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Our interactions with the world occur via
precise coordination of our motor system.
Even a movement as seemingly simple as
reaching for an object is a complex motor
behavior that requires precise neuronal
activity in supraspinal areas (Lemon,
2008) and spinal areas (Azim et al., 2014).
Motor cortical neurons projecting into
the spinal cord via the corticospinal tract
(CST) are involved in the preparation,
execution, and adaptation of movements
(Amos et al., 1990; Beloozerova and
Sirota, 1993). Since the adult CNS has
limited ability for regeneration, damage to
the CST leads to motor deficits that typi-
cally persist throughout life (Schwab and
Bartholdi, 1996; Raineteau and Schwab,
2001; Rosenzweig et al., 2010).

The columnar location of the CST var-
ies across species (Armand, 1982; Lemon,
2008), and, while the main tract in hu-
mans is located in the middle part of the
lateral column and a smaller tract in
the ventral column, the main tract in ro-
dents is located in the dorsal column, and
smaller tracts are found both in the dor-
solateral and ventral columns (Armand,
1982; Lemon, 2008). In rodents, the dor-

sal CST (dCST) is thought to mediate vol-
untary movements and spinal cord injury
(SCI) damaging these CST axons results
in pronounced motor deficits for all body
parts below the lesion (Raineteau and
Schwab, 2001; Hilton et al., 2013). Be-
cause the dorsolateral CST (dlCST) in
general terminates in the same spinal ar-
eas as the dCST, this pathway may provide
an alternative route for input to the spinal
circuits when dCST axons are damaged
(Steward et al., 2004).

SCIs are classified as complete or incom-
plete (Raineteau and Schwab, 2001); with a
higher incidence of incomplete than com-
plete SCIs in humans (Devivo, 2012).
Following incomplete SCI, spontaneous
functional recovery occurs in a sizable num-
ber of patients as well as in animal models,
with time courses ranging from months to
years (Raineteau and Schwab, 2001; Rosen-
zweig et al., 2010; Hilton et al., 2016).
Nevertheless, the detailed mechanisms un-
derlying spontaneous functional recovery
are poorly understood. In particular, the ex-
tent to which recovery emerges from
the regrowth of severed axons versus com-
pensation by spared axons is unclear. In an
article published in The Journal of Neurosci-
ence, Hilton et al. (2016) investigated the
role of spared dlCST neurons in functional
recovery using optogenetic motor mapping
and chemoreceptor-mediated neuronal in-
hibition in mice.

To mimic incomplete SCI, Hilton et al.
(2016) used a surgical procedure that severs
the dCST (containing 96% of CST axons) at

the C3/C4 level of the spinal cord, leaving
the dlCST (3%) and ventral CST (1%) in-
tact. Spinal cord-injured mice exhibited
substantial motor deficits when walking on
a horizontal ladder soon after injury, but er-
ror rates were markedly reduced 56 d after
injury, suggesting spontaneous functional
recovery. Interestingly, there was a clear dif-
ference in recovery between forelimbs and
hindlimbs: on day 58, the forelimb function
had only partially recovered, whereas the
hindlimb had fully recovered by d 7 after
injury. Similarly, incomplete SCI resulted in
twice as many forelimb than hindlimb er-
rors on the ladder right after injury.

This discrepancy in forelimb versus
hindlimb recovery may appear surprising,
as incomplete cervical SCIs are often
considered the most detrimental type of
incomplete SCI, because of its equally
devastating impact on arm and leg motor
function, often leading to quadriplegia in
humans (Bjørnshave Noe et al., 2015).
However, similar findings have been
shown in rats (Filli et al., 2011). This sug-
gests that skilled forelimb motor function
relies more on dCST input than hindlimb
motor function does. This explanation
seems reasonable when considering the
high diversity in skilled movement reper-
toire of forelimbs in rodents, which in-
cludes reaching and grasping (Azim et al.
2014). Alternatively, the difference in
forelimb versus hindlimb recovery may
originate from local spinal damage and
inflammation occurring near the injury
site, which was closer to forelimb than
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hindlimb motor circuits (Lemon, 2008;
Hilton et al., 2013).

To investigate whether motor cortical
plasticity occurs during spontaneous func-
tional recovery, Hilton et al. (2016) used
optogenetic excitation of channelrhodop-
sin-2-expressing excitatory neurons in layer
V of the motor cortex to map areas that
produce limb movements. Because the exci-
tation of neurons was triggered by light, as
opposed to classic electrical stimulation,
motor mapping could be performed
through a chronic cranial window. This
allowed the authors to monitor cortical
changes over a period of weeks following
SCI. Unsurprisingly, just after injury, both
motor output and cortical map area were
significantly reduced for both forelimbs and
hindlimbs. These measures re-established
over time: 3 weeks after SCI, both forelimb
motor output and map area had recovered.
Interestingly, comparing the time course of
motor mapping recovery with the func-
tional performance on the horizontal ladder
revealed important differences. At day 21
postinjury, all of the evaluated forelimb
motor mapping measures had been re-
established, although forelimb motor per-
formance on the ladder appeared no better
than right after SCI. This discrepancy be-
tween motor mapping and functional per-
formance suggests that direct activation of
the CST in anesthetized mice cannot fully
assess spontaneous functional recovery, and
therefore other neuronal circuits must be
involved. One shortcoming of motor map-
ping is the bypassing of somatosensory feed-
back in the assessment of motor function.
The ability to perform skilled movements
requires processing and forwarding of so-
matosensory information from multiple ar-
eas, including spinal cord, cerebellum, and
somatosensory cortex (Lemon, 2008;
Manto et al., 2012; Faraji et al., 2013). In the
present experiments, the dorsal column
sensory afferents were bilaterally severed,
resulting in a substantial loss of somatosen-
sory feedback. Such feedback has been
shown to affect motor cortical excitability
and functional motor abilities in humans
(Rothwell et al., 1982; Roy et al., 2010). We
speculate that the discrepancy between mo-
tor mapping and functional motor perfor-
mance might be explained, at least partly, by
a lack of incoming somatosensory feedback
to the motor cortex during movement. This
would result in the disturbance of sensori-
motor integration and execution of skilled
movements on the horizontal ladder with-
out affecting motor mapping.

A key experimental question posed by
Hilton et al. (2016) was whether spontane-
ous functional recovery following dorsal

SCI is mediated primarily by spared or
severed CST neurons. To answer this, the
authors selectively expressed inhibitory
Gi-coupled designer receptors exclusively
activated by designer drugs (DREADDs) in
spared dlCST neurons. By activating the
DREADDs, with the inert ligand clozapine-
N-oxide (CNO), they selectively suppressed
dlCST neurons in mice recovering from
dorsal SCI. Administering CNO reversibly
increased the forelimb error rate on the hor-
izontal ladder at days 56 and 58 after SCI,
providing evidence that activity of spared
dlCST neurons is involved in spontaneous
functional recovery. Unfortunately, the au-
thors did not combine CNO-induced neu-
ronal inhibition with optogenetic motor
mapping in control mice. Such an experi-
ment would have demonstrated the degree
to which DREADD activation suppresses
CST neurons, and how this interferes with
motor output in noninjured mice. This
would have been a refined way of validating
the inhibitory effect of DREADD activation,
supplementing the decreased c-Fos staining
shown. Another experiment of potentially
even more interest would have been to sup-
press dlCST neurons using DREADDs on
day 58 after SCI, in combination with opto-
genetic motor mapping. This would have al-
lowed the authors to causally link motor
map changes with the activity of dlCST neu-
rons. If map re-establishment primarily re-
sulted from changes and reorganization of
dlCST neurons, suppressing these would
likely have produced a motor map similar to
the map observed right after injury. Con-
versely, if suppressing dlCST neurons did
not affect the motor map, this would indi-
cate that these neurons were not causally in-
volved in the re-establishment of the motor
map. Instead, this might result from collat-
eral regrowth or sprouting of severed
dCST neurons (Bernstein and Bernstein,
1971). One experiment that could investi-
gate whether severed dCST axons regrow,
would be to retrogradely label CSTs when
functional recovery has developed, and
compare dorsal labeling to labeling occur-
ring shortly after SCI. Any dCST labeling
after functional recovery would indicate
that severed axons had regrown and could
be involved in motor map re-establishment.

One possibility is that the changes
occurring in dlCST neurons mediating
spontaneous functional recovery develop
during a critical period following SCI,
potentially representing a window of op-
portunity for rehabilitation strategies. A
recent study in humans (Herzer et al.
2016) showed that earlier rehabilitation
following SCI was positively correlated
with improved functional outcome 1 year

after SCI. Whether a window of opportu-
nity for dlCST plasticity causally explains
this relationship is currently unknown.
This could be investigated by suppressing
spared CST neurons during the acute
phase, and evaluate whether that affects
subsequent functional motor recovery.
Results from such experiments would po-
tentially provide a mechanistic rationale
for initiating rehabilitation as soon as pos-
sible after SCI to boost processes mediat-
ing functional recovery.

In summary, by applying advanced
techniques, the work by Hilton et al.
(2016) showed that, although comprising
only 3% of CST axons, the spared dlCST
axons that remain intact after dorsal SCI
are crucial for spontaneous functional re-
covery. This study paves the way for fu-
ture research aiming at investigating the
detailed neurophysiological mechanisms
underlying functional recovery after SCI,
as well as for revealing critical periods for
maximizing plastic changes and recovery
prospects for individuals experiencing in-
complete SCI.
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Naito E, Nowak DA, Oulad Ben Taib N, Pelis-
son D, Tesche CD, Tilikete C, Timmann D
(2012) Consensus paper: roles of the cerebel-
lum in motor control—the diversity of ideas
on cerebellar involvement in movement. Cer-
ebellum 11:457– 487. CrossRef Medline

Raineteau O, Schwab ME (2001) Plasticity of
motor systems after incomplete spinal cord
injury. Nat Rev Neurosci 2:263–273. CrossRef
Medline

Rosenzweig ES, Courtine G, Jindrich DL, Brock
JH, Ferguson AR, Strand SC, Nout YS, Roy
RR, Miller DM, Beattie MS, Havton LA, Bres-
nahan JC, Edgerton VR, Tuszynski MH
(2010) Extensive spontaneous plasticity of
corticospinal projections after primate spinal

cord injury. Nat Neurosci 13:1505–1510.
CrossRef Medline

Rothwell JC, Traub MM, Day BL, Obeso JA,
Thomas PK, Marsden CD (1982) Manual
motor performance in a deafferented man.
Brain 105:515–542. CrossRef Medline

Roy FD, Yang JF, Gorassini MA (2010) Affer-
ent regulation of leg motor cortex excitabil-
ity after incomplete spinal cord injury.
J Neurophysiol 103:2222–2233. CrossRef
Medline

Schwab ME, Bartholdi D (1996) Degenera-
tion and regeneration of axons in the le-
sioned spinal cord. Physiol Rev 76:319 –370.
Medline

Steward O, Zheng B, Ho C, Anderson K, Tessier-
Lavigne M (2004) The dorsolateral cortico-
spinal tract in mice: an alternative route for
corticospinal input to caudal segments fol-
lowing dorsal column lesions. J Comp Neurol
472:463– 477. CrossRef Medline

Rasmussen and Carlsen • Journal Club J. Neurosci., August 17, 2016 • 36(33):8535– 8537 • 8537

http://dx.doi.org/10.1016/j.apmr.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27269706
http://dx.doi.org/10.1089/neu.2012.2734
http://www.ncbi.nlm.nih.gov/pubmed/23517185
http://dx.doi.org/10.1523/JNEUROSCI.3386-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27053214
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125547
http://www.ncbi.nlm.nih.gov/pubmed/18558853
http://dx.doi.org/10.1007/s12311-011-0331-9
http://www.ncbi.nlm.nih.gov/pubmed/22161499
http://dx.doi.org/10.1038/35067570
http://www.ncbi.nlm.nih.gov/pubmed/11283749
http://dx.doi.org/10.1038/nn.2691
http://www.ncbi.nlm.nih.gov/pubmed/21076427
http://dx.doi.org/10.1093/brain/105.3.515
http://www.ncbi.nlm.nih.gov/pubmed/6286035
http://dx.doi.org/10.1152/jn.00903.2009
http://www.ncbi.nlm.nih.gov/pubmed/20181733
http://www.ncbi.nlm.nih.gov/pubmed/8618960
http://dx.doi.org/10.1002/cne.20090
http://www.ncbi.nlm.nih.gov/pubmed/15065120

	Spontaneous Functional Recovery from Incomplete Spinal Cord Injury

