion (C; compare photomicrographs E, F ). The density of BDA� RST axons was signifi-
cantly elevated in both the dorsal and ventral halves of the spinal cord 6 weeks after bPyX
in ngr1�/� (n � 11) and ngr1 �/ � (n � 11) mice compared to sham-lesioned ngr1�/�

(n � 9) and ngr1 �/ � (n � 9) mice (C; #p � 0.005, ANOVA, compare E, G; compare F, H ).
Lesion-induced enhanced plasticity of BDA� RST axon terminals was significantly aug-
mented in ngr1 �/ � compared to ngr1�/� mice in both dorsal and ventral halves of the
spinal cord 6 weeks after bPyX (C; *p � 0.005, ANOVA, compare G, H ). Assessment of
BDA� axon density in the pontine reticular nucleus revealed no significant difference in
BDA tracing efficiency between genotypes after bPyX or sham lesion (D; data are shown as
density of BDA� axons per square millimeter � SEM). Scale bar, 100 �m.
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sham-lesioned controls (Fig. 2A,B; p �
0.005, repeated-measures ANOVA with
Bonferroni’s correction for multiple com-
parisons, with post hoc ANOVA). How-
ever, ngr1�/ � mice failed to show a
significant lesion-induced deficit in the
time taken to remove the tape after bPyX
with either their left [Fig. 2A; no signifi-
cant difference (NSD), p � 0.09,
repeated-measures ANOVA with Bonfer-
roni’s correction for multiple compari-
sons] or right forelimb (Fig. 2B; NSD, p �
0.061, repeated-measures ANOVA with
Bonferroni’s correction for multiple com-
parisons) compared to sham-lesioned
controls. Furthermore, there was no sig-
nificant difference in the time taken to re-
move the tape between bPyX ngr1�/� and
bPyX ngr1�/ � mice in either their left
forelimb (Fig. 2A; NSD, p � 0.387,
repeated-measures ANOVA with Bonfer-
roni’s correction for multiple compari-
sons) or right forelimb (Fig. 2B; p � 0.44,
repeated-measures ANOVA with Bonfer-
roni’s correction for multiple compari-
sons). Assessing the effect of bPyX over
time within each group showed that both
ngr1�/� and ngr1�/ � mice showed a sig-
nificant increase in the time taken to re-
move the adhesive tape immediately after
lesion by both left (Fig. 2C; p � 0.005) and
right forelimbs (D; p � 0.005). However,
both ngr1�/� and ngr1�/ � mice (Fig.
2C,D) demonstrated spontaneous recov-
ery of function back to prelesion baseline
levels by 21 dpl in the left forelimb (Fig.
2C) and by 14 dpl in the right forelimb
(D). Owing to the initial functional defi-
cits observed in both ngr1�/� and
ngr1�/ � mice, restitution of function in
this behavioral task does not appear to be
driven entirely by a redundant motor
pathway, as in the case of nonskilled locomotion after bPyX (Fig.
1). Rather, the slow emergence of spontaneous functional recov-
ery points to a mechanism that is driven in part by anatomical
changes. However, the modest deficits and complete restitution
of function over time suggest that this behavioral task lacks the
sensitivity that would allow us to differentiate between these two
mechanisms. Therefore, we sought to identify a behavioral task
that shows gradual improvement over time but remains signifi-
cantly impaired.

Spontaneous recovery of skilled locomotor function is
enhanced in plasticity-sensitized adult mice after bilateral
pyramidotomy
Assessment of skilled locomotion using grid-walking analysis re-
vealed that all four limbs in ngr1�/� mice showed a significant
increase in the percentage of missed steps made over 3 min after
bPyX (Fig. 3A,B,E,F, black lines; p � 0.005, repeated-measures
ANOVA with Bonferroni’s correction for multiple comparisons)
compared to sham-lesioned controls (stippled black lines). Al-
though post hoc analyses revealed that ngr1�/� mice maintained
significant functional deficits throughout the testing period (p �

0.05, ANOVA with Bonferroni’s correction), ngr1�/� mice began
to show significant spontaneous recovery of function by 14 dpl
(Fig. 3C,D,G,H; p � 0.005, ANOVA with Bonferroni’s correc-
tion), and by 35 dpl had recovered to almost 25% of baseline
levels. The maintained functional deficit observed in this task by
wild-type mice suggests that functional redundancy with an in-
tact motor pathway is minimal and points to structural plasticity
as central in driving spontaneous partial restoration of function.
Crucially, this observation allowed us to ask whether enhancing
plasticity within remaining intact circuits could augment spon-
taneous recovery of function. Indeed, ngr1�/ � mice recovered
significant function in all limbs compared with ngr1�/� mice
after bPyX (Fig. 3A,B,E,F; repeated-measures ANOVA with
Bonferroni’s correction for multiple comparisons, with post hoc
ANOVA, p � 0.005). Similar to ngr1�/� mice, temporal assess-
ment of spontaneous functional recovery revealed that ngr1�/ �

mice displayed significant functional impairments throughout
the testing period (p � 0.05, ANOVA, with Bonferroni’s correc-
tion). However, ngr1�/ � mice showed significant recovery of
function by 7 d after bPyX compared to the functional nadir
observed at day 2 after lesion (Fig. 3C,D,G,H), and 1 week earlier

Figure 5. Bilateral pyramidotomy increases plasticity of intact rubrofugal terminals in the basilar pontine nuclei. A, A schematic
shows the location of the BPNs, the site of unilateral BDA injection into the red nucleus, and the innervation pattern of rubropontine
axons (red stippled line) into the BPNs. B, Bar chart shows average density of BDA� rubropontine axons per mm 2 (�SEM) in BPNs
in bPyX and sham-lesioned ngr1 �/� and ngr1 �/� mice. C–J, Photomicrographs show BDA� rubropontine axons terminating
in the BPNs contralateral (C–F ) and ipsilateral (G–J ) to the unilateral BDA injection into the red nucleus in ngr1�/� (C, G, E, I ) and
ngr1 �/ � (D, H, F, J ) mice after sham (C, D, G, H ) or bPyX (E, F, I, J ) lesion. There was no significant difference in the density of
BDA� rubropontine axons in the ipsilateral (G, H ) or contralateral (C, D) BPNs between ngr1�/� (n � 9) and ngr1 �/ � (n � 8)
mice after sham lesion. The density of BDA� rubropontine axons was significantly elevated in both the contralateral and ipsilat-
eral BPNs 6 weeks after bPyX in ngr1�/� and ngr1 �/ � mice compared to sham-lesioned ngr1�/� and ngr1 �/ � mice (B; #p �
0.005, ANOVA; compare C, G and E, I; compare D, H and F, J ). Lesion-induced enhanced plasticity of BDA� rubropontine axon
terminals was significantly augmented in ngr1 �/ � compared to ngr1�/� mice in both contralateral and ipsilateral BPNs 6 weeks
after bPyX (B; *p � 0.005, ANOVA; compare E, F; compare I, J ). Scale bar, 100 �m.
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compared with lesioned ngr1�/� mice. By 35 dpl, ngr1�/ � mice
had recovered to 50% of their baseline value, demonstrating
that spontaneous recovery of function is enhanced in the sen-
sitized ngr1 �/ � background. These data are consistent with
the hypothesis that the absence of ngr1 elevates structural plas-
ticity within remaining intact motor circuits to augment spon-
taneous functional recovery. Critically, grid-walking function
provides the best correlate to explore plasticity-based mecha-
nisms of functional restitution over a 1 month time frame of
recovery.

Plasticity of rubrospinal projections correlates with
spontaneous functional recovery after bilateral
pyramidotomy
We sought to identify anatomical correlates of spontaneous func-
tional recovery after complete CST lesion in adult mice. Previous
data suggested that the rubrospinal tract (RST) has a parallel
function to the CST (Kennedy and Humphrey, 1987; Kennedy,
1990; Raineteau and Schwab, 2001; Raineteau et al., 2001); there-
fore, we focused on projections from the red nucleus. We hypoth-
esized that after complete CST lesion in the adult, plasticity
within rubral projections could drive spontaneous recovery of
function, and, furthermore, deleting NgR1 would augment plas-
ticity and enhance functional recovery. We labeled rubral projec-
tions via a single stereotaxic microinjection of 100 nl of BDA into
the magnocellular region of the red nucleus unilaterally in adult
ngr1�/� and ngr1�/ � mice 4 weeks after bPyX or sham lesion
(Fig. 4A,B). A single injection site was chosen to minimize tracer

spread into adjacent spinally projecting
nuclei such as the interstitial nucleus of
Cajal, periaqueductal gray, nucleus of
Darkschewitsch, and mesencephalic re-
ticular nucleus. Ten days after BDA
injection, mice were perfused, and sections
through the brainstem and cervical spinal
cord were prepared for immunohistochem-
istry and densitometric analysis of BDA�
rubral axons.

We observed numerous BDA� so-
mata in the magnocellular region of the
red nucleus and labeled fibers innervating
multiple brainstem structures (Figs. 5 and
Figs. 7) and the cervical spinal cord (Fig.
4). Close inspection of the cervical spinal
cord revealed a tight bundle of BDA� ax-
ons in the dorsolateral funiculus (DLF)
contralateral to the injection site (Fig. 4E–
H). BDA� RST axon terminals were
observed exiting the DLF and densely in-
nervating intermediate laminas V–VII of
cervical spinal gray matter, with few ter-
minals reaching the ventral horn (below
lamina VII, shown schematically in Fig.
4E) in sham-lesioned ngr1�/� (E,C) and
ngr1�/ � (F,C) mice. The density of RST
terminals significantly increased in dorsal
and ventral halves of the spinal cord in
both ngr1�/� (Fig. 4, compare E, G) and
ngr1�/ � (compare F, H) mice after bPyX
(C; p � 0.0005, ANOVA). Furthermore,
ngr1�/ � mice had significantly more
dense RST terminals throughout cervical
gray matter after bPyX compared to le-

sioned ngr1�/� mice (Fig. 4C; p � 0.0005, ANOVA). To deter-
mine efficiency of BDA labeling, we assessed the density of BDA�
axons in the caudal pontine reticular nucleus (PnC) immediately
caudal to where the rubrospinal tract crosses the midline at the
ventral tegmental decussation. There was no significant differ-
ence in the density of BDA� axons in the PnC in ngr1�/� or
ngr1�/ � mice after bPyX or sham lesion (Fig. 4D). These data
suggest that reorganization of the intact RST could be mediating
spontaneous recovery of grid-walking function after bPyX in
ngr1�/� mice, and, furthermore, the enhanced plasticity of RST
terminals observed in ngr1�/ � could underlie the augmented
behavioral recovery observed in ngr1�/ � mice.

Plasticity of rubropontine projections correlates with
spontaneous functional recovery after bilateral
pyramidotomy
Previous studies have shown that the BPN receives increased in-
nervation from the intact primary motor cortex after unilateral
pyramidotomy (Thallmair et al., 1998; Z’Graggen et al., 1998,
2000; Raineteau et al., 1999) and may serve as an important relay
station between motor cortex and the spinal cord in the absence
of a functional CST. As the BPN is a crucial intercalation site
between the cerebral cortex and cerebellum and is critical for
controlling motor coordination, precision, and timing (Cicirata
et al., 2005), we sought to determine whether the red nucleus
innervates the pontine nuclei (rubropontine projection), and
furthermore whether this innervation is altered after complete
CST lesion.

Figure 6. Bilateral pyramidotomy does not alter raphespinal terminal distribution. A, A schematic shows the location of the
NRM and the bilateral spinal innervation of the RPST. B, Bar chart shows average density of 5HT� axons per mm 2 (�SEM) in
cervical spinal ventral horn in bPyX and sham-lesioned ngr1 �/� and ngr1 �/� mice. C–J, Photomicrographs show 5-HT�
raphespinal axons terminating in the C6/C7 spinal ventral horn contralateral (C–F ) and ipsilateral (G–J ) to a unilateral BDA
injection into the red nucleus in ngr1�/� (C, G, E, I ) and ngr1 �/ � (D, H, F, J ) mice after sham (C, D, G, H; n �9 for ngr1�/�; n �
8 for ngr1 �/ �) or bPyX (E, F, I, J; n � 11 per genotype). There was no significant difference in the density of 5-HT� raphespinal
axons in the ipsilateral (G–J ) or contralateral (C–F ) ventral horn between ngr1�/� (C, G, E, I ) and ngr1 �/ � mice (D, H, F, J ) after
bPyX or sham lesion (B). Scale bar, 500 �m.
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A survey of the pontine nuclei revealed
a consistent but sparse pattern of BDA�
rubrofugal axons in the traced ipsilateral
(Fig. 5G,H) and nontraced contralateral
(C,D) BPNs 2 weeks after unilateral injec-
tion of BDA into the right red nuclei
of sham-lesioned ngr1�/� (C,G) and
ngr1�/ � (D,H) mice. The density of
BDA� axons was not significantly differ-
ent between genotypes (Fig. 5B), thus in-
dicating normal wiring of this projection
in intact ngr1�/ � mice. We observed a
significant increase in the density of
BDA� rubropontine axons in the ipsilat-
eral (Fig. 5 I, J) and contralateral (E,F)
BPNs in ngr1�/� (E, I) and ngr1�/ � (F, J)
mice 6 weeks after bPyX compared to
sham-lesioned controls (B; p � 0.0005,
ANOVA). Additionally bPyX-induced
plasticity of the intact rubropontine pro-
jection was significantly increased in
ngr1�/� compared to ngr1�/� mice (Fig.
5B; p � 0.0005, ANOVA). Therefore, in ad-
dition to enhanced innervation of the dorsal
and ventral cervical spinal cord by the RST
after bPyX, novel lesion-induced rubropon-
tine connections could also mediate sponta-
neous recovery of function after partial
SCI.

Plasticity of rubro–raphe projections
correlates with spontaneous functional
recovery after bilateral pyramidotomy
In addition to identifying an enhanced
lesion-induced rubropontine projec-
tion, BDA tracing also revealed a previ-
ously undescribed connection between
the red nucleus and the NRM (see Fig. 7). The NRM is the
originating locus of the raphespinal tract (RPST). The RPST is
a serotonergic projection that descends the spinal cord in the
DLF and terminates in all lamina at every spinal segment
(Jones and Light, 1990; Hornung, 2003) and is known to have
important roles in both nociception and in the initiation of
locomotion (Kiehn, 2006). Therefore, we sought to determine
whether this novel rubro–raphe projection was reinforced af-
ter complete CST lesion and was thereby capable of driving
spontaneous recovery of function after partial SCI.

As an important first step to investigating a functional role for
this novel rubro–raphe connection, we assessed whether wiring
of the RSPT was altered after bPyX. As the RPST is predominantly
a serotonergic projection (Dahlström and Fuxe, 1964; Bowker et
al., 1983; Bowker and Abbott, 1990; Jones and Light, 1990), we
can assess the density of its spinal gray matter terminals with
immunohistochemistry to 5-HT. We observed diffuse 5-HT im-
munoreactivity (5-HT-IR) throughout the ipsilateral and con-
tralateral (to BDA traced side) ventral horns in both ngr1�/� (Fig.
6C,G) and ngr1�/ � (D,H) mice after sham lesion. There was no
significant difference in the density of 5-HT-IR terminals be-
tween ngr1�/� and ngr1�/ � mice after bPyX or sham lesion (Fig.
6B). Therefore, owing to the lack of structural reorganization of
the RPST after bPyX, its possible role in mediating spontaneous
recovery of function after SCI must originate from novel inputs
in part from the red nucleus.

Double immunofluorescent staining of sections through the
NRM for serotonin and BDA showed close apposition of rubral
axons with the cell bodies of 5-HT� RPST neurons (Fig. 7B–M).
There was no significant difference in the density of rubro–raphe
terminals between ngr1�/� and ngr1�/ � after sham lesion (Fig.
7N, compare D, G). However, we observed a significant increase
in the density of BDA� rubro–raphe terminals in both ngr1�/�

(Fig. 7H–J,N; p � 0.0005, ANOVA) and ngr1�/ � (K–M, N; p �
0.0005, ANOVA) mice after bPyX compared to sham lesion. Fur-
thermore, bPyX-induced plasticity of this novel connection was
significantly increased in ngr1�/ � compared to ngr1�/� mice
(Fig. 7N; p � 0.0005, ANOVA). Therefore, increased innervation
of the NRM by rubrofugal axons suggests that this novel pathway
may also play an important role in mediating spontaneous recov-
ery of function after partial SCI.

Pharmacogenetic silencing of the nucleus raphe magnus
abrogates spontaneous functional recovery after complete
corticospinal tract lesion
These data clearly establish three intact alternate motor projec-
tions that undergo significant structural reorganization after
complete CST lesion that correlate with spontaneous functional
recovery. We used a pharmacogenetic approach to determine
whether these de novo circuits were driving functional restoration
after bPyX. Targeting the red nucleus directly, either via surgical
resection, chemical ablation, or pharmacogenetic silencing,

Figure 7. Bilateral pyramidotomy significantly increases rubrofugal innervation of the nucleus raphe magnus. A, A schematic
shows the relative location of the red nuclei and the NRM, the site of the unilateral BDA injection, and the location of the de novo
rubro–raphe circuit (red stippled line). B–M, Photomicrographs show BDA� rubro-raphe axons (B, E, H, K ) in close apposition to
5-HT� NRM neurons (C, F, I, L) and overlay (D, G, J, M; red, BDA� axons; green, 5-HT� NRM neurons) 6 weeks after bPyX (H–M;
n � 11 per genotype) or sham lesion (B–G; n � 9 for ngr1�/�; n � 8 for ngr1 �/ �) in ngr1�/� (B–D, H–J ) and ngr1 �/ �

(E–G, K–M ) mice. There was no significant difference in the density of BDA� rubro–raphe axons in the NRM between ngr1�/�

and ngr1 �/ � mice after sham lesion (N; data are shown as the average density of BDA� axons per square millimeter � SEM;
compare D, G). The density of BDA� rubro–raphe axons was significantly elevated in the NRM 6 weeks after bPyX in ngr1�/� and
ngr1 �/ � mice compared to sham-lesioned ngr1�/� and ngr1 �/ � mice (N; #p � 0.005, ANOVA; compare D, J; compare G, M ).
Lesion-induced enhanced plasticity of BDA� rubro–raphe axon terminals was significantly augmented in ngr1 �/ � compared to
ngr1�/� mice in the NRM 6 weeks after bPyX (N; *p � 0.005, ANOVA; compare E, F; compare I, J ). Scale bar, 100 �m.
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would not allow us to differentiate be-
tween its CST redundant functions and its
capacity to form new circuits to drive
compensatory function after the loss of
the CST. Furthermore, targeting the BPNs
would also fail to specifically assess the
role of de novo rubral circuitry after bPyX
because many afferent and efferent path-
ways including the rubropontine and cor-
ticopontine (which remains intact after
bPyX) projections converge on these relay
nuclei (Cicirata et al., 2005). Therefore, we
chose to transiently silence the novel rubro–
raphe projections in vivo via activation of
the inhibitory DREADD (designer receptor
exclusively activated by designer drugs) re-
ceptor hM4di. DREADDs are G-protein-
coupled receptors that are activated or
inhibited by the otherwise inert drug
CNO (Rogan and Roth, 2011; Lee et al.,
2014). Acute delivery of CNO to neurons
expressing hM4di activates G-protein-
associated inwardly rectifying potassium
channels, which leads to membrane hy-
perpolarization that ultimately induces si-
lencing of the infected neurons. (Rogan
and Roth, 2011).

To transiently silence rubro–raphe target
neurons, we delivered a single 75 nl injection
of high-titer (1 � 1013 pfu/ml) AAV2-hSyn-
HA-hM4di-IRES-mCitrine stereotaxically
into the NRMs of ngr1�/� and ngr1�/ �

mice (Fig. 8A,C,D; n � 36 per genotype).
Three weeks after AAV injection, mice
were split into two groups (Fig. 8C). The
first group (Fig. 8C, red group; ngr1�/�,
n � 12; ngr1�/ �, n � 12) underwent two
sessions of functional testing with grid-
walking analysis before (intraperitoneal
vehicle injection; Fig. 8C, split black ar-
row) and 30 min after (split blue arrow)
intraperitoneal CNO injection to assess
the impact of silencing the NRM on mo-
tor function in naive mice (Fig. 8B). The
next day these mice underwent an addi-
tional behavioral testing session to assess

Figure 8. Activation of the inhibitory DREADD receptor hM4di abrogates activity-induced c-fos expression in NRM neurons. A,
D, A schematic shows the relative location of the red nuclei, NRM, and rubro–raphe axons (red stippled line) and the location of
AAV2-CAG-hSyn-hM4di-HA-IRES-mCitrine injection into the NRM (A) and its relative location to the LVNs (D). B, Intraperitoneal
injection of CNO activates hM4di and silences NRM-projecting raphespinal axons (outlined in blue). The time line for experiments
described in Figures 8 –10 is schematized in C. Ngr1�/� (n � 36) and ngr1 �/ � (n � 36) mice received a single 75 nl stereotaxic
injection of high-titer (1 � 10 13 pfu/ml) AAV-hM4di into the NRM. After 3 weeks, mice were split into two groups: a red group, to
anatomically assess the expression of hM4di and the molecular activation status of NRM neurons expressing hM4di (n � 12 per
genotype), and a blue group (n � 24 per genotype), to assess the functional impact of transiently silencing NRM neurons after
bPyX or sham lesion. Unlesioned ngr1�/� and ngr1 �/ � mice in the red group underwent behavioral assessment using the
grid-walking task on day 0 (3 weeks after AAV injection), 30 min after an intraperitoneal injection of either vehicle (n � 6 per
genotype) or CNO (n � 6 per genotype), and a second behavioral assessment 24 h later. E, There was no significant difference in
the percentage of missed steps made by naive ngr1�/� or ngr1 �/ � mice after CNO compared to the vehicle treatment or 24 h
after drug washout. F–W, Photomicrographs show coronal sections of brainstem stained with antibodies to c-fos (white and red)
and 5-HT (green; arrowheads denote colocalization). Few c-fos� nuclei were observed in the NRM or LVNs of naive ngr1�/�

(F–H ) and ngr1 �/ � (I–K ) mice. Significantly more c-fos�nuclei were observed in 5-HT�neurons after 3 min of running on the
rotarod in both ngr1�/� (L, M ) and ngr1 �/ � (O, P) mice compared to naive controls (X; *p � 0.005, ANOVA). CNO treatment

4

significantly reduced the number of c-fos�5-HT� NRM neu-
rons in ngr1�/� (R, S) and ngr1 �/ � (O, P) mice compared to
nave controls (X; *p � 0.005, ANOVA). Naive ngr1�/� (H)
and ngr1 �/ � (K) mice that were not run on the rotarod
showed little c-fos induction in the LVNs (Y). Significantly
more c-fos� nuclei were observed in the LVNs in both
ngr1�/� (N) and ngr1 �/ � (Q) mice 60 min after running on
the rotarod (Y; *p � 0.005, ANOVA). Delivery of CNO failed to
significantly alter the number of c-fos� LVNs in either
ngr1�/� (T) or ngr1 �/ � (W) mice compared to vehicle-
treated controls (Y). Data are shown as the average percentage
of missed steps during 3 min of grid walking � SEM (E), as the
average of the percentage of c-fos�5-HT� neurons � SEM
(X), and the average number of c-fos� neurons in the LVNs �
SEM (Y). Scale bars, 100 �m.
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the subacute impacts of CNO treatment.
After behavioral assessment, mice re-
ceived an additional intraperitoneal injec-
tion of either vehicle or CNO (n � 6 per
genotype), and 30 min later were run on
the rotarod. Sixty minutes after running
on the rotarod, mice were perfused for an-
atomical assessment of c-fos induction in
the NRM. Previous studies have shown
that acute experience on the rotarod stim-
ulates robust induction of the immediate
early gene c-fos in NRM neurons (Sluka
and Rasmussen, 2010). Therefore, silenc-
ing these neurons via CNO-mediated ac-
tivation of hM4di should abolish c-fos
induction, thereby establishing a molecu-
lar signature of CNO-mediated hM4di ac-
tivation. The second group (Fig. 8C, blue
group; ngr1�/�, n � 24; ngr1�/ �, n � 24)
underwent identical functional testing be-
fore (vehicle injection; Fig. 8C, split black
arrow) and after (split blue arrow) CNO
delivery at baseline (day �5) and on days
4, 7, 14, 21, 28, and 35 after bPyX (n � 12
per genotype) or sham lesion (n � 8 per
genotype), allowing us to determine the
temporal impact of silencing the NRM
throughout the testing period.

A single injection of AAV2-hSyn-
hM4di-IRES-mCitrine into the NRM did
not significantly elevate the percentage of
missed steps made by either ngr1�/� or
ngr1�/ � naive mice during 3 min of grid
walking 30 min after intraperitoneal injection of either vehicle or
CNO (Fig. 8E). Twenty-four hours later, there was still no detect-
able effect of the drug on grid-walking competency (Fig. 8E).
Therefore, transient silencing of the raphespinal tract does not
influence skilled locomotor function in naive mice. The mCitrine
signal marking hM4di expression was low level and inconsis-
tently visualized by fluorescence microscopy due to the ineffi-
ciency of IRES-dependent reporter expression (Mizuguchi et al.,
2000; Ngoi et al., 2004). Therefore, to confirm expression of
hM4di and subsequent silencing of neurons expressing the recep-
tor via CNO application, we delivered either CNO (n � 6 per
genotype) or vehicle (n � 6 per genotype) and ran these mice on
the rotarod (Fig. 8C, red group). Sixty minutes after the rotarod,
mice were perfused and prepared for immunohistochemical de-
tection of c-fos.

To control for baseline levels of c-fos induction during normal
cage activity, a cohort of naive mice (n � 6 per genotype) that did
not receive AAV2-hSyn-HA-hM4di-IRES-mCitrine injections
and were not run on the rotarod were included in our analysis.
Naive ngr1�/� (Fig. 8F,G,X) and ngr1�/ � mice ( I, J,X) showed
very little c-fos induction in 5-HT� NRM neurons. Signifi-
cantly more c-fos�5-HT� NRM neurons were observed in
AAV2-hSyn-HA-hM4di-IRES-mCitrine-injected ngr1�/� (Fig.
8L,M,X; p � 0.005, ANOVA) and ngr1�/ � mice (Fig. 8O,P,X;
p � 0.005, ANOVA) treated with vehicle 60 min after running on
the rotarod compared to naive mice. Delivery of CNO 30 min
before rotarod running significantly attenuated the number of
c-fos�5-HT� neurons in the NRMs of AAV2-hSyn-HA-hM4di-
IRES-mCitrine-injected ngr1�/� (Fig. 8R,S,X; p � 0.005,
ANOVA) and ngr1�/ � mice (Fig. 8U,V,X; p � 0.005, ANOVA)

compared with vehicle-treated controls, suggesting that hM4di
activation is silencing 5-HT� NRM neurons. To ascertain the
regional specificity of hM4di expression, we exploited the obser-
vation that c-fos is robustly expressed in the lateral vestibular
nuclei (LVN) complex after intense locomotion (Ruigrok et al.,
1996). We did not observe substantial c-fos induction in naive
ngr1�/� (Fig. 8H) or ngr1�/ � (K) mice. However, inspection of
LVNs in the same tissue sections that were used to count c-fos�
neurons in the NRM revealed significantly more c-fos� neurons
in AAV2-hSyn-HA-hM4di-IRES-mCitrine-injected ngr1�/�

(Fig. 8N,Y; p � 0.005, ANOVA) and ngr1�/ � mice (Fig. 8Q,Y;
p � 0.005, ANOVA) compared with naive controls. CNO treat-
ment did not significantly alter the number of c-fos� LVN neu-
rons in either ngr1�/� (Fig. 8T,Y; p � 0.005, ANOVA) or
ngr1�/ � (Fig. 8W,Y; p � 0.005, ANOVA) AAV2-hSyn-HA-
hM4di-IRES-mCitrine-injected mice, thus confirming that ste-
reotaxic injections of virus were confined to the NRM and did not
spread to other adjacent regions within the brainstem (Fig. 8D).
These data suggest that 3 weeks after AAV injection, hM4di is
robustly expressed in the NRM, and its activation via acute deliv-
ery of CNO can manipulate the function of NRM neurons.

Pharmacogenetic silencing of the nucleus raphe magnus
abrogates spontaneous functional recovery after complete
corticospinal tract lesion
To assess whether silencing the de novo rubro–raphe circuit in
vivo via targeting hM4di to the NRM influences spontaneous
recovery of function after bPyX or sham lesion (Fig. 9A–D), we
assessed the percentage of missed steps made during 3 min of grid
walking by ngr1�/� mice before (Fig. 10A,B,E,F, black lines,

Figure 9. Activation of hM4di in the NRM fails to alter skilled locomotion after sham lesion. A–D, Skilled locomotion assessment
of ngr1�/� (n � 10) and ngr1 �/ � (n � 10) mice using grid-walking analysis for 5 weeks starting 3 weeks after AAV-mediated
transfection of the NRM with hM4di showed that the percentage of missed steps made by all four limbs was unaltered before or at
anytime after sham lesion after treatment with vehicle or CNO. Error bars indicate SEM.
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black dots) and after hM4di activation
with CNO treatment (black lines, blue
dots), and ngr1�/ � mice before (red lines,
red dots) and after CNO treatment (red
lines, blue dots). As expected, expression
of hM4di failed to alter the number of
missed steps made by forelimbs (Fig.
9A,B) or hindlimbs (C,D) in ngr1�/�

mice before (A–D, stippled black lines,
black dots) or after (stippled black lines,
blue dots) CNO treatment, or in ngr1�/ �

mice before (A–D, stippled red lines, red
dots) or after (stippled red lines, blue
dots) CNO treatment after sham lesion,
thus confirming our previous data (Fig. 8)
showing that activity in NRM neurons
does not influence skilled locomotion in
intact adult mice.

In line with our previous observations
(Fig. 3), lesioned ngr1�/� mice treated
with vehicle showed significant functional
impairments in all four limbs after bPyX
throughout the testing period (p � 0.005,
ANOVA), but also showed significant
spontaneous functional recovery by 14 d
after lesion (Fig. 10C,D,G,H; p � 0.005,
ANOVA). Delivery of CNO to ngr1�/�

mice 30 min before their second grid-
walking testing session resulted in a signif-
icant attenuation of spontaneous recovery
of function in all four limbs compared to
the vehicle treatment (Fig. 10A,B,E,F,
black lines, blue dots; p � 0.005, repeated-
measures ANOVA). Post hoc analysis
revealed that CNO treatment nullified
spontaneous recovery of function back to
day 4 after bPyX levels (nadir of measured
functional deficits) up to 35 dpl in the left
forelimbs (Fig. 10C; p � 0.005, ANOVA)
and 21 dpl in the right forelimbs (D), left
hindlimbs (G), and right hindlimbs (H).
These data suggest that de novo rubro–ra-
phe circuit–mediated activation of the
NRM after bPyX is responsible for driving
the majority of spontaneous recovery of
function observed in wild-type mice after
complete CST lesion.

Similarly, ngr1�/ � mice treated with
vehicle showed significant functional def-
icits throughout the testing period in all
four limbs after bPyX (p � 0.005,
ANOVA), and also spontaneous func-
tional recovery by 7 dpl (Fig. 10C,D,G,H;
p � 0.005, ANOVA). As we observed in
our previous cohort (Fig. 3), ngr1�/ �

mice recovered significantly more func-
tion compared with ngr1�/� mice
(Fig. 10A,B,E,F; p � 0.0005, repeated-
measures ANOVA). Delivery of CNO to
ngr1�/ � mice 30 min before their second
grid-walking testing session resulted in a
significant attenuation of spontaneous re-
covery of function (Fig. 10A,B,E,F, red

Figure 10. Activation of hM4di in the NRM abrogates spontaneous recovery of skilled locomotor function after bilateral pyra-
midotomy. A–H, The effects of transiently silencing the NRM via activation of hM4di on skilled locomotion after bPyX was assessed
by counting the number of footfalls made by forelimbs (A, B) and hindlimbs (E, F) during 3 min of grid walking on a 2.5 � 2.5 cm
mesh grid and analyzed using repeated-measures ANOVA with Bonferroni’s correction for multiple comparisons (A, B, E, F) with
post hoc ANOVA (A–H). Data are shown as the average number of missed steps expressed as a percentage of total steps made over
3 min � SEM. As in (Fig. 3), both ngr1�/� (n � 14) and ngr1 �/ � (n � 14) mice made significantly more errors with their left
forelimbs ( #F(3,29) � 1802.362, p � 0.0005), right forelimbs ( #F(3,29) � 1960.634, p � 0.0005), left hindlimbs ( #F(3,29) �
2202.006, p � 0.0005), and right hindlimbs ( #F(3,29) � 1959.227, p � 0.0005) after bPyX compared to sham-lesioned control
ngr1�/� (n � 10) and ngr1 �/ � (n � 10) mice (Fig. 9). Consistent with Figure 3, ngr1�/� mice demonstrated significant
spontaneous functional recovery in all four limbs by 14 dpl, and ngr1 �/ � mice by 7 dpl, compared to maximum deficits at 4 dpl
(C, D, G, H; *p � 0.005). Intraperitoneal CNO significantly attenuated spontaneous recovery made by both ngr1�/� and
ngr1 �/ � mice in left forelimbs (A; #F(3, 32) � 62.569, p � 0.0005), right forelimbs (B; #F(3, 32) � 65.452, p � 0.0005), left
hindlimbs (E; #F(3, 32) � 104.047, p � 0.0005), and right hindlimbs (F; #F(3, 32) � 95.395, p � 0.0005). For ngr1�/� mice,
compare black lines and black dots for intraperitoneal vehicle with black lines and blue dots for intraperitoneal CNO (black arrow
heads; post hoc ANOVA, p � 0.005). For ngr1 �/ � mice, compare red lines and red dots for intraperitoneal vehicle with red lines
and blue dots for intraperitoneal CNO (red arrow heads; post hoc ANOVA, p�0.005). Post hoc analyses showed that intraperitoneal
CNO nullified spontaneous recovery observed in ngr1�/� mice up to 35 dpl in the left forelimb (C), and up to 21 dpl in the right
forelimb (D) and left (G) and right (H) hindlimbs. Intraperitoneal CNO also nullified spontaneous recovery in ngr1 �/ � mice up to
28 dpl in the left forelimb (C) and up to 21 dpl in the right forelimb (D) and left (G) and right (H) hindlimbs. *p � 0.005. Although
CNO treatment abrogated spontaneous functional recovery in both genotypes, ngr1 �/ � mice recovered significantly better than
ngr1�/� mice after bPyX after both vehicle (A, B, E, F, black asterisk #p � 0.0005, post hoc ANOVA; *p � 0.005, compare black
lines and black spots with red lines and blue spots) and CNO (A, B, E, F, blue asterisk; #p � 0.05, post hoc ANOVA; *p � 0.05,
compare black lines and blue spots with red lines and blue spots) treatment.
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lines, blue dots; p � 0.005, repeated-
measures ANOVA). Post hoc analysis
revealed that CNO treatment nullified
spontaneous recovery of function back to
day 4 after bPyX levels (nadir of measured
deficits) up to 28 dpl in the left forelimbs
(Fig. 10C) and 21 dpl in the right fore-
limbs (D), left hindlimbs (G), and right
hindlimbs (H). Additionally, there was no
significant difference between ngr1�/�

mice treated with vehicle and ngr1�/ �

mice treated with CNO (Fig. 10A,B,E,F,
compare black lines, black dots and red
lines, blue dots). These data suggest that
novel rubro–raphe input into the NRM is
partially responsible for driving spontane-
ous functional recovery after bPyX in
plasticity-sensitized ngr1�/ � mice. In
contrast to ngr1�/� mice treated with
CNO, ngr1�/ � mice did not return to
acute postinjury deficits levels after CNO
treatment, suggesting that additional loci
are contributing to functional recovery in
this plasticity-sensitized background. In-
deed elevated levels of structural plasticity observed in rubrospi-
nal (Fig. 4) and rubropontine (Fig. 5) circuits in ngr1�/ � mice
after bPyX could contribute to enhance spontaneous functional
recovery.

Discussion
We sought to identify the mechanisms driving spontaneous func-
tional recovery after partial SCI and determine whether they can
be exploited to augment functional restoration. By ablating the
CST in adult mice and using a combination of behavioral testing,
anterograde tract tracing, and in vivo pharmacogenetic silencing,
we can draw several conclusions. First, skilled locomotion analy-
sis reveals spontaneous yet incomplete functional recovery after
bPyX, thus validating this approach to dissecting the mecha-
nisms driving spontaneous functional recovery after partial
SCI. Second, structural plasticity of rubral projections to the
BPNs, spinal cord, and NRM correlate with spontaneous re-
covery of skilled function. Third, enhancing structural plastic-
ity within these lesion-induced connections by deleting NgR1
significantly augments spontaneous functional recovery. Fi-
nally, novel rubral connections are crucial in driving sponta-
neous recovery of function after bPyX (summarized in Fig.
11), as their transient inactivation significantly blunts func-
tional recovery.

Compensation and redundancy between descending
motor pathways
The limited capacity of adult CNS axons to regenerate after injury
suggests that spontaneous recovery of function after SCI is driven
by two nonexclusive mechanisms that rely on intact motor cir-
cuits. First, localized plasticity of intact terminals could unmask
or strengthen prewired silent synapses. Second, widespread
sprouting of intact fibers may connect targets that have lost affer-
ent input to maintain or restore motor function. These mecha-
nisms can be partially differentiated temporally, as redundant
connections would restore function to prelesion levels acutely
after injury, whereas structural changes would restore function
over a protracted period of time. We used qualitatively different
behavioral tasks to identify these two phases and focused on met-

rics to dissect the mechanisms that drive compensatory sponta-
neous recovery rather than redundancy.

In line with a previous report (Kanagal and Muir, 2009), we
failed to detect an effect of bPyX on overground locomotion.
These data are also in agreement with reports that studied the
effect of uPyX on overground locomotion that concluded that
the CST has little or no role in driving this behavior in rodents.
However, lesions to the rubrospinal, reticulospinal, DLF, and
dorsal column projections all significantly impair overground
locomotion (Muir et al., 2007). Therefore, studying axon regen-
eration within these pathways, all of which are axotomized after
dorsal hemisection, would seem more appropriate than correlat-
ing CST axon regeneration with open-field locomotor recovery
after experimental SCI.

Both ngr1�/� and ngr1�/ � mice showed only a transient mo-
tor impairment in the tape removal task after bPyX, consistent
with a previous study assessing the effect of unilateral PyX (Star-
key et al., 2005). This was surprising, as we anticipated a more
severe functional deficit in our study, as a bilateral lesion would
remove the possibility of compensatory sprouting from the intact
CST. However, minimal sprouting of intact CST axons in adult
wild-type mice after uPyX (Cafferty et al., 2007) suggests that
complete recovery in this task is dependent upon a non-CST-
driven mechanism. Similar to tape removal, both ngr1�/� and
ngr1�/ � mice displayed significant functional impairments in
grid-walking competency after bPyX. Although neither genotype
recovered to prelesion baseline levels, ngr1�/ � mice recovered
significantly more function compared to ngr1�/� mice after in-
jury. Therefore, this behavioral task appeared sensitive enough to
dissect the anatomical substrates driving spontaneous recovery of
function after destruction of the CST.

Structural plasticity of intact rubral projections correlates
with spontaneous recovery of function
The RST has been implicated previously in compensating for
damage to the CST. First, the RST develops functional connec-
tions with brainstem premotor nuclei and spinal motor neurons
before the CST does and is therefore capable of driving rudimen-
tary motor skills during an epoch devoid of a functional CST

Figure 11. Bilateral pyramidotomy-induced rubral sprouting drives spontaneous recovery of function after complete cortico-
spinal tract lesion. A–E, Summary schematics show the origin and termination pattern of the CST (green lines), RST (from the red
nucleus; red lines), and the RPST (from the nucleus raphe magnus; blue lines) in the brainstem (A) and spinal cord (D) of adult intact
mice. bPyX (B, C) results in spinal degeneration of the CST and retraction of CST terminals from the spinal cord in both ngr1�/� (E)
and plasticity-sensitized ngr1 �/ � (F) mice. Lesion-induced de novo connections (red stippled lines) formed between the red
nucleus and premotor brainstem nuclei (B; basilar pontine nuclei and nucleus raphe magnus) and motor neurons in the spinal cord
(E) after complete ablation of the CST in adult ngr1�/� mice initiates spontaneous functional recovery. bPyX-induced sprouting of
rubral connections in the brainstem (C) and spinal cord (F) is enhanced in ngr1 �/ � mice, significantly elevating spontaneous
recovery of function.
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(Williams et al., 2014). Second, lesions to the red nucleus
(Whishaw et al., 1998) or spinal axotomy of the RST (Muir et al.,
2007) result in deficits similar to those from uPyX. Third, sprout-
ing of corticofugal axons into the red nucleus functionally recon-
nects the cortex to the periphery after uPyX (Z’Graggen et al.,
1998). Fourth, sprouting of the RST into the spinal ventral horn
drives EMG responses in forelimb muscles that have been deaf-
ferented after bPyX (Raineteau et al., 2001). Finally, the red nu-
cleus projects somatotopically organized axons to all levels of the
spinal cord (Murray and Gurule, 1979; Liang et al., 2012) and is
therefore primed to execute voluntary motor commands. We
observed sprouting of axons from the red nucleus into the BPNs,
spinal ventral horn, and NRM in ngr1�/� mice after bPyX, which
correlated with spontaneous functional recovery in grid walking.
Enhancing plasticity within these projections by deleting NgR1
significantly augmented rubral axon sprouting and crucially
boosted functional recovery after bPyX, suggesting that rubral
pathways are fundamental in driving recovery of function after
partial SCI.

Silencing of the NRM reveals the central role of rubral
projections in driving spontaneous functional recovery
Pharmacogenetic silencing strategies have been successfully used
to dissect the function of intact brainstem circuits (Esposito et al.,
2014) and spinal circuits after stroke (Wahl et al., 2014). There-
fore, we selected this approach to dissect the functional impact of
the bPyX-induced de novo rubro–raphe circuit. Scant evidence
for the existence and function of this circuit exists in the litera-
ture. A singular study showed that an excitatory circuit from the
red nucleus to the NRM exists in the cat, and it was hypothesized
to serve a modulatory motor function (West et al., 1982).

The NRM is part of the serotonergic raphe complex, which,
together with the raphe pallidus and obscurus, forms the RPST
that innervates all spinal lamina and segments (Liang et al., 2012).
Although RPST axons mostly regulate nociceptive and motor
function (Hornung, 2003; Kiehn, 2006), regeneration of this
pathway has been shown to be crucial in mediating functional
recovery after dorsal hemisection in ngr1�/ � mice (Kim et al.,
2004) and after pharmacological inhibition of NgR1 (Wang et al.,
2006) and NogoA (Müllner et al., 2008). Therefore, activation of
the RPST via bPyX-induced rubral innervation of the NRM could
mediate functional recovery. We were unable to consistently de-
tect expression of the HA or mCitrine tags 3 weeks after AAV
injection in to the NRM. Therefore, we sought a molecular sig-
nature of hM4di status that would confirm its expression and
subsequent inactivation. We exploited the observation that c-fos
is robustly expressed in the NRM after rotarod running (Sluka
and Rasmussen, 2010). Intact ngr1�/� and ngr1�/ � mice dem-
onstrated significant c-fos expression in the NRM 60 min after
rotarod running, although CNO delivery 30 min before the ro-
tarod significantly abrogated c-fos activation, thereby confirming
expression and activation of hM4di.

Silencing the NRM had no effect on grid walking in intact
ngr1�/� and ngr1�/ � mice and is therefore not responsible for
voluntary skilled movement in the intact CNS. In contrast, by 7
dpl, both ngr1�/� and ngr1�/ � mice showed an abrogation of
spontaneous recovery of skilled locomotor function after CNO
delivery. This suggests that the RPST has acquired the capacity to
drive skilled movements after bPyX. The half-life of CNO is less
than 2 h, thus allowing us to probe the function of the rubrora-
phe–raphespinal circuit repeatedly without permanently affect-
ing its function. This allowed us a unique temporal insight into
the circuitry that drives the emergence of spontaneous recovery

of function after bPyX. Both ngr1�/� and ngr1�/ � mice showed
complete abrogation of spontaneous functional recovery during
the first week after bPyX, suggesting that the rubro–raphe circuit
is responsible for the majority of spontaneous recovery acutely
after lesion. After 7 dpl, delivery of CNO impaired behavioral
recovery of all four limbs in both ngr1�/� and ngr1�/ � mice by
�50% throughout the rest of the testing period. These data sug-
gest that the rubroraphe–raphespinal circuit plays a critical role
in maintaining function after bPyX; however, additional circuits
are recruited at later time points. These may include the rein-
forced rubropontine and rubrospinal circuits that we observed 6
weeks after bPyX, and also cortical input into the red nucleus,
which has been shown to be elevated after CST lesion (Raineteau
et al., 2001).

Enhancing structural plasticity of intact projections augments
functional recovery
Evidence from previous studies supports targeting the Nogo–
NgR axis, as functional recovery mediated via sprouting of the
intact CST can be elicited by uPyX at P2, before spinal axon
myelination and NogoA deposition (Z’Graggen et al., 2000). Fur-
thermore, stimulating sprouting of the intact CST after uPyX in
the adult by antagonizing NogoA (Z’Graggen et al., 1998; Caf-
ferty and Strittmatter, 2006) and NgR1 (Cafferty and Strittmat-
ter, 2006) restores skilled forelimb function within 5 weeks of
injury. Recently, decreased collateral sprouting of intact spinal
axons and decreased functional recovery were observed after lat-
eral hemisection in Wallerian degeneration delayed (WLds) mu-
tant mice (Collyer et al., 2014). These data suggest that the
continued presence of NogoA-expressing oligodendrocytes in ar-
eas undergoing delayed degeneration (Dong et al., 2003) prevents
the formation of collateral axons from intact projections that
drive functional recovery. Additionally, elevating plasticity of in-
tact CST axons after uPyX by digesting CSPGs with chondroiti-
nase ABC also enhances collateral sprouting and functional
recovery (Starkey et al., 2012). Together, these studies highlight
the potency of targeting plasticity within remaining intact spinal
and supraspinal circuits to restore function after partial SCI.
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(2005) The basilar pontine nuclei and the nucleus reticularis tegmenti
pontis subserve distinct cerebrocerebellar pathways. Prog Brain Res 148:
259 –282. CrossRef Medline

Collyer E, Catenaccio A, Lemaitre D, Diaz P, Valenzuela V, Bronfman F,
Court FA (2014) Sprouting of axonal collaterals after spinal cord injury
is prevented by delayed axonal degeneration. Exp Neurol 261:451– 461.
CrossRef

Courtine G, Song B, Roy RR, Zhong H, Herrmann JE, Ao Y, Qi J, Edgerton
VR, Sofroniew MV (2008) Recovery of supraspinal control of stepping
via indirect propriospinal relay connections after spinal cord injury. Nat
Med 14:69 –74. CrossRef Medline

Courtine G, Gerasimenko Y, van den Brand R, Yew A, Musienko P, Zhong H,
Song B, Ao Y, Ichiyama RM, Lavrov I, Roy RR, Sofroniew MV, Edgerton
VR (2009) Transformation of nonfunctional spinal circuits into func-
tional states after the loss of brain input. Nat Neurosci 12:1333–1342.
CrossRef Medline

Dahlström A, Fuxe K (1964) Localization of monoamines in the lower brain
stem. Experientia 20:398 –399. CrossRef Medline

Dickendesher TL, Baldwin KT, Mironova YA, Koriyama Y, Raiker SJ, Askew
KL, Wood A, Geoffroy CG, Zheng B, Liepmann CD, Katagiri Y, Benowitz
LI, Geller HM, Giger RJ (2012) NgR1 and NgR3 are receptors for chon-
droitin sulfate proteoglycans. Nat Neurosci 15:703–712. CrossRef
Medline

Dong H, Fazzaro A, Xiang C, Korsmeyer SJ, Jacquin MF, McDonald JW
(2003) Enhanced oligodendrocyte survival after spinal cord injury in
Bax-deficient mice and mice with delayed Wallerian degeneration. J Neu-
rosci 23:8682– 8691. Medline

Duffy P, Wang X, Seigel CS, Tu N, Henkemeyer M, Cafferty WB, Strittmatter
SM (2012) Myelin-derived ephrinB3 restricts axonal regeneration and
recovery after adult CNS injury. Proc Natl Acad Sci U S A 109:5063–5068.
CrossRef Medline

Esposito MS, Capelli P, Arber S (2014) Brainstem nucleus MdV mediates
skilled forelimb motor tasks. Nature 508:351–356. CrossRef Medline

Festing MF, Altman DG (2002) Guidelines for the design and statistical
analysis of experiments using laboratory animals. ILAR J 43:244 –258.
CrossRef Medline

Fournier AE, GrandPre T, Strittmatter SM (2001) Identification of a recep-
tor mediating Nogo-66 inhibition of axonal regeneration. Nature 409:
341–346. CrossRef Medline
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Weinmann O, Kobayashi K, Helmchen F, Ommer B, Schwab ME (2014)
Neuronal repair. Asynchronous therapy restores motor control by rewir-
ing of the rat corticospinal tract after stroke. Science 344:1250 –1255.
CrossRef Medline

Wang X, Baughman KW, Basso DM, Strittmatter SM (2006) Delayed Nogo
receptor therapy improves recovery from spinal cord contusion. Ann
Neurol 60:540 –549. CrossRef Medline

Wang X, Duffy P, McGee AW, Hasan O, Gould G, Tu N, Harel NY, Huang Y,
Carson RE, Weinzimmer D, Ropchan J, Benowitz LI, Cafferty WB, Strit-
tmatter SM (2011) Recovery from chronic spinal cord contusion after
Nogo receptor intervention. Ann Neurol 70:805– 821. CrossRef Medline

West DC, Lovick TA, Wolstencroft JH (1982) An excitatory input to nucleus
raphe magnus from the red nucleus in the cat. Neurosci Lett 29:31–34.
CrossRef Medline

Whishaw IQ, Pellis SM, Gorny B, Kolb B, Tetzlaff W (1993) Proximal and
distal impairments in rat forelimb use in reaching follow unilateral pyra-
midal tract lesions. Behav Brain Res 56:59 –76. CrossRef Medline

Whishaw IQ, Gorny B, Sarna J (1998) Paw and limb use in skilled and spon-
taneous reaching after pyramidal tract, red nucleus and combined lesions
in the rat: behavioral and anatomical dissociations. Behav Brain Res 93:
167–183. CrossRef Medline

Williams PT, Kim S, Martin JH (2014) Postnatal maturation of the red nu-
cleus motor map depends on rubrospinal connections with forelimb mo-
tor pools. J Neurosci 34:4432– 4441. CrossRef Medline

Yiu G, He Z (2006) Glial inhibition of CNS axon regeneration. Nat Rev
Neurosci 7:617– 627. CrossRef Medline

Z’Graggen WJ, Metz GA, Kartje GL, Thallmair M, Schwab ME (1998) Func-
tional recovery and enhanced corticofugal plasticity after unilateral pyra-
midal tract lesion and blockade of myelin-associated neurite growth
inhibitors in adult rats. J Neurosci 18:4744 – 4757. Medline

Z’Graggen WJ, Fouad K, Raineteau O, Metz GA, Schwab ME, Kartje GL
(2000) Compensatory sprouting and impulse rerouting after unilateral
pyramidal tract lesion in neonatal rats. J Neurosci 20:6561– 6569. Medline

Siegel et al. • Rubral Plasticity Restores Function after Spinal Cord Injury J. Neurosci., January 28, 2015 • 35(4):1443–1457 • 1457

http://dx.doi.org/10.1038/343269a0
http://www.ncbi.nlm.nih.gov/pubmed/2300171
http://dx.doi.org/10.1126/science.1178310
http://www.ncbi.nlm.nih.gov/pubmed/19833921
http://dx.doi.org/10.1016/j.pain.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19632780
http://dx.doi.org/10.1016/j.expneurol.2005.06.017
http://www.ncbi.nlm.nih.gov/pubmed/16051217
http://dx.doi.org/10.1111/ejn.12017
http://www.ncbi.nlm.nih.gov/pubmed/23061434
http://dx.doi.org/10.1038/373
http://www.ncbi.nlm.nih.gov/pubmed/10195127
http://dx.doi.org/10.1093/brain/aws053
http://www.ncbi.nlm.nih.gov/pubmed/22436236
http://dx.doi.org/10.1126/science.1217416
http://www.ncbi.nlm.nih.gov/pubmed/22654062
http://dx.doi.org/10.1523/JNEUROSCI.4464-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15673660
http://dx.doi.org/10.1126/science.1253050
http://www.ncbi.nlm.nih.gov/pubmed/24926013
http://dx.doi.org/10.1002/ana.20953
http://www.ncbi.nlm.nih.gov/pubmed/16958113
http://dx.doi.org/10.1002/ana.22527
http://www.ncbi.nlm.nih.gov/pubmed/22162062
http://dx.doi.org/10.1016/0304-3940(82)90359-7
http://www.ncbi.nlm.nih.gov/pubmed/6280114
http://dx.doi.org/10.1016/0166-4328(93)90022-I
http://www.ncbi.nlm.nih.gov/pubmed/7691077
http://dx.doi.org/10.1016/S0166-4328(97)00152-6
http://www.ncbi.nlm.nih.gov/pubmed/9659998
http://dx.doi.org/10.1523/JNEUROSCI.5332-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24647962
http://dx.doi.org/10.1038/nrn1956
http://www.ncbi.nlm.nih.gov/pubmed/16858390
http://www.ncbi.nlm.nih.gov/pubmed/9614248
http://www.ncbi.nlm.nih.gov/pubmed/10964961

	Plasticity of Intact Rubral Projections Mediates Spontaneous Recovery of Function after Corticospinal Tract Injury
	Introduction
	Materials and Methods
	Results
	Discussion
	Compensation and redundancy between descending motor pathways
	References


