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Fig. 2. A: mean of the time series changes of the temporal parameters for the whole experimental protocol (fast leg on the fop row and slow leg on the bottom
row). B: comparisons of each parameter at different time points. All the data were normalized to those of the baseline (for details, see METHODS). Filled circles
indicate statistically significant differences from those during the baseline period, and the solid lines show the significant differences between the variables. Error
bars indicate means = SE. Differences were considered statistically significant when P < 0.05.

differences the changes could be categorized into three differ-
ent patterns. The results are described in Fig. 3 for the whole
experimental protocol (left) and for the comparison among
different time points (right) to address the capability of adap-
tation. Figure 3, middle, highlights the first part of each
learning and washout periods. At the beginning of the adapta-
tion period, the mediolateral and the posterior components (A
and D) of GRF showed significant deviations from the baseline
at the beginning of split-belt period in both the slow (P < 0.05
for mediolateral, and P < 0.01 for posterior) and the fast leg
(P < 0.001 for mediolateral, and P < 0.001 for posterior).
Here, the slow leg values were adjusted to be near those in the
slow baseline and the fast leg values were adjusted to be near
those in the fast baseline. In the adaptation period, the medio-
lateral component in the fast leg gradually decreased toward the
fast baseline values after initial overshoot. The comparison be-
tween the first and last 10 s of the adaptation period showed a
significant difference (P < 0.05). The other comparisons did not
show such a change. Upon return to the tied belt condition, there
were significant aftereffects in the fast (P < 0.01) and slow (P <
0.01) legs in the mediolateral component and only in the slow leg
in the posterior component (P < 0.05). The vertical component,
on the other hand (Fig. 3B), showed somewhat different behavior
from the mediolateral or the posterior components described
above. At the beginning of the adaptation period, the relationship
between the values for the fast leg and those for the slow leg
were flipped from the baseline values (the fast leg values
approached the slow baseline values and the slow leg values
approached the fast baseline values). Only the slow leg showed
significant deviation from the baseline initially (P < 0.01), and
it did not exhibit any capability of adaptation during the 10-min
test period. There were no evident aftereffects in either the fast
or slow legs in this component.

Among the four different components of the GRF, the
anterior component showed the clearest signs of adaptation and
washout in both legs (Fig. 3C). At the initial stage of the
adaptation period, the mean value in the fast leg was adjusted

to be close to the slow baseline value, whereas in the slow leg
(P < 0.001) it was near the value of the fast baseline period.
There were steep changes in the first min followed by moderate
changes lasting for the remaining 9 min during the adaptation
period, where the relationship between the legs flipped early in
the period. At the completion of the adaptation period, the
value in the fast leg was adjusted to be close to that of the fast
baseline and the value in the slow leg was adjusted to be close
to that of the slow baseline. There were significant differences
between the first and last 10 s in both the fast (P < 0.001) and
slow (P < 0.001) legs. The washout phase started with pro-
nounced deviation from the baseline in both legs, and there
were gradual changes toward the baseline values, with the
overall pattern of change into the opposite direction to that
during the adaptation period. The statistical comparisons dem-
onstrated significant deviation from the baseline at the begin-
ning of the washout phase [P < 0.001 (fast) and P < 0.01
(slow)] and differences between the initial and the last 10 s in
the washout in both the fast (P < 0.001) and slow (P < 0.01)
legs.

EMG responses. Figure 4 shows the time series changes in
the EMG activity for the whole experimental protocol (/eff)
and for the comparison among different time points at
selected time periods during the stance and the swing phases
(right). Generally, the EMG responses were more variable
than were the temporal parameters and ground reaction
force data.

During the initial stage of the adaptation period, activities in
the BF muscle in the fast leg and the RF and TA muscles in the
slow leg increased during the stance phase. The activity of
these muscles exhibited a clear adaptive curve, with the values
gradually decreasing toward the baseline values. At 10 min, the
values were almost identical to the baseline values, despite the
fact that the subject was walking on a split treadmill surface.
The statistical comparison revealed in those muscles that there
were initially significant differences from the baseline values
[P < 0.001 (fast BF), P < 0.001 (slow RF), and P < 0.01
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Fig. 3. Time series changes of the GRF components. (A: lateral; B: vertical; C: anterior; D: posterior). Blue circles are the: values for the slow leg under the
“adaptation” period, and the red circles indicate thos of the fast leg. Averaged value of each 10-s bin are shown at left, and €ach step data at the beginning of
adaptation and washout periods (first 50 steps) are shown at middle. Right: comparisons of each parameter at different time points. All the data were normalized
to those of the baseline values (for details, see METHODS). Filled circles indicate statistically significant differences from those during the baseline period, and
the solid lines show the significant differences between the variables. Error bars indicate means * SE. Differences were considered statistically significant when
P < 0.05.

(slow TA)]. There were also statistically significant differences the first 2 min or so. Around 5 min in the washout phase, the
in these muscles between the initial and final 10 s in the 10-min  levels of these activities were similar to the baseline values.

adaptation phase, demonstrating the capability of adaptation During the swing phase, the TA (P < 0.01) and BF (P <
[P < 0.001 (fast BF), P < 0.001 (slow RF), and P < 0.01 0.01) muscles in the fast leg and RF muscle in the slow leg
(slow TA)]. With the return to the tied belt condition, the TA, (P < 0.05) showed augmented activities in the early adaptation
RF, and BF muscles in the fast leg and the MG and RF muscles  period compared with those at baseline, where only the BF in
in the slow leg showed augmented activity. Although the belt the fast leg (P < 0.05) and the RF in the slow leg (P < 0.05)
condition was identical to that in the baseline period, the EMG  exhibited a clear pattern of adaptation. In the following wash-
activities were significantly different from those in the baseline  out period, only the BF muscle showed an initial enhancement
period [P < 0.05 (fast TA), P < 0.01 (fast RF), P < 0.01 (fast of the activity (P < 0.01) and a pattern of washout (P < 0.001)
BF), P < 0.01 (slow MG), and P < 0.05 (slow RF)]. These toward the baseline level. In the RF muscles of the fast limb,
activities gradually decreased toward the baseline level within  the activities were lessened even below baseline levels ~5 min
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Fig. 4. A and C: mean of the time series changes of the EMG activities in each muscle investigated during the stance phase (A) and the swing phase (C). All
the data were normalized to those under the baseline condition. Top rows: activities of the fast leg during the adaptation period, and the data in the lower rows
are those of the slow leg. B and D: comparisons of the mean values at different time points. Filled circles indicate statistically significant differences from those
during the baseline period, and the solid lines show the significant differences between the variable. Error bars indicate means * SE. Differences were considered

statistically significant when P < 0.05.

in the washout period (£ < 0.01), and the reductions resulted
in statistically significant differences between the initial and
final 10 s of the period in both legs [P < 0.01 (fast) and P <
0.01 (slow)].

In contrast to the TA muscles during the stance phase
(initially increased activity and subsequent decrement in the
slow leg during the adaptation period and the emergence of the
aftereffect in the fast leg), the activities in the MG exhibited
contrastive behavior. Figure 5A presents representative EMG
waveforms in the TA and MG muscles under stride cycles at
different time points of the experiment. Figure 5B highlights a
distinct adaptive process between the slow (blue) and fast (red)
legs of the TA EMG in the early stance phase and the MG
EMG in the late stance phase. At the initial stage of the
adaptation period, the TA EMG in the slow leg showed higher
values, and then at the completion of the adaptation period, the
values in the fast leg were adjusted to be close to those of the
fast baseline and the values in the slow leg were adjusted to be
close to those of the slow baseline.

The washout phase started with a pronounced deviation from
the baseline in the fast leg, and there were gradual changes
toward the baseline values. In contrast to the TA muscle, only
the slow leg showed significant deviation from the baseline

initially (P < 0.01), and it did not exhibit any capability of
adaptation during the 10-min test period in the MG muscle. In
the washout period, both legs showed higher values and then
gradually recovered to the baseline values. Figure 5C focuses
on the EMG activity under particular phases and in particular
muscles where activity is essential for functional gait, that is,
the mean EMG activity of the TA muscle during the early
stance phase and that of the MG muscle during the late stance
phase. A pattern of adaptation and subsequent aftereffects with
relatively longer time course is found in the TA muscle (P <
0.01 to the baseline in the early adaptation period and P < 0.01
between early and late adaptation periods in the slow leg, and
P < 0.05 to the baseline in the early washout period and P <
0.05 between early and late washout periods in the fast leg),
while such activities are less evident in the MG muscle.
Figure 5D shows the relationship between the extent of
adaptation of the slow/fast leg and the washout of contralateral
leg in each TA/MG muscle, respectively (top/bottom). The
regression line and the correlation coefficient value and its
significance are indicated in the figure. A significant positive
correlation was found in both muscles (P < 0.05), suggesting
that the EMG patterns obtained on one side in the adaptation
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Fig. 5. A: representative waveforms of the EMG activities in the TA and MG muscles for both the fast and slow legs (those on the fast and slow belts during
the adaptation period, respectively) at different time points. Each waveform represents an ensemble average of five consecutive stride cycles under the respective
time points and is time normalized to stride cycles. B: mean of the time series changes of the EMG activities in the TA muscle during the first half of the stance
phase and in the MG muscle during the last half of the stance phase. Filled circles represent the EMG activities during the first half of each gait cycle, and the
open circles are those of the last half of the gait cycle. Averaged value of each 10 s bin are shown at left, and each step data at the beginning of adaptation and
washout periods (first 50 steps) are shown at right. C: comparisons of each parameter at different time points (fop: early stance of TA; botfom: late stance of
MG). All the data were normalized to those of the baseline values (for details, see METHODS). Filled circles indicate statistically significant differences from those
during the baseline period, and the solid lines show the significant differences between the variables. Error bars indicate means = SE. Differences were considered
significant at P < 0.05. D: relationship between the extent of adaptation of the slow/fast leg and the washout of the contralateral leg in the TA/MG muscle,
respectively (fop/bottom). Regression lines and the correlation coefficients and their significance are indicated in A-D.

period and the other side in the washout period switched with
each other.

Relationship between the different variables. Figure 6 illus-
trates the relationship between the extent of adaptation and
aftereffects for each variable (EMG_MG, EMG_TA, GRF_
Braking, GRF_Propulsive). In the TA muscle, a positive cor-
relation between adaptation and aftereffects was found in the
fast leg (fast leg: r = 0.429, P < 0.05, slow leg: r = 0.29, n.s.).
In the MG muscle, both the fast and slow legs showed a
positive correlation between adaptation and aftereffects
(fast leg: r = 0.755, P < 0.05, slow leg: r = 0.446, P <
0.05). Regarding the GRF data, a significant negative cor-

relation was found only in the braking force of the slow leg
(fastleg: r = —0.180, n.s., slow leg: r = —0.459, P < 0.05).
No significant correlation was found in propulsive force in
both legs (fast leg: r = —0.064, n.s., slow leg: r = —0.159,
n.s.).

Tied-random (control) condition. Figure 7 shows the time
series changes of the step time, braking GRF, and EMG
activity in TA and MG muscles during the tied-random con-
dition and the split-belt treadmill condition. The tied-random
condition did not show any aftereffect in the postperturbation
period, whereas the split-belt treadmill condition showed clear
aftereffects in the washout period.
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DISCUSSION

The purpose of this study was to elucidate the role of
predictive and reactive feedback strategies during locomotor
adaptations to split-belt treadmill walking. In the present study,
we followed an experimental protocol used in Reisman et al.
(2005), which was the first systematic study in a series of
studies on split-belt treadmill adaptation. As clearly shown in
the Fig. 3, the anterior component of the GRF showed a clear
pattern of adaptation and subsequent aftereffects. Namely, the
slow leg, through learning to walk on the slower belt, initially
showed a significant increase in the braking force followed by
a gradual decrease during the adaptation period, and then an
abrupt reduction in the initial phase of washout. In contrast, the
posterior component of GRF (propulsive force) showed a
consistent increase/decrease in the fast/slow leg during the
adaptation period and was not followed by subsequent after-
effects. The contrasting results between the braking and pro-
pulsive forces might reflect the existence of distinct control
strategies underlying split-belt locomotor adaptation. The re-
sults obtained from lower limb EMG muscle also demonstrated
a unique pattern due to the split-belt treadmill adaptation. In
the following section, the detailed mechanisms underlying the
split-belt treadmill adaptation and implications for the future
use of the split-belt treadmill adaptation will be discussed.

Two distinct strategies underlying split-belt treadmill adaptation.
The emergence of the adaptive and the subsequent de-adaptive
phenomena with and after walking on a split-belt treadmill has
been studied extensively by Bastian and colleagues over the
last decade (Reisman et al. 2005, 2007, 2009; Morton and
Bastian 2006; Choi et al. 2007, 2009; Vasudevan and Bastian
2010; Malone and Bastian 2010; Torres-Oviedo and Bastian
2010; Vasudevan et al. 2011; Musselman et al. 2011). Based
on a series of split-belt treadmill experiments, Bastian and
colleagues clearly dissociated different forms of locomotor
adaptation, reactive and predictive adjustments, in the central
nervous system. However, the details of the specific gait

729

pattern adjustments made by subjects on an asymmetrically
driven split-belt treadmill were not fully understood.

The novel contribution of the present study is to provide the
specific patterns of the predictive feedforward and reactive
feedback control strategies based on the GRF and EMG results.
As clearly shown in the Fig. 3, the anterior component of the
GRF in slow leg showed a clear pattern of adaptation and
subsequent aftereffects, which is comparable to those origi-
nally identified in the reaching movement of the upper arm,
which is the process for the recalibration of motor command
with the new task demand (Kawato et al. 1987; Shadmehr and
Mussa-Ivaldi 1994). Although the type of movement differs
between upper limb motion and bipedal walking, adaptation to
the split-belt treadmill can also be regarded as a process of
trial-and-error-based adjustment of gait behavior in response to
differently driven belt§. At the initial part of split-belt walking,
the central nervous system does not correctly predict the extent
of perturbation and causal postural disturbance (movement
error) due to the split belts. With continuous exposure to the
split-belt condition, the subjects could finally establish the
predictive feedforward motor command that enabled them to
minimize the extent of postural disturbance presented by the
split-belt condition.

Concerning this point, the authors of previous studies sug-
gested the significance of feedforward mechanisms in human
locomotion by comparing specific muscle activity during an
“adapted state” in an imposed force field and upon the unex-
pected removal of the force field with the use of gait robotics
(Lam et al. 2006) and an elastic band (Blanchette and Bouyer
2009). Taking the present results into account together with
these previous findings, it is likely that the process comprising
the braking force can be regarded as a predictive feedforward
component of the motor control for bipedal walking. Given the
importance of cerebellar function for acquiring the predictive
feedforward model (Imamizu et al. 2000; Bastian 2006), sim-
ilar neural processes might be involved in the split-belt tread-
mill adaptation.

In contrast, the posterior GRF showed a consistent increase/
decrease in the fast/slow leg during the adaptation period and
was not followed by subsequent aftereffects, suggesting that
propulsive force can be regarded as the result of reactive
adjustment which is presumably generated by an automatic
feedback action. The manner of changes between anterior and
posterior forces might reflect the existence of distinct control
strategies underlying split-belt locomotor adaptation. We next
discuss the possible mechanisms underlying GRF results based
on our measurement of EMG activity.

Different role of each limb for accomplishing split-belt
treadmill adaptation. In light of the asymmetrically driven
support surface used in the present study, we suspect that the
slow and fast legs have different functional roles for the
accomplishment of gait adaptation. As indicated above, control
of the braking force might involve an error-based learning
process. Importantly, slower side plays a significant role as a
“reference” for adaptation to walk normally under the novel
circumstance of moving on an asymmetrically driven split-belt
treadmill. Higher vertical GRF in the slow leg during the
adaptation period also reflects that the subject tended to put
much weight on this side.

As shown in Fig. 6, while the fast and slow legs show similar
relationships between the extent of adaptation and the subse-
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quent aftereffects in the EMG activity of the MG muscle, other
parameters showed a clear difference between the slow (blue)
and fast leg (red). These results also suggested different roles
of each leg in split-belt adaptation. These interpretations are in
agreement with the previous study stated that the slow moving
leg was used as the primary support to stabilize the body
equilibrium during the prolonged swing of the contralateral leg
(Dietz et al. 1994; Duysens et al. 2004). Moreover, our results
are in line with the previous reportthat the emergence of
aftereffects after walking on an asymmetrically driven tread-
mill surface was always merged with a speed identical to that
of the slower side during the adaptation periods (Vasudevan et
al. 2010).

In addition to the contrasting braking force results between
the fast and slow legs, other GRF parameters also showed
remarkable differences between the legs, e.g., the larger shift of
the lateral GRF and the enhancement of propulsive force in the
fast leg. These results might reflect the larger amount of
perturbation in the fast leg during the stance phase of walking.
It is noteworthy that lateral GRF in the fast leg showed some
extent of adaptation and subsequent aftereffect. The adaptive
changes observed in the lateral and braking forces suggest that
the maintenance of balance would be one of the necessary
outcomes to achieve stable walking in the split-belt condition.
Regarding this point, Finley et al. (2013) revealed that acqui-
sition of an economical movement pattern is an important

element of locomotor adaptation to novel environments. The
reduction in metabolic power might be relevant to acquired
stable walking as the result of split-belt treadmill adaptation.

Detail mechanisms underlying split-belt adaptation. As
shown in Fig. 4, EMG responses in the TA, RF, and BF
muscles during the stance phase and the BF muscle during the
swing phase showed clear adaptive and de-adaptive processes.
Most interestingly, the time.series changes of the muscle
activity in the TA muscles, especially during the early stance
phase, resembled those of the braking force (Figs. 3 and 5).
Duysens et al. (2004) also reported that the TA muscle remains
active throughout most of the stance phase of the slow moving
leg during split-belt treadmill walking. They interpreted this
inadvertent activity as a result of coactivation of agonistic and
antagonistic leg muscles to stabilize body equilibrium during
the prolonged swing of the contralateral leg.

The TA muscle is typically activated from the beginning of
the leg swing to the early stance phase. The abovementioned
coactivation period at the early stance phase might be func-
tionally essential to stabilize the ankle joint securely soon after
a heel strike (Nakazawa et al. 2004). During split-belt treadmill
walking, adjustment of the ankle stiffness in response to
split-belt-induced perturbation is quite important. In addition,
the subject might learn a causal relationship between the extent
of perturbation and optimal ankle stiffness by an error-based
learning process during the adaptation period, and they may
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finally acquire predictive control of the ankle stiffness at the
heel contact.

Regarding the control of ankle stiffness in the early stance
phase during walking, it was demonstrated that a significantly
large motor-evoked potential (Capaday et al. 1999) and long-
latency stretch reflex (Christensen et al. 2000) are induced in
the TA muscle at the early stance during walking. These
findings strongly suggested that the enhancement of the excit-
ability of TA corticospinal and stretch reflex pathways is
necessary as an action to prepare for the upcoming perturba-
tion at the heel contact. In light of these findings, it is likely
that the total involvement of the cortical process is relatively
larger at the beginning of adaptation to the split-belt-in-
duced perturbation and, then, error-based learning enables
the subject to update the internal model for walking, which
presumably takes place in the cerebellum (Morton and
Bastian 2006, Jayaram et al. 2012).

It might be speculated that the adaptation and subsequent
aftereffects observed in split-belt treadmill walking are due
merely to the difficulty of treadmill walking because some pa-
rameters showed gradual changes even during the baseline period.
It is thus necessary to discuss the process of the induction of a
learning effect due to split-belt treadmill walking. To investi-
gate this matter, we conducted a supplemental experiment in
10 subjects with a protocol similar to that employed by Ja-
yaram et al. (2011) using a protocol where the belts are tied the
entire time but the speeds are frequently varied (every 10 s).
Although the total duration and walking distance in this ex-
perimental condition were similar between the tied-random and
split-belt treadmill walking, the tied-random condition did not
show any aftereffect in the postperturbation period (Fig. 7).

This result suggests that the adjustment of gait behavior in
response to bilateral belt speed changes does not require any
updating process of the internal model for walking. During
the tied-random condition, the subjects needed only a few
steps to adjust their walking stability after the belt speed
change. This is because humans can adjust their walking by
using an automatically induced reflex system utilizing sen-
sory feedback and previous experience. However, the split-
belt treadmill-induced perturbation is unusual, and no prior
experience can be used as a template for gait adjustment. As

a result, the subjects achieved stable walking by their -

trial-and-error-based learning.

Conclusion and implication. The present results regarding
GRF and muscle EMG activities provide useful information for
discussions of the motor control and learning process during
split-belt adaptation and subsequent aftereffects. Our findings
indicate that predictive feedforward control is required to set
optimal ankle stiffness in preparation for the impact at the heel
contact, and passive feedback control is utilized for the pro-
duction of reflexively induced propulsive force at the end of the
stance phase during split-belt treadmill adaptation. This con-
clusion might have direct implications for the construction of
specific rehabilitation protocols for the improvement of gait
asymmetry in poststroke patients. It is plausible that interven-
tions using a split-belt treadmill have the potential to make
systematic adjustments of imbalances between breaking and
propulsive forces and asymmetry between paretic and intact
legs.
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Abstract

Background: The optimal management of acute cervical spinal cord injury (SCI) associated with preexisting canal
stenosis remains to be established. The objective of this study is to examine whether early surgical decompression
(within 24 hours after admission) would result in greater improvement in motor function compared with delayed

surgery (later than two weeks) in cervical SCI patients presenting with canal stenosis, but without bony injury.

Methods/design: OSCIS is a randomized, controlled, parallel-group, assessor-blinded, multicenter trial. We will
recruit 100 cervical SCl patients who are admitted within 48 hours of injury (aged 20 to 79 years; without fractures
or dislocations; American Spinal Injury Association (ASIA) grade C; preexisting spinal canal stenosis). Patients will be
enrolled from 36 participating hospitals across Japan and randomly allocated in a 1:1 ratio to either early surgical
decompression (within 24 hours after admission) or delayed surgery following at least two weeks of conservative
treatment. The primary outcomes include: 1) the change from baseline to one year in the ASIA motor score; 2) the
total score of the Spinal Cord Independence Measure and 3) the proportion of patients who are able to walk
without human assistance. The secondary outcomes are: 1) the health-related quality of life as measured by the
Medical Outcomes Study Short Form 36 and the EuroQol 5 Dimension; 2) the Neuropathic Pain Symptom Inventory
and 3) the walking status as evaluated with the Walking Index for Spinal Cord Injury Il. The analysis will be on an
intention-to-treat basis. The primary analysis will be a comparison of the primary and secondary outcomes one year
after the injury.

Discussion: The results of this study will provide evidence of the potential benefit of early surgical decompression
compared to the current ‘watch and wait’ strategy.
Trial registration: UMINOO0006780; NCT01485458
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Background

Acute cervical spinal cord injury (SCI) is one of the most
devastating conditions, and can lead to paralysis, sensory
impairment and bowel, bladder and sexual dysfunction.
In addition, patients frequently suffer from intractable
pain caused by neural damage. Individuals with cervical
canal stenosis are known to develop cervical SCI even
after minor trauma. Cervical canal stenosis may be con-
genital, but often results from degenerative conditions,
such as spondylosis. The SCI patients with canal stenosis
are mostly elderly, and usually present with incomplete
SCI without bone injury, such as spinal fracture or dis-
location. This subgroup of patients has been steadily in-
creasing as the society ages and currently accounts for
over 60% of cervical SCIs in Japan [1].

The clinical outcome of patients with incomplete SCI
has been considered to be favorable, since patients usu-
ally show spontaneous neurologic recovery to some ex-
tent. However, the neurological prognosis varies greatly
among patients; about half of ASIA C patients remain
non-ambulatory six months after the injury [2]. In par-
ticular, the clinical outcomes of elderly patients are often
suboptimal [3,4]. Therefore, a therapeutic option that
leads to a better clinical outcome is urgently needed.

Controversy exists with regard to the efficacy of surgi-
cal decompression in the treatment of cervical SCI with
preexisting canal stenosis [5,6]. The role of surgery re-
main unclear, especially in the absence of instability of
the cervical spine [7], thus resulting in a significant dif-
ference in practice between institutions. A common ap-
proach to treating these patients has been to rule out
acute instability and then observe the patients’ spontan-
eous neurological recovery until they achieve a neuro-
logical plateau, and only then consider the possibility of
surgical decompression, weeks after the initial injury [6].
Our previous retrospective multicenter study showed
that the time from injury to surgery was approximately
two weeks (median 13.5 days) [8].

The main drawback of this“watch and wait’ strategy is
that a potential therapeutic window in the acute phase
might be missed. The current concept of the pathophysi-
ology of SCI classifies the spinal damage into two stages:
primary injury and secondary injury [9]. The primary in-
jury results from the mechanical forces delivered to the
spinal cord at the time of the trauma. Secondary injury is
a cascade of pathophysiological events including edema,
ischemia, inflammation and apoptosis following the initial
impact, which develops within minutes to hours following
the trauma. There is a growing body of evidence from pre-
clinical or animal studies that early surgical decompres-
sion alleviates ‘secondary injury’ and thus results in
enhanced neurological and functional recovery [5].

Although numerous studies have been performed to
examine the potential benefit of early surgery, the results

72

Page 2 of 7

of these prior clinical studies were mixed, and failed to
provide robust support for the hypothesis that early sur-
gery leads to improved outcomes. One small randomized
trial of 42 patients showed no benefit to early (< 72
hours) decompression [10]. On the other hand, a meta-
analysis of case series showed that early (< 24 hours) de-
compression was associated with better outcomes com-
pared to both delayed (> 24 hours) and conservative
treatment [11]. The results of STASCIS, one of the lar-
gest prospective studies of 313 patients, were also in
favor of early surgery {12]. The authors of that study
reported that early surgery, within 24 hours after injury,
is associated with an improved neurological outcome,
defined as at least a two grade ASIA Impairment Scale
(AIS) improvement at the six-month follow-up examin-
ation. However, the difference in the chance of experien-
cing a one grade AIS improvement between early versus
late surgery was not statistically significant.

With such conflicting information in the literature and
a lack of high-quality evidence, it remains unclear
whether early surgical decompression would result in
better neurological and functional recovery. To address
this issue, we launched the OSCIS study (Optimal treat-
ment for Spinal Cord Injury associated with cervical
canal Stenosis), a randomized, controlled, multicenter
trial, in which we will compare the two strategies: early
surgery within 24 hours after admission and delayed sur-
gery following at least two weeks of conservative
treatment.

Methods/design

Trial design

The OSCIS study is a randomized, controlled, parallel-
group, assessor-blinded, multicenter study. Patients will
be randomly allocated to undergo either early surgery or
delayed surgery. The aim of this study is to test the hy-
pothesis that early surgery (within 24 hours after admis-
sion) will lead to greater improvements in the motor
function compared to delayed surgery (later than two
weeks after injury) in patients with acute cervical SCI as-
sociated with canal stenosis. The flowchart shown in
Figure 1 provides a visual description of the study.

Participants

Subjects will be recruited from 36 hospitals in Japan.
The list of the participating hospitals with approval from
local ethical boards is available as Additional file 1. We
will screen all patients with acute traumatic cervical
spinal cord injury (at C5 or below) who are admitted to
one of the institutions within 48 hours after the injury.
The diagnosis of cervical spinal cord injury will be made
on the patient’s history, including physical and neuro-
logical examinations, and the results of imaging studies,
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Figure 1 Study flowchart.

including plain radiographs, magnetic resonance imaging
(MRI) and computed tomography (CT).

Inclusion criteria
Subjects will be eligible for inclusion if they satisfy the
following inclusion criteria:

aged 20 to 79 years

without bone injury (spinal fracture or dislocation)
American Spinal Injury Association (ASIA)
impairment Grade C

cervical canal stenosis due to preexisting conditions,
such as spondylosis and ossification of the posterior
longitudinal ligament (OPLL)

The presence of cervical canal stenosis will be con-
firmed by physicians based on the MRI findings obtained
on admission. The presence of OPLL will be determined
by using plain radiographs or CT. The thickness of the
OPLL must be 20% or more of the spinal canal.
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Exclusion criteria
Subjects will be excluded from enrollment if they meet
any of the following conditions:

unstable medical status

unable to undergo surgery within 24 hours after
admission

impaired consciousness or mental disorder that
precludes neurological examination

difficulty in obtaining informed consent in Japanese

Randomization
We will adopt the web-based allocation system using the
University Medical Information Network (UMIN), which
is one of the data centers that run as a public institution
in'Japan. By entering the information about the patient,
investigators will be able to know the allocation results
immediately.

The allocation table, which was created by stratified
block randomized by the trial statistician, is registered in
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the UMIN. The block size is concealed to all investiga-
tors involved in this study. We have adopted stratifica-
tion factors as follows:

the presence of ossification of the posterior
longitudinal ligament (OPLL) (yes/no)
implementation of high-dose methylprednisolone
treatment according to the NASCIS2 protocol
(yes/no)

preexisting gait disturbance due to myelopathy
degree of canal compromise (50% or more/less than
50% canal compromise)

Preexisting gait disturbance due to myelopathy will be
determined by the attending spine surgeon before
randomization, based on thorough patients’ history and
available medical record. Gait disturbance attributable to
other causes (for example, trauma, osteoarthritis, and
paralysis after stroke) will be excluded.

Presence of severe canal compromise (50% or more
canal compromise) will be assessed by the attending spine
surgeon based on mid-sagittal MR images obtained at
admission. For patients presented with OPLL, mid-
sagittal reconstruction CT images or plain radiographs
of the cervical spine will be used to calculate the degree
of canal compromise.

Interventions
Patients will be randomly allocated to undergo either
early surgery or delayed surgery.

Early surgery

Patients allocated to early surgery will undergo surgery
within 24 hours after admission. The time when they
enter the operating room will be used as a reference.
The principal goal of surgery is to achieve decompres-
sion of the spinal cord. The choice of anterior or poster-
ior approach will be left to the surgeon’s discretion. The
use of spinal instrumentation will be permitted when
needed. The surgery will be performed by or under
supervision of a board-certified orthopedic surgeon. The
details of the surgical treatment and any perioperative
adverse events will be recorded in a web-based prede-
fined form. All patients will receive intensive rehabilita-
tion tailored to the individual and injury-specific factors
immediately after surgery.

Delayed surgery

Patients allocated to the delayed surgery group will receive
conservative treatment consisting of early mobilization
and intensive rehabilitation for at least two weeks after the
injury. Surgical decompression will be performed by the
same team as in the early surgery group at any time later
than two weeks after the injury when the physician thinks
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the timing is appropriate. Physicians will be allowed to
treat patients non-surgically as long as the patients can
achieve independent ambulation.

Other treatments

Apart from the surgical management, all patients will re-
ceive appropriate medical support, including permissive
or induced hypertensive therapy (mean blood pressure >
85 mmHg) [13]. High-dose methylprednisolone will be
used per the discretion of the treatment team according
to the NASCIS-2 protocol [1,14,15]. The use or lack of
high-dose methylprednisolone must be determined and
entered into the web-based database prior to the
randomization. Physicians will not be allowed to change
or discontinue the administration of methylprednisolone
after randomization.

Primary and secondary outcomes

Participants will be evaluated two weeks, three months,
six months and one year after randomization. Table 1
provides an overview of the outcomes that will be used
in this study. Physicians and research nurses who are
not involved in the patient’s care will assess the outcome
at each follow-up examination before the patients see
their doctors.

Primary outcomes

The primary outcome is a recovery in motor function
one year after injury. The assessment will include: 1) the
change from baseline to one year after the admission in
the ASIA motor score; 2) the total score of the Spinal
Cord Independence Measure (SCIM) version 3 and 3)
the proportion of patients who regained the ability to
walk 100 meters without human assistance.

The ASIA motor score is a 100-point score based on
ten pairs of key muscles, each given a five point rating.
The SCIM is a validated 100-point disability scale devel-
oped specifically for patients with SCI, with an emphasis
on daily tasks grouped into three subscales: self-care (20
points), respiration and sphincter management (40
points) and mobility (40 points) [16-18].

Secondary outcomes
The secondary outcomes will include: 1) the health-
related quality of life as measured by the Medical Out-
comes Study Short Form 36 (SF-36) [19,20] and the
EuroQol 5 Dimension (EQ-5D) [21]; 2) the neuropathic
pain at the injured level and below as assessed by the
Neuropathic Pain Symptom Inventory (NPSI) [22] and
3) the walking status as evaluated with the Walking
Index for Spinal Cord Injury (WISCI) II [23].

The scores on the SF-36 will be used as a generic meas-
ure of the patient health status. The SF-36 comprises eight
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Table 1 The timeline of the outcome measures to be
collected

Follow—ixp
Admission 2 3 6 1
weeks months months year
Visit X2 X X X X
Informed consent Xé
Baseline clinical X2
characteristics
Blood analyses X2 X X X
Magnetic resonance X7
imaging
Computed tomography X2
Plain radiographs X X
Neurological assessment X2 X X X
including the ASIA
motor score and ASIA
impairment scale
Evaluation of adverse events

SCIM version 3 X X X X
WISCH ! X X
SF-36 X X
EQ-5D X X X X
NPSI X X

X*: obtained prior to enroliment; ASIA: American Spinal Injury Association; EQ-
5D: EuroQol 5 Dimension; NPSI, Neuropathic Pain Symptom Inventory; SCIM:
Spinal Cord Independence Measure; SF-36: Medical Outcomes Study Short
Form 36; WISCI: Walking Index for Spinal Cord Injury.

single subscale scores associated with physical and mental
health.

The NPSI is a self-questionnaire specifically designed
to evaluate the different symptoms of neuropathic pain.
It includes 12 items, each of which is quantified on a (0
to 10) numerical scale. The pain associated with SCI is
classified into two categories: at-level pain and below-
level pain. Participants will be asked to complete the
NPSI separately for pain in the upper extremities (at-
level pain) and in the trunk and lower extremities
(below-level pain). The WISCI II is a valid 21-level hier-
archical scale of walking based on physical assistance,
the need for braces and devices, with an ordinal range
from O (unable to walk) to 20 (walking without assist-
ance for at least 10 meters).

Adverse events

The occurrence of pre-specified adverse events will be
also assessed. Adverse events will be gathered from pa-
tients themselves and from the patient record review.
The a priori defined adverse events are: worsening of
paralysis in the upper extremities, worsening of paralysis
in the lower extremities, reoperation, use of a respirator
(more than one week), tracheostomy, sepsis, pneumonia,
acute respiratory distress syndrome, atelectasis, other
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respiratory complications, wound infection (superficial),
wound infection (deep), urinary tract infection, other in-
fections, gastrointestinal bleeding, peptic ulcer, ileus,
acute myocardial infarction, other cardiac events, pul-
monary embolism, cerebrovascular complication, liver
dysfunction/disease, renal dysfunction/disease, delirium,
depression, other complications and death.

Sample size

For this exploratory trial, the sample size was deter-
mined primarily based on feasibility. We assumed that it
is feasible to enroll approximately 100 patients (50 pa-
tients per group) during the planned study period. As
there is no valid data to indicate the optimal endpoint to
evaluate the neurological and functional recovery of SCI
patients, we selected three candidate endpoints as the
primary endpoint: 1) the change from the baseline to
one year after the admission in the ASIA motor score; 2)
the proportion of patients who regained the ability to
walk 100 meters without human assistance and 3) the
total score of the Spinal Cord Independence Measure
(SCIM) version 3.

We need 45 patients per group when the difference to
be detected in the ASIA motor score between the groups
is 12 points and the common standard deviation is 20.
Additionally, we expect that the percentage of ambula-
tory patients one year after the injury will increase from
50% to 80%. To detect this difference, we need 39 pa-
tients for each group. With regard to the SCIM, there
are few data that can be used as a basis for sample size
calculation. For the reasons above, we set the sample
size to be 50 patients per group. All calculations assume
an 80% power at a two-tailed significance level of 0.05.

Statistical methods

All analyses will be based on an intention-to-treat prin-
cipal, and will be performed with two-sided P-values
considered significant when they are below 0.05. For a
detailed analysis, the statistician will make a statistical
analysis plan before the data lock, as indicated below:

1) Primary endpoint:

e ASIA motor score
Calculate the difference one year after the
baseline, and compare the two groups using a
t-test

e The proportion of patients who regained the

ability to walk

Calculate the rate of patients who can walk one
year after the baseline, and compare the two
groups using the chi-square test

o SCIM
Compare the differences in the SCIM after one
year.
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2) Secondary endpoint:
Compare the differences in the WISCI II, SF-36
and EQ-5D. For the SF-36, we plan to use only the
total points, and not to compare each domain.

3) Safety:
We will compare the rates of adverse events
between the groups. In particular, in patients that
are moved out of the surgical standby group, we
will compare the ratio of the occurrence of
adverse events with those in the patients in the
early operation group.

Planned subgroup analyses

Predefined subgroup analyses will be performed in
patients with or without OPLL. These will include high-
dose methylprednisolone treatment, preexisting gait dis-
turbance and severe canal compromise (> 50% canal
compromise). Based on our previous study, we hypo-
thesize that early surgical decompression will be benefi-
cial in patients with preexisting gait disturbance and
those with severe canal compromise.

Ethical issues

The study protocol was approved by the local ethics
committees of all participating hospitals and will be
done in accordance with the Declaration of Helsinki.
The study will be overseen by an independent safety
monitoring board. All participants will give written in-
formed consent before entry.

Ethical approval was obtained from all participating
hospitals. The results will be disseminated via the usual
scientific forums, including peer-reviewed publications
and presentations at international conferences.

Discussion

Despite intensive basic and clinical research, an effect-
ive treatment for cervical SCI has not been established.
In the presence of preexisting canal stenosis, the role
of surgical decompression and its optimal timing con-
tinue to be subjects of intense debate. Addressing the
issue of the timing of surgical intervention is critical in
that, if the timing of surgery has no effect on the pa-
tient’s outcome, then all patients can initially be treated
non-surgically and surgery can be delayed for weeks or
even months after the injury without compromising
the patient’s recovery [6]. On the other hand, if early sur-
gical decompression is proven to be beneficial, drastic
changes in the medical service system, including logistics,
should be made to ensure that all SCI patients receive
early surgery.

In conducting clinical studies on SCI, the heterogen-
eity of the study population can be a major obstacle, es-
pecially in the acute phase. SCI patients vary greatly in
the severity of paralysis and neurological prognosis.
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Clinical studies including patients with various degrees
of neurological injury may have insufficient power.
Therefore, in this study, we will focus on patients with
ASIA C status. In a recent review, the consensus of ex-
perts was that it is reasonable to consider early surgical
decompression in patients with profound neurologic def-
icit (ASIA C) and spinal canal stenosis without fracture
or instability. On the other hand, those with a less severe
deficit (ASIA D) can be treated with initial observation
with surgery potentially performed at a later date [6].
We will exclude patients with ASIA B status, because
these patients are often difficult to distinguish from
ASIA A patients at the time of admission.

The information available regarding the window of op-
portunity or therapeutic window in human SCI is impre-
cise [24] and the definition of ‘early surgery’ has not yet
been well established. Although the ideal cutoff time at
which surgery provides potential neuroprotection is not
known, the most intensively investigated times in the
prior studies were 24 and 72 hours. In this study, we
have adopted a cutoff at twenty-two hours after admis-
sion mainly for practical and logistic reasons. Twenty-
four hours after admission is considered to be necessary
and sufficient to safely perform the initial evaluation of
patients and summon the operating team for emergency
surgery. In this study, we adopted the time of admission
as a reference, since the time of injury sometimes re-
mains conjectural.

The OSCIS study is designed to provide evidence of
the potential benefit of early surgical decompression
over a wait-and-see strategy. We believe that the results
of this trial will have a substantial impact on the man-
agement of cervical SCL

Trial status

The trial was registered in the UMIN register on 1 De-
cember, 2011. The first patient was randomized on 3 De-
cember, 2011. The trial is currently open for recruitment.
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Additional file 1: List of participating hospitals with approval from
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Rewiring of regenerated axons by combining
treadmill training with semaphorin3A inhibition
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Abstract

Background: Rats exhibit extremely limited motor function recovery after total transection of the spinal cord (SCT).
We previously reported that SM-216289, a semaphorin3A inhibitor, enhanced axon regeneration and motor function
recovery in SCT adult rats. However, these effects were limited because most regenerated axons likely do not connect
to the right targets. Thus, rebuilding the appropriate connections for regenerated axons may enhance recovery. In
this study, we combined semaphorin3A inhibitor treatment with extensive treadmill training to determine whether
combined treatment would further enhance the “rewiring” of regenerated axons. In this study, which aimed for
clinical applicability, we administered a newly developed, potent semaphorin3A inhibitor, SM-345431 (Vinaxanthone),
using a novel drug delivery system that enables continuous drug delivery over the period of the experiment.

Results: Treatment with SM-345431 using this delivery system enhanced axon regeneration and produced significant,
but limited, hindlimb motor function recovery. Although extensive treadmill training combined with SM-345431
administration did not further improve axon regeneration, hindlimb motor performance was restored, as evidenced by
the significant improvement in the execution of plantar steps on a treadmill. In contrast, control SCT rats could not
execute plantar steps at any point during the experimental period. Further analyses suggested that this strategy
reinforced the wiring of central pattern generators in lumbar spinal circuits, which, in turn, led to enhanced motor
function recovery (especially in extensor muscles).

Conclusions: This study highlights the importance of combining treatments that promote axon regeneration with

specific and appropriate rehabilitations that promote rewiring for the treatment of spinal cord injury.

Keywords: Axonal regeneration, Semaphorin3A, Inhibitor, Rehabilitation, Rewiring, Drug delivery system

Background

Severe spinal cord injuries (SCI) in adult mammals result
in various deficits throughout life. The limited capability
of axons to regenerate in the central nervous system
(CNS) is thought to be the main reason for these lasting
deficits. Previous studies have suggested that both ex-
trinsic and intrinsic factors in the CNS contribute to this
incapacity for axonal regeneration [1-4]. Several distinct
extrinsic molecules have been proposed to hinder axonal
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regeneration, including CNS myelin-associated proteins
(MAG, Nogo, OMgp) [5-9], chondroitin sulphate proteo-
glycans [10,11], semaphorin3A [12,13] and RGM (repulsive
guidance molecule) [14,15]. Neutralizing one (or several) of
these molecules enhances axonal regeneration and results
in some degree of functional recovery [10,16,17]. Until
recently, it remained unknown whether neutralizing
semaphorin3A would also lead to axonal regeneration and
motor function recovery, in part because semaphorin3A
deficiency is lethal [18]. Thus, we previously developed
a selective and potent semaphorin3A inhibitor called
SM-216289 [19] that selectively inhibits semaphorin3A
signaling both in vitro and in vive [20]. Administration of
SM-216289 to adult rats after total spinal cord transection

© 2014 Zhang et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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(SCT) led to axonal regeneration and motor function
recovery {20]. In addition, axonal regeneration and func-
tional recovery have now been observed after several
treatments that block 1 or more axonal growth inhibitors
(including SM-216289). However, these effects are moderate
at best, presumably because most of the regenerated axons
do not connect with the correct targets [21]. Thus, re-
building the appropriate connections of regenerated axons
in lesioned spinal cords remains an important unresolved
issue.

Body weight-supported treadmill training induces plastic
changes in lesioned spinal cords and is useful for maximiz-
ing residual locomotor function after moderate SCT [22,23].
Furthermore, even after severe SCI, treadmill training
partially improves hindlimb coordination [24] by inducing
plasticity in specific spinal locomotor circuits called “cen-
tral pattern generators” (CPGs). More specifically, these
plastic changes have been shown to result in the recovery
of plantar step walking in cats [25] and neonatal rats [26].
Furthermore, SCT adult rats partially recover plantar
step walking when treadmill training is combined with
other appropriate treatments, such as epidural electrical
stimulation [27], pharmacological treatments [24] or cell
transplantation [28]. Thus, with specific and appropriate
rehabilitation, spinal cord CPGs can be reorganized, and
functionally appropriate connections between CPGs and
regenerated (or residual) axons can be rebuilt. Therefore,
we hypothesized that extensive treadmill training would
assist in the correct wiring of axons regenerated by sema-
phorin3A inhibitor treatment and that this rewiring may
contribute to further motor functional recovery after SCT.

However, several issues, including drug delivery, remain
to be resolved before semaphorin3A inhibitors can be
used in the clinic. In an attempt to resolve these issues,
we developed a novel selective semaphorin3A inhibitor,
SM-345431 (Vinaxanthone), which demonstrates physico-
chemical properties equivalent to those of SM-216289 but
also improvements that should allow for the development
of a higher quality pharmaceutical product. Additionally,
we developed a novel drug delivery system (DDS) utilizing
a silicone sheet. With future clinical applications in mind,
we chose to evaluate SM-345431 with this novel DDS.
We observed that, consistent with our previous study
[20], SM-345431 treatment enhanced axon regeneration
and resulted in significant, but limited, hindlimb motor
function recovery. Although extensive treadmill training
with SM-345431 administration did not further improve
axon regeneration, hindlimb motor performance was re-
stored, as evidenced by the execution of plantar steps on a
treadmill using a body support system (BSS). Moreover,
immunohistological analysis suggested that SM-345431
administration with treadmill training reinforced the wir-
ing of CPGs in lumbar spinal circuits and led to enhanced
motor function recovery, especially in extensor muscles.
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Results

Evaluation of a novel DDS and the activity of SM-345431
in vitro

In our previous study, we used an osmotic mini-pump
to deliver the semaphorin3A inhibitor SM-216289 [20].
However, in clinical practice, this type of invasive drug
delivery method is not ideal. Therefore, we developed a
novel DDS that utilizes a silicone matrix to continuously
deliver SM-345431 (a newly developed semaphorin3A in-
hibitor) intrathecally. We evaluated the drug release pro-
file of SM-345431 in this new silicone matrix preparation
and the potency of SM-345431-mediated semaphorin3A
inhibition in vitro (Figure 1). SM-345431 exhibited sema-
phorin3A inhibiting activity with an IC50 of 0.1-0.2 uM in
growth cone collapse assays using E8 chick and E14 rat
dorsal root ganglia (DRG) (Figure 1A). When chick embry-
onic DRG explants and semaphorin3A-expressing COS7
cell aggregates (semaphorin3A-COS) were co-cultured
in a collagen gel, the neurites of the DRG explants grew
away from the semaphorin3A-COS, as shown in Figure 1B.
However, when DRG explants and semaphorin3A-COS
were co-cultured in the presence of SM-345431, radial ex-
tensions of the neurites were observed, which suggests
that the chemo-repulsive effects of semaphorin3A were
blocked by SM-345431 in a dose-dependent manner
(Figure 1B). We also evaluated the selectivity of SM-345431
for semaphorin3A inhibition by examining the pharmaco-
logical profile of SM-345431 (Tables 1 and 2). As shown in
these tables, the IC50 value for semaphorin3A inhibition
was substantially lower than the other IC50s, which sug-
gested that SM-345431 is a highly selective semaphorin3A
inhibitor. To examine the semaphorin3A inhibiting activity
of SM-345431 while it was being released from the silicone
matrix (SM-345431-silicone), 1 mg of a silicone sheet
containing 100 pug SM-345431 was placed into collagen
gel cultures containing DRG explants and semaphorin3A-
COS (Figure 1C). Assuming that 5% of the SM-345431
was released and uniformly diffused throughout the culture
during the 2 days of incubation, the final concentration
of SM-345431 was approximately 5 M, which is a large
enough dose to inhibit semaphorin3A activity. Radial
neurite extension was observed in cultures with SM-
345431-silicone but not in those with control silicone,
indicating that semaphorin3A activity had been inhibited
by SM-345431. We also measured the cumulative percent-
age of released doses of SM-345431 using this DDS over
2 months in vitro (Figure 1E) and found that this DDS
released a constant dose of SM-345431 and was stable
in vitro. When 7 mm x 5 mm x 0.3 mm sheets were used,
the amount of drug release stabilized at approximately
10 pg/day after an initial peak of drug release that occurred
over the first 2 days (Figure 1F). For the in vivo study, we
trimmed the silicone sheet into 3 mm x 3 mm x 0.3 mm
pieces to fit the injury site following SCT (Figure 1G-I).
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The release of SM-345431 (0.1 mg/mg loading 10%) in vivo
was calculated as 0.5-0.7 ug/day, and this dose was similar
to the dose of the semaphorin3A inhibitor (SM-216289)
[19] that we administered using osmotic mini pumps in
our previous study [20]. Therefore, the newly developed
DDS allowed stable and continuous release of the newly
developed, potent semaphorin3A inhibitor SM-345431.

SM-345431 delivery via the novel DDS enhanced axonal
regeneration

To examine the regeneration of axons after SM-345431
treatment and SM-345431 treatment combined with exten-
sive treadmill training, we evaluated axons in the injured

spinal cord with immunostaining using antibodies against
GAP43 and serotonin (5-HT) (Figure 2), GAP43 is widely
used as a marker for regenerated axons. In both treat-
ment groups, a marked increase in the number of GAP43-
positive axons was observed at the epicenter of the injury
(Figure 2D-F) and in the surrounding area (Figure 2G-I).
Compared with the control group, the number of GAP43
axons was significantly increased in both the SM-345431
treatment group and the combined treatment group, espe-
cially at 1 mm caudal to the injury epicenter (Figure 2J).
No significant difference was observed between the 2
treatment groups. Thus, administration of the semaphor-
in3A inhibitor SM-345431 using this DDS enhanced axonal
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Table 1 Pharmacological profile of SM-345431 (part 1)
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Table 2 Pharmacological profile of SM-345431 (part 2)

Enzymes IC50 (u;r;) 7 kfnases 1C50 (p}ﬁ)
Semaphorin 0.1-0.2 CaMKll >10
Matrix Metalloproteinase-1 (MMP-1) >10 CDK5/p35 >10
Matrix Metalloproteinase-7 (MMP-7) 10 ¢SRC >10
Matrix Metalloproteinase-2 (MMP-2) >10 EGFR 0.90
Matrix Metalloproteinase-3 (MMP-3) >10 EphA2 10
Matrix Metalloproteinase-9 (MMP-9) >10 EphA4 0.80
Phospholipase PLA2-1 >10 EphB2 0,68
Phospholipase PLC >10 EphB4 ~10
Caspase 1 >10 Fes 10
Caspase 3 >10 FGFRI 510
Caspase 6 >10 FGERY 510
0
Caspase 7 7! FGFR3 077
C 8 >10
aspase FGFR4 064
Protein Tyrosine Phosphatase, CD45 >10
Flt1 >10
Protein Tyrosine Phosphatase, PTP1B >10 B
Flt3 £ >10
Protein Tyrosine Phosphatase, PTP1C >10
Fyn >10
Protein Tyrosine Phosphatase, T-Cell >10
GSK3a 246
Sphingomyelinase, Neutral (N-SMase) >10
i GSK3p >10
Chemokine CCR1 >10
) IGF-1R >10
Chemokine CCR2B >10 )
Chemokine CCR4 >10 NG >10
Chemokine CCR5 >10 KOR >10
Chernokine CXCR2 (IL-8B) >10 MAPK2 >10
Glucocorticoid >10 MEKI >10
Interleukin IL-1 >10 MEK4 >10
Interleukin IL-2 >10 MKKG >10
Interleukin IL-6 >10 PAK2 >10
Tumor Necrosis Factor (TNF), Non-selective >10 PAK4 >10
Adhesion, fibronectin-mediated >10 PKA >10
Adhesion, ICAM-1-Mediated >10 PKBa >10
Adhesion, VCAM-1-Mediated >10 PKBB >10
Cell proliferation, B-Cell+LPS >10 PKCy >10
Cell proliferation, T-Cell+Con A >10 ROCK-I >10
Mediator release, IL-1beta >10 ROCK-II . >10
Mediator release, IFN-gamma >10 ROCK-I >10
Mediator release, IL-10 >10 SAPK2a >10
Mediator release, L-2 >10 TrkA >10
Mediator release, IL-4 >10 Trks >10
Mediator release, IL-5 >10 Pl 3-Ky 10
Mediator release, IL-6 >10 Summary of the IC50 values revealed by inhibition tests for various kinases.
Mediator release, TNF-alfa, PBML 10 The data i'n Tab_lesj.e?nd 2 suggest that SM-345431 was highly selective for
semaphorin3A inhibition.
Transcription response, NF-AT >10
Transcription response, NF-kB >10

Summary of the IC50 values for binding assays of various receptors and ion
channels, and IC50 values for the inhibition of various enzymes. The IC50
value for semaphorin3A inhibition was extremely low compared to that of the

other factors.

regeneration. However, no additional axonal regeneration
was observed when SM-345431 treatment was combined
with treadmill training.
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combined treatment (C) groups. Scale bars = 500 um. (D-F) Magnified images of the boxed areas shown in A-C. Scale bars = 10 pm. (G-1) Additional
magnified images of the boxed areas shown in A-C. Scale bars = 10 pm. (J) Quantitative analysis of GAP-43-positive areas at 1 mm rostral to the lesion,
1 mm caudal to the lesion and at the epicenter of the lesion. Immunohistochemistry was performed using DAB with nickel enhancement. *P < 0.05,
P < 001. Statistical analyses were performed using one-way ANOVA and Bonferroni post hoc tests. Data are represented as the mean = SEM. (K-P)
Sagittal sections of SCT rats double-stained for 5-HT and GFAP. Scar tissue is outlined by GFAP staining, which also allowed for confirmation of total
transection of the spinal cord in each animal. {(K-M) Low-magnification images of the control (K), SM-345431 (L) and combined treatment (M) groups.
Scale bars = 500 pm. (N-P) Magnified images of the boxed areas shown in K-M. Scale bars = 10 um. Arrowheads represent 5-HT-positive (serotonergic)
axons. (Q-S) Quantitative analyses of 5-HT-positive axons that penetrated into the scar tissue. (Q) Quantitative analysis of the number of 5-HT-positive
axons that penetrated into the lesion site. (R,S} Quantitative analysis of the 5-HT-positive area within the scar tissue area. Immunohistochemistry was
performed by double-staining using DAB with or without nickel enhancement. The left side is rostral in all images. **P < 0.01. Statistical analyses were
performed using a Kruskal-Wallis H test. Data represent the mean = SEM.

The raphespinal tract axons, which can be detected by  entered the GFAP-negative scar tissue area (Figure 2K,N).
immunohistochemistry against serotonin (5-HT), contrib-  Interestingly, significantly more 5-HT-positive axons
ute to functional locomotor control, and regeneration of penetrated the GFAP-negative scar tissue area after SM-
these axons leads to substantial enhancement of motor 345431 treatment and combined treatment as compared
function recovery [28]. Therefore, we also evaluated the  to the control conditions (Figure 2K-S). Because we used a
regeneration of raphespinal tract axons using a GFAP  total transection model in this study, the 5-HT-positive
antibody to delineate scar tissue at the injury site and a  axons that penetrated the GFAP-negative scar tissue in
5-HT antibody to visualize raphespinal axons. In control  the treatment groups were regarded as regenerated axons
animals, 5-HT-positive axons were restricted to the area  (Figure 2L-P). Cortico-spinal tract (CST) axons are known
rostral to the transected site, and few 5HT-positive axons  to be incapable of regeneration after transection, even
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