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SPINAL CORD INJURY

Pronounced species divergence in corticospinal tract
reorganization and functional recovery after lateralized
spinal cord injury favors primates

Lucia Friedli,' Ephron S. Rosenzweig,” Quentin Barraud,’ Martin Schubert,®> Nadia Dominici,’*
Lea Awai,® Jessica L. Nielson,® Pavel Musienko,"® Yvette Nout-Lomas,” Hui Zhong,®

Sharon Zdunowski,® Roland R. Roy,® Sarah C. Strand,’ Rubia van den Brand,’

Leif A. Havton,'® Michael S. Beattie,'" Jacqueline C. Bresnahan,'' Erwan Bézard,'*"3

Jocelyne Bloch,'® V. Reggie Edgerton,® Adam R. Ferguson,® Armin Curt,3*

Mark H. Tuszynski,>"'® Grégoire Courtine™'*"

Experimental and clinical studies suggest that primate species exhibit greater recovery after lateralized com-
pared to symmetrical spinal cord injuries. Although this observation has major implications for designing clinical
trials and translational therapies, advantages in recovery of nonhuman primates over other species have not
been shown statistically to date, nor have the associated repair mechanisms been identified. We monitored re-
covery in more than 400 quadriplegic patients and found that functional gains increased with the laterality of
spinal cord damage. Electrophysiological analyses suggested that corticospinal tract reorganization contributes
to the greater recovery after lateralized compared with symmetrical injuries. To investigate underlying mecha-
nisms, we modeled lateralized injuries in rats and monkeys using a lateral hemisection, and compared anatomical
and functional outcomes with patients who suffered similar lesions. Standardized assessments revealed that
monkeys and humans showed greater recovery of locomotion and hand function than did rats. Recovery correlated
with the formation of corticospinal detour circuits below the injury, which were extensive in monkeys but nearly
absent in rats. Our results uncover pronounced interspecies differences in the nature and extent of spinal cord
repair mechanisms, likely resulting from fundamental differences in the anatomical and functional characteristics
of the motor systems in primates versus rodents. Although rodents remain essential for advancing regenerative
therapies, the unique response of the primate corticospinal tract after injury reemphasizes the importance of

primate models for designing clinically relevant treatments.

INTRODUCTION

Despite the regenerative failure of severed axons after spinal cord injury
(SCI), partial lesions of the human spinal cord are associated with
spontaneous functional improvement during the first months after in-
jury (1). Clinical observations suggest that the level of motor control
asymmetry in the subacute phase of SCI influences the extent of func-
tional recovery at chronic time points (2, 3). Patients with asymmetrical
deficits, which are largely determined by the laterality of the spinal cord
damage, generally exhibit greater functional gains compared to pa-
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tients with more symmetrical deficits. For example, the most severe
type of lateralized SCI, termed Brown-Séquard syndrome, is character-
ized by a complete acute loss of motor function on one side of the body,
followed by substantial recovery of motor capacities in chronic stages
(3). However, a direct relationship between the laterality of spinal cord
damage and functional recovery has not been quantified in humans,
and the mechanisms underlying this relationship remain unclear.

In primates, the corticospinal tract projects predominantly through
the dorsolateral column and contains axons originating from both the
left and right motor cortex (4). In contrast, the corticospinal tract is
primarily located in the dorsal column in rodents, and these axons ex-
clusively originate from the contralateral motor cortex. A substantial
number of corticospinal axons decussate along the spinal cord midline
in primates (4) but not in rodents. We previously showed that, after a
lateral hemisection SCI in monkeys, these decussating corticospinal ax-
ons form detour circuits that reconnect the motor cortex with dener-
vated segments (5). This reorganization of corticospinal projections
below the injury correlated with spontaneous recovery of motor func-
tion (5). These results suggest that the specific architecture of the pri-
mate corticospinal tract and its unique response to injury, together
with the essential contribution of these inputs to motor control in
humans (6), may explain the superior functional recovery after lateral-
ized compared to symmetrical injuries.

To address this hypothesis, we first compared the recovery profile
of more than 400 quadriplegic individuals who suffered incomplete
spinal cord damage covering the entire range of SCI laterality from

Vol 7 Issue 302 302ra134 1

Downloaded from on August 27, 2015



RESEARCH ARTICLE

perfectly symmetrical deficits to impairments restricted to one side
of the body. Spontaneous restoration of function gradually increased
with the degree of asymmetry. Second, we monitored the reorgani-
zation of corticospinal tract function in quadriplegic patients and
modeled a lateralized SCI in rodents and monkeys to study anatomical
remodeling of corticospinal projections in conjunction with electro-
physiological and functional assessments. Our aim was to establish
translational correlative structures (7) among anatomical, electrophys-
iological, and functional metrics across animal models and human pa-
tients. We found that the anatomical and functional properties of the
corticospinal tract augment the potential for recovery after lateralized
SCI in primates but not in rats, emphasizing the importance of primate
models in translational research and for the development of spinal cord
repair therapies.

RESULTS

Functional recovery in humans correlates with SCI laterality
We conducted a repeated prospective assessment of functional recovery
during 1 year after an incomplete cervical SCI in 437 patients. Only
patients classified American Spinal Injury Association (ASIA)-C or
ASIA-D with low motor scores were included in the analysis. To de-
termine SCI laterality, we computed a laterality index (LI) based on the
relative difference between left and right sensorimotor scores evalu-
ated at 2 weeks after SCI. The index ranged from 0 (symmetric injury)
to 1 (asymmetric injury affecting only one side of the body, as in Brown-
Séquard syndrome) (Fig. 1A and fig. S1A). More than 80% of analyzed
patients reached values below 0.5 (Fig. 1B), indicating bilateral and sym-
metrical functional impairment. Only 4 of the 437 patients studied
presented a pronounced Brown-Séquard syndrome with predominant
unilateral motor deficits and crossed spinothalamic impairment. Mag-
netic resonance imaging (MRI) in these patients revealed white matter
sparing restricted to one side of the spinal cord (Fig. 1A and fig. S1D).
The LT had no significant influence on the severity of motor deficits at
2 weeks after SCI (Fig. 1C; P=0.75, ANOVA), indicating that the patients
with symmetrical versus lateralized deficits exhibited similar impair-
ments at early time points.

To assess whether SCI laterality influenced recovery, we computed
the relative gains in left and right motor scores between early (2 weeks)
and chronic (6 to 12 months) time points after injury. Improvements
in motor function gradually increased with SCI laterality (Fig. 1D).
Patients with an LI above 0.5, who presented a noticeable asymmetry
in motor performance at 2 weeks after injury, regained extensive bi-
lateral motor function. These results demonstrate that spontaneous
functional recovery increases with the degree of SCI laterality.

Recovery of cortical access to motor pools below the lesion
increases with SCI laterality in humans

We monitored the recovery of motor responses in the tibialis anterior
muscles in 34 quadriplegic patients after transcranial magnetic stim-
ulation applied over the motor cortex (Fig. 2A). For patients with sym-
metric functional deficits, gains in motor response amplitude at chronic
time points were generally proportional to the amplitude of the responses
measured at early time points (Fig. 2, B and C). In contrast, patients with
asymmetrical deficits (LI >0.5) displayed a complete suppression of
motor responses in the tibialis anterior muscle on the more affected side
of the body at early time points (Fig. 2B). Substantial motor responses
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Fig. 1. Functional recovery correlates with SCl laterality in humans. (A)
MR images representing a symmetrical and a lateralized SCI. (B) SCl laterality
was measured as the relative difference between motor scores (ASIA) of the
left and right sides, termed LI. The histogram shows the distribution of LI
across 437 individuals with a cervical SCI (EMSCI database). The shaded area
indicates individuals with asymmetric motor deficits. (C) Motor scores
around 2 weeks after lesion for patients with LI <0.5 and LI >0.5. (D) Gain
in motor scores in the chronic compared to subacute stage of SCl for each
range of LI. Horizontal bars indicate the median, and upper and lower bars
correspond to the 75 and 25% percentile of data, respectively; error bars cor-
respond to the 90 and 10% percentiles of the data (n = 437). *P < 0.05, anal-
ysis of variance (ANOVA) followed by Turkey’s post hoc test. n.s., not
significant.
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Fig. 2. Recovery of motor responses in leg muscles after motor cortex
stimulation in quadriplegic patients. (A) Schematic overview of experi-
ments. Motor responses were recorded in the left and right tibialis anterior
muscles after transcranial magnetic stimulation (TMS) applied over the mo-
tor cortex. (B) Representative electromyographic (EMG) traces of left and
right motor responses at early and chronic time points after SCI for a pa-

progressively reappeared in this muscle during recovery, which cor-
related with significantly larger gains in motor response amplitude in
asymmetric SCI compared to patients with more symmetrical lesion
at chronic time points (Fig. 2, B and C). In patients with asymmetric
deficits, the latency of motor responses was significantly prolonged
on the more affected side (20.43 + 4.00 ms) compared to the less affected
side (17.42 + 4.92 ms) (Fig. 2D). No significant differences were found in
the latencies of motor responses from left and right muscles in patients
with more symmetrical spinal cord damage (LI <0.5).

Recovery of locomotor function after lateralized SCI is
greater in humans and monkeys than in rats
To model a lateralized SCI, we placed a C7 lateral hemisection in mon-
keys and rats (5, 8). We performed standardized kinematics and muscle
activity recordings to study the recovery profile of animal models com-
pared to four human patients with distinct unilateral motor impair-
ments in segments below the lesion at early time points (fig. S1D).
Because hemiplegic patients could not step independently, we used
the gait orthosis Lokomat to rhythmically move the legs along pre-
defined foot trajectories (Fig. 3A). Despite stepping-like movements, ip-
silesional ankle muscles remained quiescent, whereas contralesional
muscles displayed alternating bursts of activity (Fig. 3A). At early time
points, hemisected monkeys and rats essentially dragged their ipsile-
sional leg on the treadmill (Fig. 3, B and C). At chronic time points,
all species tested showed extensive recovery in stepping ability: humans,
monkeys, and rats regained plantar stepping on the ipsilesional side
(Fig. 3, A to C). Specific features of locomotion, however, remained
clearly impaired.

To measure these residual deficits, we submitted a larger number of
gait parameters (table S1) to a PC analysis, which objectively quantified
the features that are affected versus those nonaffected by injuries (9).
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tient with symmetrical versus asymmetrical deficits. (C) Mean gains in the
amplitude of the motor responses on the less and more affected sides in
patients with a low versus high LI. (D) Latency of motor responses from the
less and more affected sides in patients with a low versus high LI. For (C)
and (D), *P < 0.05, **P < 0.01, unpaired Student’s t test. Data are means +
SEM (n = 34). MEP, motor-evoked potential; a.u., arbitrary units.

Lateralized SCI altered the same variables in rats, monkeys, and humans
(fig. S2, A to C). The rats, however, retained significantly more pro-
nounced deficits at chronic time points compared to monkeys and
humans (fig. S2D). For example, all species exhibited a significantly
longer swing phase duration on the ipsilesional leg compared to the
contralesional leg. Nevertheless, this asymmetry was markedly greater
in rats (36% longer on ipsilesional versus contralesional limb, P < 0.001)
compared to monkeys (25%, P < 0.05) and to patients (3.1%, P < 0.05)
(ANOVA followed by Turkey’s post hoc test).

To directly compare gait recovery between rats, monkeys, and
humans, we normalized all computed parameters to intact values for
each species and applied PC analysis on all the normalized data sets
simultaneously (Fig. 3D). Gait clusters related to chronic time points
occupied significantly more distant locations to intact gait clusters in
rats compared to monkeys and humans (Fig. 3E). This analysis dem-
onstrates that monkeys and humans show a greater recovery of gait
compared to rats after a lateralized SCI (movie S1).

Differences in gait recovery were particularly striking during more
challenging conditions, such as traversing a horizontal ladder. The
four patients executed this task with 100% success (Fig. 4A). In con-
trast, rats failed to position their ipsilesional hindpaw onto the rungs of
the ladder (Fig. 4B). This failure was not due to deficits in forelimb
placement because rodents with a thoracic hemisection also display
permanent loss of hindpaw placements during locomotion along
ladders (9). The patients performed well on the horizontal ladder de-
spite the use of distinct gait strategies and slight postural instability
compared to healthy subjects (Fig. 4, C and D, and movie S1). Not-
withstanding differences in the execution of bipedal versus quadrupe-
dal locomotion along ladders, there was a strong disparity between
rats and humans in the recovery of leg motor skills. For safety reasons,
monkeys were not tested on this task.
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Fig. 3. Humans and monkeys show greater recovery of locomotion
compared to rats after lateralized SCI. (A to C) Decomposition of lower
limb motion during stance and swing together with successive limb end-
point trajectories during locomotion on a treadmill. Representative data
are shown for a human patient (A), monkey (B), and rat (C) before the
injury (or healthy) and at early and chronic time points after SCI. The vec-
tors indicate the direction and amplitude of foot acceleration at swing
onset. The EMG activity of the soleus and tibialis anterior muscles is shown
at the bottom. The shared areas indicate the duration of the stance phases.

Hand function recovery is more extensive in monkeys and
humans than in rats

Rodents and primates exhibit different upper limb motor skills. To
establish reasonable comparisons across species, we implemented a
reach-for-food task that has been shown to involve similar hand con-
trol strategies in rats, monkeys, and humans (10). The size of the re-
trieved food was scaled for each species to fit within the palm of the
hand. Kinematics and muscle activity recordings revealed that, over-
all, noninjured rats, monkeys, and humans used a comparable strategy to
retrieve food items with the hand (Fig. 5, A to C, and fig. S3). However,
the performance was significantly worse in rats compared to monkeys
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At early time points, hemiplegic patients were recorded in the gait orthosis
Lokomat. (D) Principal component (PC) analysis was applied on dimension-
less parameters (n = 101), characterizing gait patterns of rats, monkeys, and
humans. Least-squares spheres are traced to help visualize gait clusters and
thus emphasize time- and species-dependent gait recovery. (E) Individual
(lines) and mean three-dimensional (3D) distances between noninjured
gait clusters and those measured at the early and late time points. *P <
0.05, **P < 0.01, *** P < 0.001, ANOVA. Data are means + SEM (n indicated
in figure).

and humans (Fig. 5D). The patients who had completely lost ipsilesional
hand function at early time points performed the reach-for-food task with
100% success at the chronic time point (Fig. 5, A and D, and movie S2).

In both monkeys and rats, the hemisection resulted in loss of detect-
able function and muscle activity in the ipsilesional hand immediately
after injury (main effect of injury; P < 0.001, ANOVA; Fig. 5, B and C).
Over time, hemisected monkeys regained the capacity to recruit exten-
sor and flexor digit muscles reciprocally (Fig. 5B and fig. S3B), which
paralleled extensive recovery of object retrieval (Fig. 5D). The improved
performance in monkeys often was accompanied by a change in the
reward-retrieval strategy, including grasping between the fingers and
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Fig. 4. Humans, but not rats, recover the ability to traverse a horizontal
ladder after lateralized SCI. (A and B) Decomposition of lower limb motion
during locomotion along the equally spaced rungs of a horizontal ladder.
Foot placement was measured as the relative positioning of the ipsilesional
foot with respect to two successive rung positions (red dots). The number of
occurrences per 5% bin is reported together with the percentage of accu-

the palm of the hand in a subset of monkeys (11). Despite repeated
training with motivational cues, none of the 15 rats tested regained the
ability to retrieve a single food reward with the injured paw (P < 0.001,
ANOVA) (Fig. 5, C and D, and movie S2). Rats produced highly vari-
able paw trajectories and disorganized muscle activation patterns of
muscles (Fig. 5C and fig. S3C). Although disparities in cognitive and
motor skills may partly explain the different motor recovery of rodents
versus primates, the extent of this discrepancy favors the existence of
distinct mechanisms supporting greater recovery in primates compared
to rats.

Monkeys show greater reorganization of corticospinal tract
below the injury than rats

We next investigated the reorganization of axonal projections from the
corticospinal tracts in both monkeys and rats. Corticospinal fibers were
labeled with injections of anterograde tracers in the left and right motor
cortex (Fig. 6, A and B). We compared corticospinal projection patterns
in rats and monkeys terminated at early (n = 8 rats and 3 monkeys) or
chronic (n = 7 rats and 9 monkeys) time points after SCI. Four of the
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rate, slipped, and missed placements. (C) PC analysis performed using the
same conventions as in Fig. 3D: 101 kinematic parameters measured for
the ipsilesional leg before the injury (or healthy) and at the chronic stage
of SCl. Individual (lines) and averaged 3D distance between noninjured data
points and those measured at late time points. ***P < 0.001, ANOVA. Data are
means = SEM (n = 4 humans, 15 rats).

nine monkeys were in previous reports (5, 11, 12) and underwent new
analyses for this study.

Intact monkeys showed extensive bilateral corticospinal tract pro-
jections (fig. S1B) (4). Most corticospinal tract fibers projected through
the dorsolateral columns. Consequently, the lateral hemisection in
monkeys spared a substantial number of corticospinal axons originat-
ing from both the left and right motor cortex (Fig. 6C). In rats, the vast
majority of corticospinal fibers decussated at the level of pyramids,
extended rostrocaudally in the dorsal column (fig. S1C), and projected
contralaterally in the dorsal and intermediate laminae of the spinal
segments (Fig. 6D). Therefore, the lateral hemisection interrupted
nearly all axonal projections from the contralesional motor cortex in
the rats (Fig. 6D). A very small subset of axons projecting ipsilaterally
through the ventral funiculus remained intact in rats (Fig. 6F).

We first analyzed the reorganization of corticospinal fibers originat-
ing from the motor cortex contralateral to the hemisection. Monkeys
exhibited a significant increase in the number of axons decussating at
the spinal cord midline below the lesion at chronic compared to early
time points (Fig. 6, E and G), which was absent in hemisected rats (Fig. 6,
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Fig. 5. Monkeys and humans show greater recovery of hand function
compared to rats. (A to C) Upper limb endpoint trajectories during reach
and retrieval. Failures of item retrieval are displayed in dark red, seen after
SCl in rats and monkeys but not in humans. Averaged EMG activity (+ SEM
in gray) of the extensor digitorum communis and flexor digitorum muscles
is shown during successive retrievals before the injury (or healthy) and at
chronic time points after SCI in humans (A), monkeys (B), and rats (C). (D)
Percent of successful object retrieval for each subject. *P < 0.05, ***P <
0.001, ANOVA. Data are means + SEM [n indicated in (A) to (O)].
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F and H). These axons displayed an increased density within spinal
segments below the injury, in particular, into the denervated ventral
horns that contain motor pools innervating hand muscles (early versus
chronic; P < 0.05, ANOVA followed by Turkey’s post hoc test; Fig. 6, C
and G). This sprouting reconstituted a large proportion of the cortico-
spinal fiber density observed in intact monkeys, which contrasted with
the near-complete depletion of corticospinal fibers observed in hemi-
sected rats (Fig. 6, D and H).

Fiber reconstructions revealed that corticospinal axons below the
injury originated from the dorsolateral column in monkeys (Fig. 6I)
and the ventral component of the corticospinal tract in rats (Fig. 6]).
These fibers, however, were sporadic in rats. Corticospinal axons be-
low the injury established synapses, because they colocalized with syn-
aptophysin (Fig. 6, K and L). In hemisected monkeys, corticospinal
fibers decussating the spinal cord midline below the injury established
synaptic contacts with neurons projecting to lumbar segments (fig. S4).
Analysis of corticospinal axon density at C5 and C6, above the lesion,
also revealed a significant increase in density at chronic compared to
early time points in rats, but only a trend in monkeys (fig. S5). In both
rats and monkeys, axons originating from the right motor cortex
decussated at the level of the pyramids and then recrossed the spinal
cord midline below the hemisection. The density of these fibers was
significantly increased in denervated segments for rats and monkeys
terminated at chronic compared to early time points (P < 0.05, ANOVA;
fig. S6). Remodeling of spared axons did not occur in all descending
projection neurons: the density or distribution of serotoninergic axons
in cervical segments below the injury remained unchanged in rats and
monkeys (fig. S7).

These anatomical evaluations reveal that both rats and monkeys
exhibit multilevel reorganization of bilateral corticospinal projections
after hemisection. Only monkeys, however, showed growth of corti-
cospinal fibers across the spinal cord midline and extensive sprouting
of these fibers into denervated spinal segments below the injury.

Recovery of cortical access to leg motor pools is greater in
humans than in rats

The poor reorganization of corticospinal fibers below the hemisection
suggested that, in contrast to humans, rats would not regain motor
responses in leg muscles after motor cortex stimulation. To test this
hypothesis, we delivered electrical stimulations in awake rats through
a chronically implanted electrode over the motor cortex and recorded
motor responses in ankle flexor muscles (fig. S8A) (13). In intact rats,
motor cortex stimulation evoked short latency motor responses that
likely reflect the cortical recruitment of fast-conducting brainstem de-
scending pathways (fig. S8B) (14). The hemisection nearly permanently
suppressed these motor responses in ankle flexor muscles ipsilateral to
the lesion (fig. S8C).

Corticospinal tract reorganization correlates with
functional recovery

Last, we sought to evaluate whether functional recovery correlated
with specific anatomical and electrophysiological features. We con-
ducted the analyses using the subsets of variables that were collected
from rats and monkeys or from rats and humans, allowing direct cross-
species comparisons. We first calculated the correlation matrix between
all variables, which revealed robust correlations between anatomical,
electrophysiological, and functional metrics across species (Fig. 7A).
We then applied a nonlinear PC analysis (NLPCA) onto these variables
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Fig. 6. Monkeys show greater reorganization of corticospinal tract
(CST) fibers compared to rats. Corticospinal projection patterns were
measured in rats and monkeys terminated at early (n = 8 rats and 3
monkeys) or chronic (n = 7 rats and 9 monkeys) time points after SCI.
(A and B) Diagrams illustrating anatomical experiments. (C to F) Heat
maps and representative images and reconstructions taken from boxed
and numbered areas, illustrating sprouting of corticospinal axons in spinal
segments below the lesion (CC, central canal). Scale bars, 100 um for
monkeys and 40 um (insets: 10 um) for rats. (G and H) Fiber density
distribution, ipsilesional corticospinal axon density at C8, and number of

(15). NLPCA uncovers multidimensional correlative structures be-
tween isolated metrics of different scales, characterizing various aspects
of a syndrome, and ranking individual subjects within this syndromic
space (7, 16).

PC1 and PC2 explained a considerable amount of variance in the
functional electrophysiological and anatomical variables (Fig. 7B). We
then extracted the PC loadings, which corresponded to correlations
between the variables and PC1 or PC2, and represented these values
in clusters of correlated variables (Fig. 7B). The rat versus human anal-
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corticospinal fibers crossing the spinal cord midline per analyzed section
at C8 in intact animals and at early and chronic time points after SCI. *P <
0.05, ANOVA. Data are means + SEM (n = 8 monkeys; 9 rats for chronic
subjects). (I and J) Serial reconstruction of a single corticospinal axon.
(K and L) Representative confocal images of respective area in (1) or (J), show-
ing 3D colocalization of dextran-conjugated Alexa Fluor 488 (D-A488) and
synaptophysin in monkeys, and biotin dextran amine (BDA) and synaptophysin
in rats, demonstrating the presence of synaptic terminals onto corticospinal
fibers below the hemisection. Scale bars, 2 and 4 um for monkeys and rats,
respectively.

ysis revealed robust correlations between the recovery of motor cortex
access to motoneurons innervating leg muscles and recovery of basic
locomotion and reaching, in both rats and humans. For rat versus
monkey, the degree of multilevel reorganization of the left and right
corticospinal tract correlated with increased recovery of locomotion,
and even more extensively, hand function, in both species. Analysis of
individual PC scores, however, revealed that these mechanisms of re-
covery were significantly more efficient in monkeys (PC1) and humans
(PC2) than in rats (P < 0.05, ANOVA) (Fig. 7C).
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Fig. 7. Syndromic analysis linking reorganization of corticospinal
tract function and functional recovery. We used subsets of variables
that were collected from rats and monkeys or from rats and humans
for direct cross-species comparisons. (A) Bivariate correlation matrix show-
ing robust correlations between anatomical and functional parameters.
(B) An NLPCA was applied on all the parameters measured in rats and hu-
mans and in rats and monkeys. The data variance explained by PC1 and

DISCUSSION

Our study of more than 400 quadriplegic patients and both rodent and
primate injury models demonstrates that anatomical and functional
evolution of the corticospinal tract has produced fundamental inter-
species differences in the nature and extent of spinal cord repair mech-
anisms. The corticospinal tract is not necessary for the execution of
noncomplex movement in lower mammals (17). In monkeys, the se-
lective ablation of this pathway induces permanent deficits in skilled
motor control but has minimal impact on locomotion (18, 19). Indirect
evidence suggests that humans rely heavily on corticospinal input for
the production of voluntary movement (20), although the contribution
of this tract to locomotion remains debated (21). This increasingly im-
portant role of corticospinal tract function in motor control correlates
with multifaceted adaptations in the anatomical properties of this
pathway during primate evolution (22). Our results show that these
adaptations provide an important advantage for recovery after injury.
We discuss these findings on interspecies differences in SCI and repair
with an emphasis on implications for clinical trial design, therapeutic
development, and translational medicine.
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below the hemisection, _
PC2 is reported. Color- and size-coded arrows indicate the direction and
correlation (red, positive; blue, negative) between the parameters and
each PC. Ipsilesional and contralesional refer to the origin of the cortico-
spinal tract. (C) Mean scores on PC1 for both analyses and on PC2 for hu-
man versus rat. Each dot represents an individual subject. ***P < 0.001,
**P < 0.01, unpaired two-tailed t tests. Data are means + SEM (n indicated
in figure).

Our epidemiologic study confirms that individuals with a pro-
nounced Brown-Séquard syndrome are rare. Nonetheless, we demon-
strate that patients with partial SCI cover a broad spectrum of laterality
in spinal cord damage and that the extent of laterality significantly in-
fluences recovery. These results stress the importance of integrating an
LI in predictive models of recovery after SCI. In turn, the degree of lat-
erality should be carefully considered for the selection of homogeneous
patient cohorts for clinical trials, because our results show that this
factor will influence functional outcomes at extended time points.

The superior recovery of patients with lateralized versus symmetrical
injuries offered a unique experimental opportunity to investigate some
of the key mechanisms underlying spontaneous improvement in
function after SCI. What are the mechanisms most likely to account
for the greater recovery after lateralized compared to symmetrical in-
juries in humans? Previous work in rodents demonstrated that this re-
covery relies on the establishment of detour circuits reconnecting
brainstem and intraspinal descending pathways to denervated motor
circuits below the lesion (9, 13, 23-27). Increased collateralization of
cortical projections into the brainstem and spinal cord above the injury
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allows the motor cortex to take advantage of these detour circuits to
access spinal circuits below the injury (8, 13, 23, 28). After a lateral hemi-
section SCI in rodents, this circuit rearrangement restores extensive ba-
sic locomotor capacities but is insufficient to mediate skilled movement
(9). The same mechanisms likely participate in the motor recovery of
humans with lateralized injuries. However, our results provide evidence
that in primates, contrary to observations in rats, spared corticospinal
fibers also establish detour circuits that form a bridge across the hemi-
section, and that this reorganization is closely related to improvement in
fine motor control capacities.

We derive these conclusions from the combination of functional,
electrophysiological, and anatomical outcomes across humans and
animal models. First, we report relationships between the functional
gains in patients with lateralized deficits and the recovery of access of the
motor cortex to denervated motoneurons below the injury. Patients with
symmetrical damage did not exhibit similar gains, indicating that this re-
covery was due to a specific reorganization of the corticospinal tract rather
than adaptations in spinal circuits (29). The latency of the regained motor
responses increased on the hemisected side, which was consistent with
the formation of compensatory detour circuits that restore cortical influ-
ence over motoneurons innervating leg muscles below the injury.

Second, we modeled a lateralized injury in rats and monkeys to study
the anatomical reorganization of both corticospinal tracts, which have
undergone profound anatomical adaptations during evolution (22):
The corticospinal tract migrated from the dorsal column to the dorso-
lateral funiculi, which correlated with an increase in the relative number
of axons (30); in addition, the pattern of corticospinal projections be-
came increasingly bilateral, with a substantial number of axons decus-
sating extensively across the spinal cord midline (4); finally, the appearance
of direct cortical projections onto motoneurons correlated with the emer-
gence of a precision grip between the thumb and the index fingers (6, 31).
Anatomical evaluations showed that these adaptations confer superior
advantages for recovery after SCI in primates compared to rodents, es-
pecially after lateralized damage. Owing to their course in the dorso-
lateral column, the lateral hemisection spares numerous corticospinal
fibers originating from both motor cortexes in primates. These fibers
decussate across the spinal cord midline (4, 5) and terminate bilaterally,
including in the gray matter below the injury. The lateral hemisection
triggered a growth of these axons across the spinal cord midline, and an
extensive sprouting of spared and newly formed fibers into spinal ter-
ritories containing both denervated hand motoneurons and neurons
projecting to lumbar segments. Thus, these corticospinal detour circuits
reestablished a direct cortical access to the gray matter below the injury.
In rats, the lateral hemisection spared a small subset of ipsilaterally pro-
jecting fibers located in the ventral funiculus, which contribute to recovery
after an incomplete SCI (32). The density of these undamaged cortico-
spinal tract axons increased after the lateral hemisection. However, our
multidimensional correlation analyses suggest that the relevance of this
anatomical reorganization for functional recovery is modest in rats.

Post-mortem anatomical analyses (31), imaging (33), and electro-
physiological recordings (34, 35) have provided indirect evidence that
sprouting of spared corticospinal fibers contributes to functional recov-
ery after SCI in humans. Our multivariate analyses established robust
correlations between bilateral corticospinal tract reorganization and
functional recovery in humans, monkeys, and, albeit weakly, rats. As
expected, correlations were more pronounced for skilled motor tasks
than for locomotion. These results support previous studies that pro-
posed corticospinal tract reorganization as a fundamental mechanism
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of recovery after SCI in mammals (5, 29). However, owing to the bi-
lateral projection patterns of corticospinal axons in higher mammals,
and probably, the more advanced contribution of these inputs to mo-
tor control and learning (22, 36), this mechanism is more efficacious in
monkeys and humans compared to rodents. The greater plasticity and
functional contribution of the primate corticospinal tract may provide
additional degrees of freedom for guiding and using newly formed
circuits in the spinal cord.

Our kinematics and electromyography methodologies across
multiple behavioral paradigms demonstrate that this fundamental in-
terspecies difference in spinal cord repair mechanisms is associated
with superior recovery in primates compared to rats after a lateral hemi-
section SCI. Direct motor cortex projections to motoneurons that are
both numerous (37) and functionally important (36) to produce skilled
movements in primates were all eliminated in injured monkeys. We
thus propose that after injury, residual and new indirect corticospinal
tract inputs participate in the execution of movement (28, 36), even in
basic motor tasks for which corticospinal tract inputs are not necessary
in the intact state. These cortical inputs may even become essential for
the recovered execution of both locomotion and skilled movements af-
ter severe central nervous system damage (13, 36, 38).

These findings reemphasize the importance of developing therapies
that target regeneration and sprouting of the corticospinal tract in humans
(5, 29, 39) and neurorehabilitation procedures to enhance and shape the
contribution of the motor cortex to functional recovery (13, 34, 36). Re-
generation of the corticospinal tract is already the primary focus of var-
ious therapeutic approaches. Although rodent models remain essential
for advancing these therapies, the specificity of spinal cord repair mech-
anisms detected in primates suggests that these developments would be
more effective and relevant in nonhuman primate models, especially for
the recovery of skilled movement (40).

Contrary to the general consensus, we demonstrate that primates
show greater spontaneous recovery of function than do rodents after
similar spinal cord damage. The generalization of these findings to
other types of incomplete injuries is unclear. Nevertheless, the dem-
onstration that the specific anatomical and functional features of the
corticospinal tract contribute to explaining this pronounced interspecies
difference is particularly relevant for basic neuroscience and medicine.
The community has long recognized the importance of testing safety
and efficacy of new therapies in primate models of SCI before clinical
studies (41). However, ethical and societal hurdles related to primate
experiments, together with their cost and experimental complexity,
have slowed the broad implementation of this translational framework.
Despite these challenges, the present results reinforce the need for con-
tinuing the development of nonhuman primate models for translational
SCI research (11, 40, 42), with the aim of improving recovery for the
millions of patients affected with SCL

MATERIALS AND METHODS

Study design

We hypothesized that the peculiar anatomy and function of the primate
corticospinal tract mediate superior functional recovery in primates
compared to rodents after lateralized spinal cord damage. All clinical
investigations have been conducted according to the Declaration of
Helsinki principles. The Swiss Federal Ethics Committee approved
all aspects of the evaluations conducted in humans. All participants
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provided written informed consent. The human data contained in the
database were collected over several years in multiple clinical centers in
Europe. Longitudinal recordings in four Brown-Séquard syndrome
patients were collected in two independent clinical centers. All surgical
and experimental procedures in monkeys were carried out using the
principles outlined by Laboratory Animal Care (National Institutes of
Health publication no. 85-23, revised 1985) and were approved by the
Institutional Animal Care and Use Committee and the Council on Ac-
creditation of the Association for Assessment and Accreditation of
Laboratory Animal Care. Nonhuman primate studies were performed
over 9 years, in two research facilities, as part of experiments designed
to develop therapeutic interventions. The Veterinarian Office of the
Cantons of Zurich and Vaud, Switzerland approved the evaluations
conducted in rats. These experiments were repeated twice. Anatomical
evaluations were performed blindly, but functional evaluations were
not blinded. All the subjects with complete hemisection SCI are
presented in the study. All measurements were obtained using objec-
tive readouts with high-precision equipment.

Experimental animal models and human subjects

Human subjects. Recovery of upper and lower limb function was
analyzed in 437 individuals who suffered a cervical SCI. All individuals
were included in the European Multicenter Study about Spinal Cord
Injury (EMSCI) database (www.emsci.org). For each subject, we com-
puted an LI that quantified the asymmetry in functional deficits at 2 weeks
after SCI, as described in Supplementary Materials and Methods. We
monitored motor recovery in individuals who presented distinct later-
alized deficits (LI >0.5). Four patients (two males and two females) met
this criterion. Two of the male patients suffered traumatic SCIs at the C5
and C7 levels and showed LI of 0.82 and 0.5, respectively. The two ad-
ditional patients had experienced an ischemic injury at T5 and a disc
prolapse at T8, which led to LI of 0.65 and 0.5, respectively. The patients
had not suffered from any other neurological disorder. Recovery of
complex motor functions was compared to the same recordings per-
formed in a total of 33 healthy subjects.

Monkeys. A total of 20 male monkeys (Macaca mulatta) aged 5 to
18 years (mean, 9.6 + 4.1 years) were studied. No effects of age were
observed on any of the variables reported herein. Four of the nine
monkeys studied for functional evaluations were included in previous
reports (5, 11) and have undergone new analyses that are the subject of
the present study. Two monkeys could not be tested on the treadmill
after the lesion. Two monkeys received the lateral hemisection at T10
and were only used for anatomical assessments.

Rats. A total of 30 female adult rats (Lewis) were studied (~220 g
body weight). Animals were housed individually on a 12-hour light/
dark cycle, with access to food and water ad libitum. Temperature and
humidity in the animal facilities were maintained constant in accord-
ance to Swiss regulations for animal housing.

Rehabilitation

Human patients followed a conventional rehabilitation program. Both
rats and monkeys were trained to step on a treadmill and to retrieve
objects with their hand three times per week for 20 min per task.

Surgical procedures

EMG and cortical electrodes were implanted before the injury, which
was performed in a second surgery, as described in Supplementary
Materials and Methods.
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Behavioral tasks

Locomotion. Rats, monkeys, and humans were tested on a
treadmill over a range of speeds. A Plexiglass enclosure was used to
maintain the rats and monkeys in position while enabling kinematics
recordings. Food reward was used for positive reinforcement. The more
comfortable speed to obtain consistent stepping patterns over the entire
course of the recovery was selected for further analysis. This corre-
sponded to 9 cm/s in rats, 0.47 m/s in monkeys, and 4 km/h in humans.
To evaluate skilled locomotion, rats (n = 9) and human subjects (n = 4
SCI patients; n = 4 healthy subjects) walked along a horizontal ladder. In
humans, the ladder was placed on the floor and consisted of 10 evenly
distant (43 cm) plates (length, 50 cm; width, 15 cm; height, 3 cm). In
rats, the ladder was made of 10 evenly positioned (10 cm) circular rungs
(1-cm diameter) located 10 cm above the floor. Ten successive trials
along the ladder were analyzed.

Hand function. Rats and monkeys were trained over several sub-
sequent sessions to retrieve food rewards from a stick (10) until they
reached a stable performance. Rats were presented with a piece of choc-
olate, whereas monkeys retrieved apples. The diameter of the piece of
chocolate was 2 mm, whereas the apples were sliced into eight equal
pieces. Human subjects retrieved a piece of plastic tubing with a similar
shape as apple slices (5 cm, 2-cm diameter). Monkeys and human sub-
jects were seated. Rats were standing quadrupedally. The subjects were
given 10 trials, and the number of successful food retrievals was recorded
for each session.

Time points. Recordings were made before the lesion in both rats
and monkeys and at regular intervals after lesion until 2 or 6 months after
injury, respectively. At this stage, both rats and monkeys had reached a
plateau, that is, when no or limited improvements occurred (5, 25). To
compare rats, monkeys, and humans at comparable time points, we
focused the analysis on three salient time points: before lesion and at
an early and chronic stage after the lesion. Early corresponded to the
time when the subjects could locomote on the treadmill despite paral-
ysis of the ipsilesional limbs and could reach the food reward with the
ipsilesional limb but failed to retrieve the item. In humans, recordings at
chronic time points were obtained between 8 and 12 months after SCL

Data acquisition and analysis
Kinematics and electromyographic recordings. Bilateral leg

or unilateral arm kinematics were recorded using 12 infrared motion
capture cameras (200 Hz, Vicon) in rats and humans, and 4 TV cameras
(100 Hz, Basler Vision Technologies) for monkeys, as described in Sup-

plementary Materials and Methods.
Electrophysiological recordings. In rats, access of the motor

cortex to leg motoneurons was tested under fully awake conditions
while the animals were suspended in a harness. A train of four stimuli
(0.2 ms, 10-ms pulse length, 300 Hz, 0.5 to 1.2 mA) was delivered
through the chronically implanted cortical electrode over the left motor
cortex, and motor-evoked responses were recorded in the right tibialis
anterior. The same rats were tested before the lesion and at early and
chronic time point after the lesion. Stimulation bouts were separated
by 90 s. The amplitude and latency of motor-evoked responses were
measured as previously described (13). In humans, a round coil was
positioned over the location eliciting the largest possible responses in
the leg muscles after transcranial magnetic stimulation. After
positioning the coil, a recruitment curve was performed until reaching
100% of the output. In both rats and humans, peak-to-peak amplitudes
and latencies of the evoked responses were computed from EMG
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recordings from the left and right tibialis anterior muscles. In humans,
the latencies of the motor responses were normalized to the height of
the subject (43).

Gait data analysis. Ten step cycles were extracted from a contin-
uous bout of stepping on the treadmill for each condition and subject.
We computed 101 parameters quantifying gait and kinematics features
(table S1) for each limb and gait cycle according to published methods

(5, 13, 25). Details are in Supplementary Materials and Methods.
Hand function data analysis. For each species and time point

kinematics and EMG, data were extracted from five representative
reaching movements. The trajectory of the hand was segregated into
the different phases of the movement: start, reach, grasp, retrieval, and
end. To compute the consistency of limb endpoint trajectories, we ap-
plied a PC analysis on the 3D coordinates of the hand marker during the
reach phases of all trials. The consistency of limb endpoint trajectories
was calculated as the percent of variance explained by the first PC. The
degree of co-contraction between proximal and distal pairs of antago-
nist muscles was measured as the percentage of overlapping area be-
tween two EMG traces. EMG signals were rectified and filtered with a
fourth-order zero-phase shift Butterworth filter with a cutoff frequency of
30 Hz. The co-contraction index between pairs of antagonist muscles
(EMG1 and EMG2) during reaching and grasping was computed as
follows:

Jmin[EMG1(¢), EMG2(¢))dt

Co-contraction index = 2*
JEMGI(#)dt + [EMG2(¢)dt

where EMG1 and EMQG2 are the EMG activity of flexor and extensor
muscles normalized to the maximum value observed during the move-
ment, whereas min denotes the minimum between the activity of both
muscles at time t.

Statistical analysis

All data are reported as mean values + SEM. Statistical evaluations
were performed using one-way ANOVA for neuromorphological eval-
uations, one-way repeated-measures ANOVA for functional assess-
ments, and unpaired two-tailed ¢ tests for syndromic analysis. Tukey’s
post hoc test was applied when appropriate. Significance was deter-
mined at the P < 0.05 level.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/302/302ra134/DC1

Materials and Methods

Fig. S1. Clinical cases and experimental models of Brown-Séquard syndrome.

Fig. S2. Kinematics analysis uncovers similar patterns of locomotor deficits and compensation
across species.

Fig. S3. Humans and monkeys, but not rats, recover hand kinematics and muscle activation
patterns.

Fig. S4. Spinal cord decussating corticospinal fibers below the injury establishes synaptic
contacts with neurons projecting to lumbar segments in monkeys.

Fig. S5. Increased density of corticospinal fibers above the hemisection in both rats and
monkeys.

Fig. S6. Increased density of corticospinal tract fibers originating from the ipsilesional motor
cortex fibers in segments below the hemisection in both rats and monkeys.

Fig. S7. Density of 5-hydroxytryptamine fibers below the hemisection remains unchanged in
both monkeys and rats.

Fig. S8. The motor cortex fails to regain access to motoneurons below the hemisection in rats.
Table S1. Computed gait parameters.

Movie S1. Recovery of locomotion in monkeys and humans compared to rats after a lateral
hemisection of the spinal cord.

Movie S2. Recovery of hand function in monkeys and humans compared to rats after a lateral
hemisection of the spinal cord.
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Editor's Summary

Species-specific recovery

Despite decades of research and success in rodent models, there are no therapies that repair the human spinal
cord. Friedli et al. looked at the reorganization and function of the corticospinal tract after spinal cord injury (SCI) in
rats, monkeys, and humans. In humans with lateralized SCI (affecting only one side of the spinal cord), there was
greater recovery in motor function than those with more symmetric injuries; this recovery was mirrored in monkeys
with a similar SCI, but not in rats. The authors looked into why such a species divergence exists, and revealed that
monkeys had a greater number of bilateral axonal projections that sprouted into denervated spinal segments below
the injury, whereas rats had interrupted projections and near-complete depletion of corticospinal fibers. Thus,
monkeys and humans have the potential for synaptic reorganization above and below the lesion, and this
corticospinal tract reorganization correlates with functional recovery. The authors suggest that primate models should
be considered more frequently for research aimed at SCI repair and therapeutics, but acknowledge the importance of
rodent models in the field. Furthermore, because the degree of laterality correlates with a positive outcome, the
authors suggest that it be factored into clinical trial design.
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