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Anatomically incomplete spinal cord injuries are often followed by considerable functional recovery in patients and animal models,
largely because of processes of neuronal plasticity. In contrast to the corticospinal system, where sprouting of fibers and rearrangements
of circuits in response to lesions have been well studied, structural adaptations within descending brainstem pathways and intraspinal
networks are poorly investigated, despite the recognized physiological significance of these systems across species. In the present study,
spontaneous neuroanatomical plasticity of severed bulbospinal systems and propriospinal neurons was investigated following unilateral
C4 spinal hemisection in adult rats. Injection of retrograde tracer into the ipsilesional segments C3-C4 revealed a specific increase in the
projection from the ipsilesional gigantocellular reticular nucleus in response to the injury. Substantial regenerative fiber sprouting of
reticulospinal axons above the injury site was demonstrated by anterograde tracing. Regrowing reticulospinal fibers exhibited excitatory,
vGLUT2-positive varicosities, indicating their synaptic integration into spinal networks. Reticulospinal fibers formed close appositions
onto descending, double-midline crossing C3-C4 propriospinal neurons, which crossed the lesion site in the intact half of the spinal cord
and recrossed to the denervated cervical hemicord below the injury. These propriospinal projections around the lesion were significantly
enhanced after injury. Our results suggest that severed reticulospinal fibers, which are part of the phylogenetically oldest motor com-
mand system, spontaneously arborize and form contacts onto a plastic propriospinal relay, thereby bypassing the lesion. These rear-
rangements were accompanied by substantial locomotor recovery, implying a potential physiological relevance of the detour in
restoration of motor function after spinal injury.
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Introduction
Although spontaneous long-distance regeneration is absent in
the adult mammalian CNS, patients and animal models of spinal
cord injury (SCI) characteristically show some degree of func-
tional recovery after incomplete SCI (Tator et al., 1995). These
functional improvements are attributed to plastic adaptations
within the CNS occurring on the molecular and cellular level, but
also on the level of entire neural circuits (Zörner and Schwab,

2010). Neuroanatomical plasticity subsequent to partial SCI
comprises sprouting of spared fibers (compensatory plasticity),
sprouting and regrowth of severed fibers (regenerative plasticity),
and adaptations within supraspinal and intraspinal systems.
Spontaneous anatomical plasticity after SCI has mainly been
studied for the corticospinal system and was frequently associ-
ated with functional recovery (Rosenzweig et al., 2010). Anatom-
ical plasticity within brainstem and intraspinal systems is much
less investigated, although the crucial role of these systems in
controlling basic motor functions, such as locomotion, is well
known in rodents, cats, and primates (Lawrence and Kuypers,
1968; Shik and Orlovsky, 1976).

The medial reticular formation of the brainstem, specifically
the nucleus reticularis gigantocellularis (NRG), is a key unit in-
tegrating locomotor commands from the mesencephalic loco-
motor region (MLR), from the tectum and tegmentum, and from
cerebellar and cerebral centers (Alstermark et al., 1992). The
NRG produces essential outputs to spinal locomotor networks:
Thermal inactivation of the NRG blocked MLR-induced loco-
motion in the cat (Noga et al., 2003), whereas electrical and phar-
macological stimulation of the same region elicited locomotion
in decerebrated rats (Kinjo et al., 1990). Ballermann and Fouad
(2006) revealed the remarkable capacity of spared reticulospinal
fibers for spontaneous compensatory sprouting upon incomplete
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SCI in rats, accompanied by significant locomotor recovery. In
contrast, virtually nothing is known about spontaneous regrowth
of severed reticulospinal fibers in higher mammals.

Plasticity within propriospinal networks after SCI is still
poorly investigated, presumably because of their anatomical and
physiological complexity. Intraspinal neurons play an essential
role in integrating convergent motor and sensory inputs and in
modulating the activity of spinal circuits to produce accurate
outputs, as shown for locomotion (Gerasimenko et al., 2008) and
the C3-C4 propriospinal system in cats and primates (Alstermark
et al., 2007). The few studies on neuroplasticity of propriospinal
neurons (PSNs) after SCI imply a high intrinsic potential of these
neurons for neuroanatomical adaptations (Flynn et al., 2011).
Especially the formation of propriospinal detour pathways cir-
cumducting supraspinal commands around spinal lesions could
be an important substrate for functional recovery (Bareyre et al.,
2004; Courtine et al., 2008; van den Brand et al., 2012). So far,
spontaneous formation of propriospinal relays has only been
specified for the corticospinal system, but not for bulbospinal
systems, which have major locomotor relevance in animals.

In contrast to previous studies examining compensatory
plasticity of unlesioned reticulospinal fibers (Ballermann and
Fouad, 2006; Zörner et al., 2014), this study aimed to analyze
neuroanatomical adaptations of severed NRG projections and
propriospinal fibers upon incomplete SCI in rats using com-
bined anterograde and retrograde neuroanatomical tracings and
immunohistochemical stainings. Recovery of locomotor func-
tion was assessed by detailed kinematic analysis.

Materials and Methods
Animals
All experimental procedures were performed in female adult Lewis rats
(180 –220 g, Centre d’Elevage Janvier). Animals were housed in groups of
3 or 4 subjects per cage, at a 12:12 h light:dark cycle, with water and food
provided ad libitum. Animals were given at least 7 d of acclimatization
before the onset of any experimental procedure. All experiments were
approved by the Veterinary Office of the Canton Zurich, Zurich,
Switzerland.

Experimental groups
The design for the neuroanatomical tracing in all subexperiments is
shown in Figure 1a. Three animal groups were investigated for plastic
rearrangements following SCI: intact animals, animals traced 3 d post
injury (dpi; perfused 17 dpi), and animals traced 29 dpi ( perfused 43
dpi). Injections of the neuroanatomical tracer mini-emerald (ME) at
spinal levels C3–C4 were examined in two different ways: the retrograde
transport of the tracer was used to analyze axonal fiber sprouting of
descending brainstem systems rostral to the lesion site. Increased num-
bers of retrogradely labeled neurons were taken as indirect measure of
axonal sprouting above the SCI (see Fig. 1): intact animals (n � 6),
animals perfused 17 dpi (n � 8), and animals perfused 43 dpi (n � 6).
Anterograde transport of the same tracer was used to investigate anatom-
ical plasticity of descending C3–C4 propriospinal fibers (see Fig. 5): an-
imals perfused 17 dpi (n � 8) and animals perfused 43 dpi (n � 6). By
assuring lesion completeness in animals 17 dpi and 43 dpi (see Analysis of
lesion completeness), we could exclude C3–C4 PSN projections directly
descending in the ipsilesional white matter to the cervical enlargement
(which is not possible in intact animals). Thus, any labeled PSN fiber in
the ipsilesional cervical enlargement must have crossed the spinal cord
midline twice: once above the injury to the contralesional spinal cord and
once in the cervical enlargement back to the ipsilesional gray matter.
Regenerative sprouting of severed reticulospinal fibers was investigated
by anterograde tracer injections (ME) into the ipsilesional NRG (see Fig.
2): intact animals (n � 8), animals perfused 43 dpi (n � 7). The same
animals were traced with the retrograde red-fluorescent dextran (TMR)
at spinal levels C6 –C8 to visualize the cell bodies of double-crossing

propriospinal neurons rostral to the injury (see Fig. 4). Kinematic assess-
ment of locomotor performance was performed weekly until 4 weeks
post injury (see Fig. 6; n � 6 animals).

Spinal cord injury
Surgical procedures (spinal lesion, neuroanatomical tracing) were per-
formed in deeply anesthetized animals (Hypnorm, 0.6 ml/kg body
weight, Janssen Pharmaceutics; Dormicum, 3.75 mg/kg body weight,
Roche Pharmaceuticals). SCI was performed as described previously
(Zörner et al., 2010). Briefly, after skin incision, muscles of the neck and
upper back were separated and the vertebral laminae C3-C5 were cleared
from connective tissue. A C4 laminectomy was performed, and the dura
was carefully removed. A complete, right-sided hemisection at cervical
spinal level C4 (sparing C4 dorsal and ventral roots) was performed by
repeated transection using a sharp sapphire knife (World Precision In-
struments). Animals were sutured and received analgesics (Rimadyl, 2.5
mg/kg body weight, Pfizer) for 2 d, and antibiotics (Baytril, 5 mg/kg body
weight, Bayer) for 1 week after surgery. Subcutaneous injections of
Glucose-Ringer Solution (Fresenius Medical Care) were given to prevent
dehydration after surgery. Manual micturition was performed twice a
day, until normal bladder control had returned.

Neuroanatomical tracing
After laminectomy/craniectomy, the dura was carefully removed to ex-
pose the region of interest in the spinal cord/brain. Tracer injections were
performed using a stereotaxic apparatus (David Kopf Instruments) with
a precision of 10 �m. A Nanofil syringe (Hamilton) connected to a
35-gauge needle was used to stereotactically inject the neuroanatomical
tracers at the target region with a constant velocity of 6 nl/s (World
Precision Instruments). Green-fluorescent ME (10,000 MW dextran
tagged with fluorescin and biotin: Invitrogen) and a red-fluorescent dex-
tran (TMR, 3000 MW dextran tagged with tetramethylrhodamine: Invit-
rogen) were used as neuroanatomical tracers, both of them injected as
10% (w/v) solutions, diluted in sterile H2O. After injection of the tracer,
the needle was kept in position for 3 min, allowing the tracer to penetrate
into the tissue.

Tracer injections into the ipsilesional C3–C4 gray matter. Four ME in-
jections with a volume of 100 nl each were performed in the ipsilesional
spinal segments C3–C4: coordinates, mediolateral (ML), 900 �m from
spinal cord midline; dorsoventral (DV), 1600 �m from dorsal surface.
The injections were separated by 500 �m in the anteroposterior (AP)
direction. Tracer injections were performed in intact animals (n � 6),
animals 3 dpi (n � 8), and animals 29 dpi (n � 6). All animals were killed
14 d after tracer injections (17 dpi and 43 dpi).

Tracer injections into the ipsilesional cervical enlargement (C6 –C8). Ten
ipsilesional TMR injections with a volume of 225 nl each were performed
in the ipsilesional spinal segments C6 –C8 (coordinates: ML, 900 �m;
DV, 1600 �m). Injections were separated by 500 �m in the AP direction.
Tracings were performed 29 dpi (n � 7), and animals were killed 14 d
thereafter (43 dpi).

Tracing of reticulospinal fibers. After craniectomy, the dura was locally
opened and 50 nl ME was injected into the ipsilesional NRG (coordi-
nates: AP, 4600 �m caudal from�; ML, 1050 �m lateral from�; DV, 7800
�m from brain surface). Tracer injections were performed in intact an-
imals (n � 8) and animals 29 dpi (n � 7). Animals were killed for
histological analysis 14 d later (43 dpi).

Tissue processing
Animals were transcardially perfused with 50 ml of a 1% Heparin-Ringer
solution (B. Brown Medical) followed by 300 ml of a 4% PFA (Sigma-
Aldrich) solution comprising 5% sucrose. The brain and spinal cord were
dissected, postfixed in 4% PFA at 4°C for 24 h, and transferred into a 30%
sucrose solution at 4°C for 3 d for cryoprotection. The tissue was embed-
ded in Tissue-Tek OCT compound, frozen, and cut in 40-�m-thick
brain and spinal cord cross-sections. Free-floating sections (for immu-
nohistochemical staining) were collected in 4°C cold 0.1 M phosphate
buffer and kept in anti-freeze solution (15% sucrose, 30% ethylene glycol
in 50 mM phosphate buffer) at �20°C until further processing.
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Analysis of lesion completeness
For the accurate analysis of lesion size, spinal cord cross-sections were
stained with a cresyl violet solution (Nissl-stain; for details see Kapitza et
al., 2012). Rats with incomplete lesions or overhemisections, including
secondary damage, were strictly excluded from the study. Fiber tracings
of ascending and descending tracts were additionally used to confirm
lesion completeness. The absence of ascending fibers in the ipsilesional
C3–C4 white matter after retrograde C6 –C8 tracing, or the absence of
descending fibers in the C5 white matter after anterograde C3–C4 trac-
ings were taken as measure of complete unilateral spinal cord
transection.

Immunohistochemistry
For vGLUT2/ME costainings (see Fig. 3e,f ), free-floating spinal cord
cross-sections were permeabilized in TNB (0.5% TopBlock; LuBioSci-
ence in 0.1 M Tris) containing 5% normal goat serum and 0.4% Triton
X-100 for 30 min, subsequently washed in PBS, and incubated with the
primary antibody (rabbit-anti-vGLUT2 1:750, Synaptic Systems, RRID:
AB_887883) diluted in hypotonic 0.01 M phosphate buffer (PB) contain-
ing 0.1% Triton X-100 and 2% normal goat serum at 4°C for 3 d. The
sections were then washed, blocked with TNB for 10 min, and incubated
with the fluorescently labeled secondary antibody (DyLight649 goat-
anti-rabbit IgG 1:200, Jackson ImmunoResearch Laboratories) and a
fluorescently labeled Streptavidin (DyLight488-Streptavidin 1:1000,
Jackson ImmunoResearch Laboratories) to amplify the ME signal at 4°C
overnight. Secondary antibodies were diluted in hypotonic 0.01 M PB
containing 0.1% Triton X-100 and 2% normal goat serum.

For the quadruple stainings (ME/vGLUT1/vGLUT2/vGAT; see Fig.
3a– c), free-floating spinal cord cross-sections were washed in 0.1 M PB
before blocking and permeabilizing them in 0.01 M PB containing 0.3%
Triton X-100 and 5% normal goat serum for 10 min and subsequently in
0.01 M PB containing 0.05% Triton X-100 and 5% normal goat serum for
20 min. The sections were washed in 50 mM Tris-glycine and 50 mM

NH4Cl solution containing 2% normal goat serum for 20 min to reduce
background levels. After washing in 0.01 M PB containing 0.05% Triton
X-100 and 5% normal goat serum, the sections were incubated with the
primary antibodies diluted in 0.01 M PB containing 0.05% Triton X-100
and 2% normal goat serum for 72 h at 4°C (DyLight488-Streptavidin
1:500, Jackson ImmunoResearch Laboratories; guinea pig-anti-vGLUT1
1:300, Synaptic Systems, catalog #135 304; rabbit-anti-vGLUT2 1:250,
Synaptic Systems, RRID:AB_887883; mouse-anti-vGAT 1:500, Synaptic
Systems, RRID:AB_887872). After washing in 0.1 M PB, the sections were
incubated with the secondary antibodies diluted in 0.01 M PB containing
0.05% Triton X-100 and 2% normal goat serum overnight at 4°C
(AlexaFluor-405 goat-anti-mouse 1:250, Invitrogen, RRID:AB_10051818;
donkey-anti-guinea pig Cy3 1:300, Jackson ImmunoResearch Laboratories,
catalog #706165148; AlexaFluor-647 goat-anti-rabbit 1:200, Invitrogen,
RRID:AB_1056289).

All stained sections were washed in 0.1 M PB, finally incubated in
0.05 M Tris, pH 8.0, for 2 min, mounted on Superfrost glass slides, air-
dried overnight at 4°C, and coverslipped with fluorescence mounting
medium (Mowiol, Merck), containing 2.5% DABCO (Sigma-Aldrich).
The specificity of the primary antibodies was assessed by negative stain-
ing controls, including matched isotype controls (IgG3 isotype control
antibody (Thermo Fisher Scientific; MA1–10433), used at the same con-
centration as the vGAT antibody and preabsorption experiments (prein-
cubation of guinea pig-anti-vGLUT1 or rabbit-anti-vGLUT2 antibodies
with 10 –100 �g of the respective control peptide [Synaptic Systems;
#135-3P, #135-4P] overnight before proceeding with the immunohisto-
chemical staining). All negative controls revealed no staining signals,
indicating a high specificity of the primary antibodies.

Quantification of neuroanatomical tracings
Histological analyses, including cell and fiber counts, as well as immu-
nohistochemical assessments, were performed under strictly blinded
conditions for all subexperiments of the study. Randomized codes were
allocated to the animals after perfusion and quantifications were per-
formed by blinded investigators. Animals with incomplete lesions in the
Nissl-stained spinal cross section or with traced, descending PSN or NRG

fibers running in the ipsilesional C4-C5 white matter were excluded from
the neuroanatomical and behavioral analysis.

Cell counts in the reticular formation after retrograde C3–C4 tracing. The
number of ME-positive cells was analyzed by unbiased stereological anal-
ysis on every fourth coronal brainstem section using a fluorescence mi-
croscope (10�, Axioskop 2, Zeiss). Brain sections were fitted into an
atlas-based (Paxinos and Watson, 2009, RRID:nlx_152120) template us-
ing defined and prominent anatomical landmarks (facial nerve 7N,
inferior olive and pyramidal decussation) (for detailed description, see
Zörner et al., 2014), thereby normalizing the analysis to potential tissue
atrophy. Retrogradely labeled cells were quantified in four regions of the
reticular column: the pontine reticular nucleus, oral part (PnO), the
pontine reticular nucleus, caudal part (PnC), the NRG, and the medul-
lary reticular nucleus, ventral part (MdV).

Quantification of double-midline crossing C3–C4 propriospinal fibers at
cervical spinal segments C5–C8. Recrossing propriospinal fibers were
quantified on each sixth cross-section caudal to the spinal lesion (spinal
segments C5–C8). For analysis, the midline of the spinal cord was defined
as the middle of the central canal. Traced propriospinal fibers intersect-
ing this midline were defined and counted as midline recrossing C3–C4
PSN fibers. To correct for interanimal variability of tracing efficiency,
absolute fiber counts of each animal were normalized to the number of
traced ascending fibers in the ipsilateral white matter at cervical spinal
level C1 of the respective animal.

Quantification of descending reticulospinal fibers rostral to the spinal
lesion. NRG fiber quantification was performed by unbiased stereological
analysis. To minimize fading of tracer fluorescence, each sixth cross-
section of the ipsilesional spinal level C3–C4 was photographed (10�,
Axioskop 2 MOT, Zeiss) and analyzed with Photoshop (Photoshop CS5).
Fiber quantification was performed over a distance of 4 mm starting
from the rostral end of the lesion (in animals 43 dpi) or 1 mm caudal to
the C3–C4 border (in intact animals). A defined grid (5 � 7) was aligned
to the boundaries of the gray matter allowing for a detailed analysis of
local fiber innervation (see Fig. 2c). The proportional alignment of the
grid to the gray matter allowed normalizing the analysis to potential
tissue shrinkage (Tang and Nyengaard, 1997). Moreover, the stereologi-
cal method enabled the analysis of lamina-specific fiber density by quan-
tifying intersections of labeled fibers with the specific lines of the grid
(Schmitz and Hof, 2005). As described previously, each intersection of a
fiber with the medial and ventral boundary of a panel was taken as fiber
count (Lopez et al., 2005). 3D data analysis using an assumption-based,
unbiased stereological approach (West, 1999) was performed using a
custom-made, automated algorithm (MATLAB R2011b, RRID:nlx_
153890). To correct for differential tracing efficiency between animals, abso-
lute fiber counts were normalized to the number of traced, descending
reticulospinal fibers in the ipsilateral white matter at cervical level C1.

Synaptic colocalizations and close appositions
Colocalizations of NRG fibers with the presynaptic marker vGLUT2, as
well as close appositions between NRG fibers and C3–C4 PSNs, were
investigated using a spectral confocal scanning microscope (TCS SP2
AOBS, Leica Microsystems) with the lasers pretuned to 488 nm (ME,
DyLight488), 543 nm (TMR), and 633 nm (DyLight649). For the quan-
tification of vGLUT2/ME colocalizations, single-plane confocal images
(1024 � 1024 pixels; thickness of optical section: 0.53 �m) were acquired
using a 40� oil-immersion objective (HCX PL APO Oil, NA 1.25) and
1.5� zoom at optimal antibody penetration depth for vGLUT2 (Melone
et al., 2005). Quantification of the colocalizations was performed using a
custom-made macro in ImageJ (Version 1.45s, National Institutes of
Health, RRID:nif-0000-30467). For the representative picture of close
appositions on the C3–C4 PSN, a maximal intensity projection (10 con-
focal images; 512 � 512 pixels; spaced by 0.163 �m) was acquired using
a 40� oil-immersion objective and 4� zoom. Confocal images were
acquired in a sequential mode to avoid crosstalk between the different
channels (488, 543, and 633 nm). Maximum intensity and orthogonal
projections of the stacks were generated using Imaris software (Version
7.4.2, Bitplane, RRID:nif-0000-00314).

Images for bouton histology were acquired using a Leica SP8 upright
confocal laser scanning microscope (TCS SP8, Leica Microsystems) in
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Figure 1. Reticulospinal projections to the ipsilesional C3–C4 spinal cord as shown by retrograde tracing. a, Experimental design displaying the time points of retrograde neuroanatomical tracing
of the ipsilesional spinal segments C3–C4 and the time points of death of animals in the intact group (n � 6), the 17 d post injury (dpi) group (n � 8), and the 43 dpi group (n � 6). b, Analysis of
lesion completeness: representative Nissl-stained spinal cord cross-section showing a complete right-sided C4 unilateral hemisection. c, C5 spinal cross-section of the same animal depicting the
absence of labeled fibers (color-inverted) in the ipsilesional white matter below the lesion. d, Scheme displaying the lesion site (black triangle), the location of tracer injection (green circle), and the
route of retrograde tracer transport (green arrows). e, Illustration showing the ventral view of the CNS with the regions of the reticular formation analyzed in the retrograde cell count: oral pons
(PnO), caudal pons (PnC), nucleus reticularis gigantocellularis (NRG), and medullary reticular nucleus pars ventralis (MdV). f, Schematic view of a coronal brainstem section displaying the reticular
column (gray area) at the level of the NRG. g, Quantification of retrogradely labeled neurons within the reticular formation of intact animals (n � 6; black), animals 17 dpi (n � 8; orange), and
animals 43 dpi (n � 6; green) per 40 �m coronal brain section. Cell counts on the contralesional side were unchanged after injury, whereas the number of labeled NRG neurons on the ipsilesional
side was significantly elevated 17 dpi and remained increased until 43 dpi (black arrow). Data are group mean values � SEM. Data were analyzed by two-way repeated-measures ANOVA followed
by post hoc Bonferroni’s multiple-comparison test. *p � 0.05. **p � 0.01; cc, central canal; m, midline.

13402 • J. Neurosci., October 1, 2014 • 34(40):13399 –13410 Filli, Engmann et al. • Reticulo-Propriospinal Detour after Spinal Injury



the resonance mode, kindly provided by the Center for Microscopy and
Image Analysis at the University of Zurich. The lasers were pretuned to
405 nm (goat-anti-mouse 405), 488 nm (ME, DyLight488), 546 nm
(Cy3), and 647 nm (Cy5). For the quadruple stainings, z-stacks of 4 – 6
�m thickness (1024 � 1024 pixels, optical thickness of the section 0.17
�m) were acquired in the sequential mode, using a 63� oil-immersion
objective (NA 1.4), 2� zoom, and a line average of 8 –16. Confocal stacks
were acquired in the optimal penetration depth of the mouse-anti-vGAT
antibody, which displays the most limited penetration range into the
section of the used antibodies. Quantification of marker-positive NRG
varicosities was performed using the Imaris software (Version 7.4.2, Bit-
plane, RRID:nif-0000-00314).

Locomotor assessment
Locomotor function was quantified as described in detail previously
(Zörner et al., 2010). In brief, animals were familiarized with the testing
setup and trained for five sessions. Walking over a Plexiglas runway (123
cm long, 13 cm wide) was recorded with a high-speed camera (200 Hz,
Basler A504kc Color Camera) at baseline and 7, 14, and 28 dpi. Only
recording sequences with locomotor velocities between 0.2 and 0.3 m/s
and appropriate lateral stability were included for 2D kinematic analysis.
For each animal, �10 representative step cycles were analyzed per time
point and per locomotor parameter. The skin overlying the prominent
anatomical landmarks (hindlimb: iliac crest, hip, ankle, metatarsopha-
langeal joint; forelimb: shoulder blade, shoulder, wrist) was tattooed
(Hugo Sachs Elektronik, Harvard Apparatus), allowing permanent kine-
matic tracking (Clickjoint V5.0; ALEA Solutions). Maximal protraction
and retraction were defined as maximal positive and negative excursion
of the distal extremities (wrist and metatarsophalangeal joint) relative to
the respective proximal reference points (shoulder and iliac crest).
Shoulder height was defined as the vertical distance of the ipsilesional
shoulder marker to the ground at the time point just before the contral-
esional forelimb touched the ground. At this time point, body weight
support was maximally dependent on the weak, ipsilesional forelimb.
The height of the iliac crest was defined as vertical distance of the ipsile-
sional iliac crest to the ground at the temporal midstance of the ipsile-
sional hindlimb. Forelimb and hindlimb dragging was defined as contact
of the ipsilesional extremities during any time point of the protraction
(swing) phase. Plantar paw placement was present when there was a
proper contact between the plantar paw and the ground during the
stance phase. Dorsal paw placement involved contact of the dorsal com-
ponent of the paw with the ground during the stance phase.

Statistics
Statistical analysis was performed using SPSS (V21; SPSS, RRID:
rid_000042) and GraphPad Prism (V4, GraphPad Software, RRID:
rid_000081). Statistical evaluation of retrograde cell counts was
performed by repeated-measures two-way ANOVA followed by post hoc
Bonferroni’s multiple-comparison test (see Fig. 1g). Statistical analysis of
reticulospinal and propriospinal fiber counts was performed by the un-
paired, two-tailed Student’s t test and by two-way repeated-measures
ANOVA followed by post hoc Bonferroni’s multiple-comparison test (see
Figs. 2, 3, and 5). Statistical evaluation of behavioral data was performed
by one-way repeated-measures ANOVA followed by post hoc Bonferro-
ni’s multiple-comparison test (see Fig. 6).

Results
Regenerative sprouting of bulbospinal fibers rostral to the
spinal injury
Spinal cord lesions were routinely assessed in Nissl-stained spinal
cord cross-sections (Fig. 1b). Moreover, the absence of traced
fibers in the ipsilesional white matter next to the lesion was used
to confirm lesion completeness in all animals of the study (Fig.
1c). Animals with incomplete lesions or overhemisections were
excluded from the analysis. The neuroanatomical tracer ME was
injected into the ipsilesional C3–C4 gray matter rostral to the
lesion site. Retrogradely labeled neuronal somata were counted
in defined brainstem areas of intact animals (n � 6), animals 17

dpi (n � 8), and animals 43 dpi (n � 6) (Fig. 1a,d– g). In intact
animals, peak numbers of cervically projecting neurons were seen
at the transition of the oral (PnO) to the caudal pons (PnC), in
the medial NRG, and in the medullary reticular nucleus pars
ventralis (MdV), with the medial NRG revealing the highest
number of retrogradely labeled cells. After the injury, retro-
gradely labeled cells were significantly and specifically increased
in the ipsilesional NRG 17 dpi (Fig. 1g; p � 0.05 at 12.24 mm
relative to bregma; intact vs 17 dpi, two-way repeated-measures
ANOVA followed by post hoc Bonferroni’s test), and remained
elevated at 43 dpi (although not statistically significant compared
with intact animals). In the medial PnO and the caudal MdV of
the ipsilesional side, cell counts were slightly elevated 17 dpi com-
pared with intact animals, and declined again at 43 dpi (statisti-
cally not significant). Counts of retrogradely labeled cells in the
ipsilesional PnC were not altered at 17 dpi and 43 dpi compared
with intact animals. Quantification of retrogradely labeled cells in
contralesional reticular regions revealed no differences in cell
numbers after injury. To specifically investigate the spinal anat-
omy of the descending NRG system, anterograde brainstem trac-
ings were conducted.

Fibers originating from the NRG sprout rostral to the lesion
To quantify sprouting of severed reticulospinal fibers rostral to
the lesion site, tracer was injected into the ipsilesional NRG of
intact animals (n � 8) and animals 29 dpi (n � 7) (Fig. 1g, arrow;
Fig. 2a). Injection sites were reconstructed for each animal (Fig.
2b; coordinates [mean � SD] AP, 11.91 � 0.13 mm relative to
bregma; ML, 0.9 � 0.1 mm from midline). In intact animals,
NRG fibers were found to descend primarily in the ventral and
lateral portion of the ipsilesional white matter, with a smaller
proportion of descending fibers in the contralateral hemicord
(Fig. 2d). Gigantocellular fiber innervation was highest in the
intermediate and ventromedial portions of the intact, ipsilateral
C3–C4 gray matter (Fig. 2d,f,g). At 43 d after SCI, reticulospinal
fiber density was increased in the ipsilesional segments C3–C4
compared with the intact situation (Fig. 2e– h). The increase of
NRG fiber density was observed over a distance of 3 mm starting
�0.72 mm rostral to the lesion border (Fig. 2e; p � 0.0275 for
factor “injury,” two-way repeated-measures ANOVA). Maximal
fiber sprouting after injury was found at 3.6 mm distance from
the rostral lesion border (Fig. 2e; p � 0.01, intact vs 43 dpi, post
hoc Bonferroni’s test). Lesion-induced arborization of reticu-
lospinal fibers was highly region-specific, with the medial and
ventral C3–C4 gray matter disclosing an increased fiber density at
43 dpi (Fig. 2f; column 3; p � 0.05; Fig. 2g, rows 6 and 7; p � 0.001
and p � 0.01, two-way repeated-measures ANOVA with post hoc
Bonferroni’s test). Region-specific fiber sprouting was confirmed
by a heat plot displaying the difference in NRG fiber density
between 43 dpi and the intact situation (Fig. 2h): enhanced fiber
density 43 dpi was primarily found in the ventromedial gray
matter corresponding to laminae VII-IX of the ipsilesional
segments C3–C4. The most medial and lateral areas as well as
the complete dorsal half of the gray matter did not reveal an
enhanced NRG fiber innervation (Fig. 2h). To further assess
the innervation of the supralesional segments by descending
gigantocellular fibers, we quantified the number of giganto-
cellular fibers crossing the ipsilesional white-gray matter tran-
sition at level C3–C4. The number of fibers entering the
ipsilesional C3–C4 gray matter was not different between in-
tact and spinal cord-injured animals (Fig. 2i; p � 0.791; intact
vs 43 dpi, Student’s unpaired t test). This implies that fiber
arborization within specific areas of the gray matter rather
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Figure 2. Anterograde tracing of reticulospinal fibers originating from the ipsilesional NRG. a, Schematic illustration showing the site of anterograde tracer injection (ipsilesional NRG),
the anterograde tracer transport, and the lesion site. b, Representative injection site of the tracer ME in the ipsilesional NRG. c, Scheme displaying the 5 � 7 grid used for stereological
quantification of reticulospinal fiber density at the ipsilesional C3–C4 spinal cord. Intersections of axons with the medial and ventral lines (bold red lines) of each rectangle were defined
as fiber counts. d, Representative C3–C4 cross-section showing labeled descending NRG fibers at 43 dpi primarily in the ventromedial and ventral funiculi of the ipsilateral white matter
innervating the ventral horn of the gray matter (inset). e, Quantification of gigantocellular fibers along the rostrocaudal (RC) axis in the ipsilesional C3–C4 gray matter. Fiber counts were
augmented 43 dpi (green line) compared with intact animals (gray line). f, Quantification of reticulospinal fibers along the mediolateral axis in the ipsilesional C3–C4 gray matter. Fiber
counts were specifically increased in the central part of the gray matter 43 dpi (black bars) compared with intact animals (white bars). g, Quantification of NRG fibers along the
dorsoventral axis in the ipsilesional C3–C4 gray matter. Fiber counts were specifically increased in the most ventral gray matter 43 dpi compared with intact animals. h, Heat plot
illustrating the difference in fiber counts between 43 dpi and the intact situation. NRG fiber density was primarily increased in the ventromedial gray matter of the ipsilesional segments
C3–C4. i, Collaterals of descending NRG fibers per 40 �m cross-section entering the spinal gray matter (GM) at ipsilesional spinal segments C3–C4. Fiber counts were not different in
animals 43 dpi and intact animals. Data points (e) and bars (f, g, i) represent group mean values � SEM. Analysis of groups was performed by two-way repeated-measures ANOVA
followed by post hoc Bonferroni’s multiple-comparison test. Comparison of total mean values between intact and 43 dpi was performed by the unpaired, two-tailed Student’s t test. *p �
0.05. **p � 0.01. cc, central canal; contral, contralesional; m, midline; ipsil, ipsilesional; ns, not significant.
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than increased collateral sprouting of descending NRG fibers
into the gray matter primarily accounts for the significantly
increased NRG fiber density after SCI.

Reticulospinal fibers display vGLUT2-positive varicosities,
which increase in number after injury
To investigate the synaptic integration of NRG fibers in the cer-
vical spinal cord rostral to the lesion site, we examined colocal-
izations of the anterogradely labeled ME-positive reticulospinal
fibers with the presynaptic markers vGLUT1, vGLUT2, and
vGAT. Characterization of synaptic transmitter phenotypes was
performed by high-resolution confocal analysis in intact animals
(n � 3) and animals 43 dpi (n � 3; Fig. 3a– c). For each varicosity,
a 3D analysis of confocal image stacks was performed to assure
that the synaptic markers are within the ME-positive NRG bou-
ton rather than in an adjacent structure (e.g., a bouton) ending on
the ME-positive NRG fiber (Fig. 3a,b, insets). NRG fiber varicosities
were predominantly vGLUT2-positive in intact (71.6% of all pre-

synaptic colocalizations) and injured ani-
mals (69.4%; Fig. 3c). vGLUT1-positive
(intact, 20.6%; 43 dpi, 25.8%) and vGAT-
positive (intact, 7.8%; 43 dpi, 4.8%) presyn-
aptic colocalizations were less abundant,
which is in agreement with previous results
showing that glutamate (in particular the
vGLUT2 system) represents the predomi-
nant transmitter system in brainstem neu-
rons responsible for excitatory motor
commands (Hägglund et al., 2010). The
proportion of marker-positive NRG vari-
cosities did not alter after SCI (Fig. 3c).
vGLUT2-positive colocalizations were
found in “en passant” (Fig. 3b, inset, d) and
in terminal boutons (Fig. 3a,b insets, a–c).

In a next step, we quantified the total
number of ME/vGLUT2-positive colocal-
izations per 250 �m 2 in the ipsilesional
C3–C4 ventral horn of intact (n � 8) and
chronically lesioned (n � 7) animals.
Quantification of ME/vGLUT2 colocal-
izations was performed in single-plane
confocal images (optical thickness, 0.53
�m). VGLUT2-positive NRG varicosities
were more than doubled after SCI (Fig. 3e;
p � 0.0068, Student’s unpaired t test).
When the number of colocalizations was
normalized to the total ME-signal per 250
�m 2, there was only a minor difference
between spinal cord-injured and intact
animals (Fig. 3f; p � 0.489; intact vs 43
dpi, Student’s unpaired t test). These re-
sults suggest that the new gigantocellular
fibers form synapses at a similar density,
such as the preexisting fibers.

Reticulospinal fibers form close
appositions with descending, double-
midline crossing C3–C4 propriospinal
neurons
To unveil cellular targets of the descend-
ing NRG fibers rostral to the lesion, the
retrograde tracer TMR was injected into
the ipsilesional cervical spinal cord below

the lesion (spinal segments C6 –C8) (Fig. 4a,b). At the level of the
lesion, labeled axons were exclusively present in the ventral white
matter of the contralesional hemicord, but not in the destroyed
and scarred white matter of the lesioned C4 hemicord, thus con-
firming the completeness of the hemisections. Labeled proprio-
spinal neurons were mainly found in ventromedial areas of the
ipsilesional gray matter rostral to the lesion. The axons of these
cells must have crossed the spinal cord midline twice: above the
lesion to the intact hemicord and below the lesion to innervate the
injected ipsilesional segments C6–C8. Interestingly, their cell body
location correlates with the area of maximal NRG fiber density at 43
dpi (Fig. 4c).

Simultaneously with the retrograde tracing from the ipsilesional
segments C6–C8 with TMR, the ipsilesional NRG was anterogradely
traced with ME to assess possible contacts between descending re-
ticulospinal fibers and descending, double-midline crossing PSNs.
Close appositions between descending, ME-positive fibers and
TMR-positive PSNs were frequently found on dendrites and on so-

Figure 3. Synaptic integration of NRG fibers rostral to the injury. a, b, High-resolution (63�) pictures showing maximum
intensity projections (MIP) with quadruple staining: green represents ME; gray represents vGLUT1; red represents vGLUT2; blue
represents vGAT. ME-traced NRG fibers (green) form vGLUT2-positive varicosities (yellow) (a– d, insets with orthogonal views). c,
3D analysis of synaptic neurotransmitter phenotype revealed that NRG fibers primarily form vGLUT2-postive synapses. The pro-
portion of the neurotransmitter phenotype is unchanged after injury. d, Representative confocal image (optical thickness 0.53
�m) from the ipsilesional C3–C4 ventral horn (VH). ME-positive NRG fibers (green) display several colocalizations (merge: yellow)
with vGLUT2 (red). e, Number of colocalizations between ME-positive gigantocellular fibers and vGLUT2-positive varicosities per
250 �m 2 in VH of the ipsilesional segments C3–C4. Colocalizations were more than doubled in spinal cord-injured animals. f,
Colocalizations of NRG fibers with vGLUT2 patches normalized for the total ME signal per area of investigation. vGLUT2-positive
varicosities per ME-positive pixels were not different between animals at 43 dpi and intact animals. c, e, f, Error bars indicate group
mean values � SEM. Comparison of total mean values between intact and 43 dpi was performed by the unpaired, two-tailed
Student’s t test. *p � 0.05. **p � 0.01. ns, not significant.
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mata (Fig. 4d). Acquisition of confocal
stacks allowed for 3D analysis of close appo-
sitions, thereby demonstrating the rewiring
of gigantocellular fibers onto lesion-
bypassing C3–C4 PSNs (Fig. 4d).

Increased innervation of the denervated
lower cervical spinal cord by recrossing
projections from C3–C4 propriospinal
neurons
Upon tracer injection into the ipsilesional
spinal segment C3–C4, ME-positive fibers
were quantified in the cervical segments
C5–C8 of animals at 17 dpi (n � 8) and 43
dpi (n � 6) (Fig. 5a). C3–C4 PSN fibers
were seen to cross the spinal cord midline
above the lesion site and then descended
scattered within the contralesional white
matter (Fig. 5b), as described for proprio-
spinal fibers (Reed et al., 2006; Flynn et al.,
2011). Quantification of descending
C3–C4 PSN fibers in the contralesional
white matter of spinal segment C5 re-
vealed no difference between animals 17
dpi and 43 dpi (Fig. 5c; p � 0.7603; 17 dpi
vs 43 dpi, Student’s unpaired t test). The
number of descending PSN fibers enter-
ing the gray matter in the contralesional
segments C6 –C8, however, was substan-
tially increased at 43 dpi compared with
17 dpi (Fig. 5d; p � 0.0027, Student’s un-
paired t test). This enhanced collateraliza-
tion and innervation of the sublesional cervical spinal cord were
statistically significant across all cervical segments C6 –C8 (Fig.
5e; p � 0.0029 for factor “time after injury”; 17 dpi vs 43 dpi;
two-way repeated-measures ANOVA). Most importantly, some of
these fibers crossed the spinal cord midline to innervate the de-
nervated gray matter of the segments below the injury. The num-
ber of PSN fibers segmentally recrossing to the ipsilesional side
was more than doubled at 43 dpi compared with 17 dpi (Fig. 5f;
p � 0.0101, Student’s unpaired t test). The increase of midline-
recrossing C3–C4 PSN fibers after injury was observed across the
cervical segments C6 –C8 (Fig. 5g; p � 0.0109 for factor “time
after injury,” two-way repeated-measures ANOVA) and was
more pronounced in caudal than rostral cervical segments.
Bridging PSN fibers mainly projected to the medial portions of
the intermediate and ventral horn of the ipsilesional cervical en-
largement (Rexed’s laminae VII and VIII), which are areas pri-
marily containing premotor interneurons (Fig. 5h).

Locomotor recovery after cervical unilateral hemisection
Longitudinal assessment of locomotor function was performed
before the injury (baseline [BL]) and 7, 14, and 28 dpi (n � 6
animals). Cervical transection of the right hemicord caused an
extensive initial impairment (BL vs 7 dpi) of the ipsilesional fore-
limb and of both hindlimbs (Fig. 6). The hindlimbs subsequently
showed profound locomotor recovery from 7 to 28 dpi. In con-
trast, the ipsilesional forelimb remained severely impaired dis-
playing a reduced range of motion persisting over 4 weeks. The
maximal forward position (protraction) of the wrist relative to
the shoulder was significantly decreased at 7 dpi (Fig. 6a; p �
0.001; BL vs 7 dpi; one-way repeated-measures ANOVA with post
hoc Bonferroni’s test; for all data in Fig. 6) and remained impaired

up to 28 dpi. The maximal backward position (retraction) of the
ipsilesional forelimb was slightly increased 7 dpi and did not
recover until 28 dpi (Fig. 6a). Shoulder height of the ipsilesional
forelimb was not affected by the lesion and showed baseline levels
at 28 dpi (Fig. 6b). Proper paw clearance of the ipsilesional fore-
limb was abolished after injury and showed no signs of improve-
ment until 28 dpi (Fig. 6e; BL: 100% steps without paw dragging;
7–28 dpi: 0% steps without paw dragging). In contrast, correct
paw placement of the ipsilesional forelimb improved from 34%
plantar steps (of total steps) at 7 dpi to 90% plantar steps at 28 dpi
(Fig. 6f; p � 0.05, 7 dpi vs 28 dpi).

Protraction and retraction of the ipsilesional hindlimb re-
vealed significant lesion deficits acutely after injury (Fig. 6c; pro-
traction: p � 0.001, BL vs 7 dpi; retraction: p � 0.01, BL vs 7 dpi)
but showed significant functional recovery almost achieving
baseline performance at 28 dpi (protraction: p � 0.01, 7 dpi vs 28
dpi; retraction: p � 0.05, 7 dpi vs 28 dpi). The height of the
ipsilesional iliac crest was not changed after injury. The trend
toward a reduced crest height 7 dpi compared with the intact
situation probably indicates a reduced weight support of the ip-
silesional hindlimb acutely after injury. The ipsilesional iliac crest
height returned to baseline level at 28 dpi (Fig. 6d). Paw clearance
of the ipsilesional hindlimb was substantially deteriorated after
injury: Paw dragging of the ipsilesional hindlimb was persistent
and omnipresent over the first 2 weeks (Fig. 6g; p � 0.001, BL vs
7 dpi) and was mostly observed at the initial swing phase. How-
ever, in contrast to the persistent paw dragging of the ipsilesional
forelimb, the ipsilesional hindlimb significantly improved its paw
clearance up to 4 weeks after SCI (Fig. 6g; p � 0.01, 7 dpi vs 28
dpi). Paw placement of the ipsilesional hindlimb was not im-
paired by the SCI throughout the experiment (Fig. 6h).

Figure 4. Close appositions of reticulospinal fibers onto descending, double-midline crossing C3–C4 PSNs. a, Scheme illustrating the
combined tracing of the ipsilesional NRG (anterograde, ME) and the C3–C4 PSNs projecting to the ipsilesional spinal segments C6 –C8
(retrograde from segments C6 –C8, TMR). b, Representative TMR injection site in the cervical spinal cord. c, Position of C3–C4 PSN somata
(black dots) in a representative animal labeled retrogradely from the ipsilesional C6 –C8 spinal cord at 43 dpi, with the heat plot of NRG fiber
density(Fig.2h) inthebackground.Thelocationofdouble-midlinecrossingPSNscorrelateswiththeregionofmaximalgigantocellularfiber
arborization. d, Maximum intensity projection (MIP) of a confocal stack (10 sections with a total thickness of 1.63 �m) showing a C6 –C8
projecting C3–C4 PSN (red) with multiple close appositions (yellow) of NRG fibers (green). Insets in a–c display orthogonal views of three
close NRG fiber appositions on the cell depicted in d at high resolution.
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Discussion
Our results demonstrate a remarkable capacity of severed reticu-
lospinal fibers to sprout above a spinal cord hemisection and to
form excitatory boutons, some of which end on C3–C4 proprio-
spinal neurons. Axons of these cervical PSNs passed the lesion site
in the spared hemicord and sprouted below the lesion across the
spinal cord midline into the ventral horn of the denervated hemi-

cord. This neuroanatomical bypass around the lesion was accom-
panied by a significant restoration of locomotor function.

Severed reticulospinal fibers sprout and form vGLUT2-
positive varicosities rostral to the lesion
Retrograde tracing data revealed differential plastic responses
among bulbospinal systems to SCI. The NRG was the only reticu-

Figure 5. Descending C3–C4 PSN axons sprout and recross the spinal cord midline below the injury. a, Scheme illustrating the anterograde tracer injections in the ipsilesional spinal segments
C3–C4 and the area of fiber quantification in the cervical enlargement (C6 –C8). b, Representative picture displaying C3–C4 PSN fibers at spinal level C6 at 43 dpi. The fibers enter the contralesional
C6 gray matter (top inset, red arrows) and a portion of them recross over the midline (m) to innervate the sublesional denervated hemicord (bottom inset, red arrows). c, Numbers of descending PSN
fibers in the ventral white matter at level C5 (black area) per 40 �m cross-section were not different between animals at 17 dpi (n � 8) and 43 dpi (n � 6). d, The number of descending PSN fibers
entering the contralesional gray matter of segments C6 –C8 per 40 �m cross-section was significantly increased at 43 dpi compared with 17 dpi. e, Gray matter innervation by descending PNS
collaterals per 40 �m cross-section across cervical segments C6 –C8 was enhanced across all cervical segments. f, Axons of C3–C4 PSNs recross the spinal cord midline below the lesion. Recrossing
PSN fibers were more than doubled at 43 dpi compared with 17 dpi. g, Midline recrossing PSN fibers per 40 �m cross-section were increased across all cervical segments (C6 –C8) at 43 dpi. h, Camera
lucida overlays (20 cross-sections) showing recrossing PSN fibers in segments C6 –C8 of one representative animal at 17 dpi (top) and at 43 dpi (bottom). e, g, Analysis of segments was subjected
to two-way repeated-measures ANOVA followed by post hoc Bonferroni’s multiple-comparison test. Comparison of total mean values between 17 dpi and 43 dpi was performed by the unpaired,
two-tailed Student’s t test. *p � 0.05. **p � 0.01. ***p � 0.001. cc, central canal; m, midline; GM, gray matter; MIP, maximum intensity projection; VH, ventral horn; ns, not significant.
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lospinal system displaying a substantial
increase in retrogradely labeled cell bodies
following SCI, indicating enhanced
sprouting and arborization of transsected
NRG axons rostral to the injury. Other re-
ticulospinal systems revealed no or a mi-
nor sprouting response after injury. A
reason for the differential plastic
responses among the reticulospinal sys-
tems might be dissimilar intrinsic,
growth-related properties (e.g., expres-
sion of regeneration-associated proteins,
response to trophic factors) (Plunet et al.,
2002). Moreover, the distance of the soma
to the lesion site (Fernandes et al., 1999)
and the neural activity within a certain
system (Luo and O’Leary, 2005) might in-
fluence the cellular response to axonal
damage. Absolute cell counts of the differ-
ent descending brainstem systems and the
laterality of their spinal projections in in-
tact animals were in accordance with
earlier studies (Sakai et al., 2009). Antero-
grade tracer injection into the ipsilesional
NRG demonstrated a significant, lesion-
induced sprouting and arborization of re-
ticulospinal fibers in the ventromedial
C3–C4 gray matter (layers VII-IX) above
the lesion. The pronounced sprouting re-
sponse of NRG fibers seen in the antero-
grade versus retrograde data might be
explained by the differential analysis (fi-
bers vs somata) and different efficiencies
and transport mechanisms of the tracers
(Rajakumar et al., 1993). The distribution
of sprouting NRG fibers corresponds to
the reticulospinal termination pattern
found in intact animals (Matsuyama et al.,
2004; Ballermann and Fouad, 2006), im-
plying the existence of mechanisms that
either attract regrowing fibers to the cor-
rect target zones or prune aberrantly
grown fibers.

NRG fibers in the C3–C4 ventral horn
formed primarily vGLUT2-positive varicos-
ities (�70%); vGLUT1-positive (�25%)
and vGAT-positive boutons (�5%) were
less frequent. Analysis of neurotransmitter
phenotypes was performed by high-
resolution, 3D confocal microscopy, assur-
ing proper colocalization of the presynaptic
markers with ME-traced axonal structures.
vGLUT2-positive NRG varicosities were in
the size of synaptic boutons and were pres-
ent as “en-passant” and as terminal bou-
tons. Quantification of vGLUT2/ME colocalizations was performed
in single-plane confocal images with small optical thickness
(0.53 �m). The number of vGLUT2-positive NRG varicosities
per area was more than doubled in the C3–C4 ventral gray
matter of chronically injured rats (43 dpi) compared with the
intact cord. These results imply a substantial increase in excit-
atory output from the ipsilateral NRG to the supralesional
spinal segments after SCI.

So far, regenerative sprouting of axotomized reticulospinal fibers
in higher mammals was only observed after treatments with growth
factor cocktails and plasticity-enhancing substances (García-Alías et
al., 2011; Lu et al., 2012) or into peripheral nerve grafts (Richardson
et al., 1984). After incomplete lesions of the lower thoracic cord,
Ballermann and Fouad (2006) observed spontaneous sprouting of
spared reticulospinal fibers below the lesion, but no sprouting of the
thoracically injured fibers at the cervical level.

Figure 6. Locomotor impairment and recovery after unilateral C4 hemisection in adult rats. a, Protraction and retraction of the
ipsilesional forelimb relative to the shoulder marker revealed substantial lesion deficits, which did not recover up to 28 dpi. b, The
shoulder height of the ipsilesional forelimb was mildly impaired after injury and showed complete functional recovery until 28 dpi.
c, Protraction and retraction of the ipsilesional hindlimb relative to the iliac crest marker showed a significant lesion deficit, which
was followed by significant restoration of hindlimb flexion and extension up to 28 dpi. d, The height of the ipsilesional iliac crest
was reduced to half acutely after injury and recovered up to baseline levels 28 dpi. e, Animals showed persistent dragging of the
ipsilesional forelimb without any recovery until 28 dpi. f, The proportion of plantar steps of the ipsilesional forelimb recovered
significantly after the initial impairment at 7 dpi. g, Ipsilesional hindlimb dragging was omnipresent until 14 dpi and showed
incomplete, but significant, functional recovery at 28 dpi. h, Plantar stepping of the ipsilesional hindlimb was not impaired by the
spinal injury. Graphs represent group mean values � SEM. Data were subjected to one-way repeated-measures ANOVA followed
by post hoc Bonferroni’s multiple-comparison test. *p � 0.05. **p � 0.01. ***p � 0.001. BL, baseline; MTP, metatarsophalan-
geal joint.
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Reticulospinal fibers contact C3–C4 propriospinal neurons
that bridge the lesion site
In the present study, we concentrated on double-midline cross-
ing propriospinal projections, which have been previously re-
ported for descending cervical PSNs (Reed et al., 2006).
Remarkably, the somata of recrossing C3–C4 PSNs were found
primarily in the ventral horn area with the highest NRG fiber
density at 43 dpi (laminae VII-IX) and corresponded to the pre-
viously described location of descending cervical PSNs (Bareyre
et al., 2004, Reed et al., 2006). 3D confocal stack analysis disclosed
frequent close appositions between gigantocellular fibers and so-
mata or proximal dendrites of double-crossing PSNs, suggesting
the formation of synaptic contacts. Monosynaptic innervation of
C3–C4 PSNs by reticulospinal fibers was found in intact cats
(Illert et al., 1981), arguing for a reinforcement of preexisting
reticulo-propriospinal connections following injury in the pres-
ent experiments.

The formation of spontaneous propriospinal detours that re-
route supraspinal commands around a spinal lesion has been
described previously. PSNs above a thoracic hemisection re-
vealed the capacity to relay supraspinal input around staggered
thoracic hemisections to the lumbar cord, thereby restoring some
locomotor functions in mice (Courtine et al., 2008). Other stud-
ies demonstrated that relaying PSNs were contacted by severed
corticospinal fibers, which triggered locomotor improvements in
rats with incomplete SCI (Bareyre et al., 2004; van den Brand et
al., 2012). A series of experiments in cats and primates investi-
gated the physiology of the C3–C4 propriospinal relay under
normal and pathological circumstances. Propriospinal transmis-
sion of cortical commands is essential for the control of hand
dexterity in intact primates (Kinoshita et al., 2012). After incom-
plete cervical SCI, axotomized corticospinal fibers synapse onto
C3–C4 PSNs, which innervate cervical motoneurons (Blagovesh-
chenskii et al., 2005; Alstermark et al., 2011). This intraspinal
relay was associated with significant recovery of reaching and
digit movements after injury. In healthy humans, cortical com-
mands to upper extremity motoneurons are partially transmitted
through C3–C4 PSNs (Marchand-Pauvert et al., 2001). In pa-
tients with cortical stroke, supraspinal transmission through the
C3–C4 relay is enhanced on the hemiplegic side, suggesting a
potential contribution of propriospinal relays to motor recovery
also in humans (Pierrot-Deseilligny, 2002). An analogous C3–C4
propriospinal system in rodents has not been described yet,
however.

C3–C4 propriospinal axons recross the midline and enhance
their projections to the denervated spinal cord
The number of descending C3–C4 fibers entering the contral-
esional C6 –C8 gray matter was almost doubled at 43 dpi com-
pared with 17 dpi: 8% of these fibers recrossed the spinal cord
midline to the ipsilesional, denervated gray matter at 43 dpi.
These back-crossing propriospinal fibers could enhance the indi-
rect access of reticulospinal commands to the denervated cord.
Plasticity of double-midline crossing propriospinal projections
has been associated with functional recovery after incomplete
SCI previously (Courtine et al., 2008; Schnell et al., 2011), imply-
ing the importance of these projections for recovery after SCI.
Somata of double-crossing C3–C4 neurons were mainly localized
in the ventromedial horn, which is similar to previous findings on
descending C3–C4 PSNs projecting to segments C6 –C8 in cats
and monkeys (Alstermark et al., 1990; Kinoshita et al., 2012).
Double-crossing fibers could contact cervical premotor in-
terneurons and medial motoneurons, possibly explaining the

pronounced recovery of the proximal (shoulder and elbow) fore-
limb of the hemisected rats in the present study. Some of these
fibers may also relay to long descending PSNs projecting to lum-
bar spinal segments, the somata of which are primarily localized
in laminae VII-IX (Vavrek et al., 2006).

Recovery of locomotor function
Functional recovery after cervical unilateral hemisection was
characterized by significant recovery of hindlimb functions and
limited recovery of the ipsilesional forelimb, which is in agree-
ment with previous findings (Webb and Muir, 2002; Filli et al.,
2011). Compensatory sprouting of spared descending systems
was associated with functional recovery after unilateral hemile-
sions (Rosenzweig et al., 2010). Interestingly, Zörner et al. (2014)
showed that restricted electrolytic microlesion of the ipsilesional
NRG resulted in the reappearance of significant deficits of fore-
limb and hindlimb locomotion in chronic C4 hemisected rats.
The recovered weight support of the ipsilesional forelimb as well
as the improved hindpaw clearance and step width seen at 4
months after SCI significantly worsened 2 d after ipsilesional
NRG ablation. The absence of functional deficits after unilateral
NRG lesions in intact animals points to a functional role of the
plastic alterations shown in the present study. This interpretation
is in line with previous concepts on the role of the C3–C4 pro-
priospinal system for motor recovery in cats, monkeys, and
humans (Pierrot-Deseilligny, 2002; Alstermark et al., 2007).
However, functional ablation of alternative pathways originating
from the ipsilesional NRG (e.g., intrabulbar connections) cannot
be excluded by microlesions. Further experiments (e.g., transsyn-
aptic tracing, optogenetics) are required to conclusively disclose
the physiological relevance of the C3–C4 PSN bypass after spinal
hemisection.

In conclusion, the present study shows a remarkable level of
spontaneous adaptive fiber growth and bouton formation by re-
ticulospinal and propriospinal axons following incomplete SCI
in adult rats. Reticulospinal fiber density doubled in the ventral
parts of the spinal segments rostral to the lesion. NRG fibers
formed predominantly vGLUT2-positive varicosities; their num-
bers doubled in the segments rostral to the injury, and they
formed close appositions onto descending C3–C4 propriospinal
neurons. The axons of these propriospinal neurons in turn in-
creased the innervation density in the ipsilesional and contral-
esional spinal cord below the lesion. Behavioral recovery and
lesion data indicate a potential significance of this reticulo-
propriospinal detour pathway for locomotor recovery. Given the
high relevance of the reticulospinal system not only for basic motor
functions, such as locomotion and posture (Peterson, 1979), but also
for skilled forelimb movements in monkeys (Soteropoulos et al.,
2012) and humans (Honeycutt et al., 2013), the high plastic potential
of this system is intriguing and makes it an important target for
future interventions aiming to restore motor function after SCI.
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