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Fig. 2. A: mean of the time series changes of the temporal parameters for the
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whole experimentél protocol (fast leg on the top 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 (leff) 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 (lefr)
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 those of the fast leg. 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 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
in these muscles between the initial and final 10 s in the 10-min
adaptation phase, demonstrating the capability of adaptation
[P < 0.001 (fast BF), P < 0.001 (slow RF), and P < 0.01
(slow TA)]. With the return to the tied belt condition, the TA,
RF, and BF muscles in the fast leg and the MG and RF muscles
in the slow leg showed augmented activity. Although the belt
condition was identical to that in the baseline period, the EMG
activities were significantly different from those in the baseline
period [P < 0.05 (fast TA), P < 0.01 (fast RF), P < 0.01 (fast
BF), P < 0.01 (slow MG), and P < 0.05 (slow RF)]. These
activities gradually decreased toward the baseline level within

the first 2 min or so. Around 5 min in the washout phase, the
levels of these activities were similar to the baseline values.
During the swing phase, the TA (P < 0.01) and BF (P <
0.01) muscles in the fast leg and RF muscle in the slow leg
(P < 0.05) showed augmented activities in the early adaptation
period compared with those at baseline, where only the BF in
the fast leg (P << 0.05) and the RF in the slow leg (P < 0.03)
exhibited a clear pattern of adaptation. In the following wash-
out period, only the BF muscle showed an initial enhancement
of the activity (P < 0.01) and a pattern of washout (P < 0.001)
toward the baseline level. In the RF muscles of the fast limb,
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 (4) 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 (P < 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

nitially (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 (top: early stance of TA; bottom: 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/bottonr). 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: » = 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: » = —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

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 belts. 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 report that 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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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 regeneration, including CNS myelin-associated proteins

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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(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 vivo [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
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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, preswmably 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 SCI [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.

Page 2 of 17

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 pg 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 pM, 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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Figure 1 Preparation of the SM-345431 silicone DDS and in viiro release study. (A) Analysis of the inhibitory activity of SM-345431 in the
growth cone collapse assay using E8 chick and E14 rat DRGs. (B) Collagen co-culture assay using E8 chick DRGs and semaphorin3A-expressing
COS7 cell aggregates. (€) Pictures showing the effects of SM-345431-silicone or control-silicone in the collagen gel. (D) Schematic illustration of
drug release from the matrix silicone preparation; the drug is dissolved in water, permeates into the preparation and is then released. The rate of
water permeation into the silicone matrix is controlled by various additives, and the proportions of these additives included in the DDS control
the variations in the drug release profile. The preparation used here contained the water-soluble additives listed in the table (D). Stable and linear
release of SM-345431 was observed for up to 2 months as shown in (E) and {F). (E, F) SM-345431 release curve for the preparation. The linear
cumulative percent release curve at 2 months (E) and the stable release dosage per day (F) are shown for the administration of SM-345431

using this novel DDS. (G) Exposed intact spinal cord. (H) Transected spinal cord. (I) The novel DDS we employed. A silicone sheet containing
SM-345431 was placed onto the transected site of the spinal cord. The system allowed for stable and continuous release of the semaphorin3A
inhibitor throughout the experimental period.

The release of SM-345431 (0.1 mg/mg loading 10%) in vivo  spinal cord with immunostaining using antibodies against
was calculated as 0.5-0.7 pg/day, and this dose was similar ~ GAP43 and serotonin (5-HT) (Figure 2), GAP43 is widely
to the dose of the semaphorin3A inhibitor (SM-216289)  used as a marker for regenerated axons. In both treat-
[19] that we administered using osmotic mini pumps in  ment groups, a marked increase in the number of GAP43-
our previous study [20]. Therefore, the newly developed positive axons was observed at the epicenter of the injury
DDS allowed stable and continuous release of the newly  (Figure 2D-F) and in the surrounding area (Figure 2G-I).

developed, potent semaphorin3A inhibitor SM-345431. Compared with the control group, the number of GAP43

axons was significantly increased in both the SM-345431
SM-345431 delivery via the novel DDS enhanced axonal treatment group and the combined treatment group, espe-
regeneration cially at 1 mm caudal to the injury epicenter (Figure 2J).

To examine the regeneration of axons after SM-345431  No significant difference was observed between the 2
treatment and SM-345431 treatment combined with exten-  treatment groups. Thus, administration of the semaphor-
sive treadmill training, we evaluated axons in the injured in3A inhibitor SM-345431 using this DDS enhanced axonal
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Table 1 Pharmacological profile of SM-345431 (part 1) Table 2 Pharmacological profile of SM-345431 (part 2)
Enzymes IC50 (um)  Kinases IC50 (um)
Semaphorin 0102 CaMKI >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 EphAd 0.80
Phospholipase PLA2-1 >10 EphB2 068
Phospholipase PLC >10 EphB4 £10
Caspase 1 >10 Fes 510
Caspase 3 >10 FGFR +10
Caspase 6 >10 FGFRY 510
Caspase 7 >10 FGFR3 077
Caspase 8 >10 FGERA 064
Protein Tyrosine Phosphatase, CD45 >10 Fltt 510
Protein Tyrosine Phosphatase, PTP1B >10 Fit3 510
Protein Tyrosine Phosphatase, PTP1C >10
Protein Tyrosine Phosphatase, T-Cell >10 o i
Sphingomyelinase, Neutral (N-SMase) >10 Gok3a 246
Chemokine CCR1 >10 GoIap >10
Chemokine CCR2B >10 IGFIR >10
Chemokine CCR4 >10 NS >10
Chemokine CCR5 >10 KOR >10
Chemokine CXCR2 (L-8B) >10 MAPK2 >10
Glucocorticoid >10 MEKT >10
Interleukin IL-1 >10 MEK4 >10
Interleukin IL-2 >10 MKKS >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 PKBR >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-I >10
Mediator release, IFN-gamma >10 ROCK-HI >10
Mediator release, IL.-10 >10 SAPK2a >10
Mediator release, IL-2 >10 TrkA >10
Mediator release, IL-4 >10 TrkB >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 :’:;:s;zrlir:gzbif;i;itaizgé suggest that SM-345431 was highly selective for
Transcription response, NF-AT >10
Transcription response, NF-kB >10
Summary of the IC50 values for binding assays of various receptors and ion regeneration. However, no additional axonal regeneration

channels, and IC50 values for the inhibition of various enzymes. The 1C50 .
value for semaphorin3A inhibition was extremely low compared to that of the was observed when SM-345431 treatment was combined

other factors. with treadmill training.
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regeneration. (A-1) Sagittal sections from SCT rats immunostained for GAP-43. Low-magnification images of the control (A), SM-345431 (B) and
combined treatment (C) groups. Scale bars =500 pm. (D-F) Magnified images of the boxed areas shown in A-C. Scale bars = 10 um. (G-I) Additional
magnified images of the boxed areas shown in A-C. Scale bars = 10 um. (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 enhancerent. *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
immunohistochemistry against serotonin (5-HT), contrib-
ute to functional locomotor control, and regeneration of
these axons leads to substantial enhancement of motor
function recovery [28]. Therefore, we also evaluated the
regeneration of raphespinal tract axons using a GFAP
antibody to delineate scar tissue at the injury site and a
5-HT antibody to visualize raphespinal axons. In control
animals, 5-HT-positive axons were restricted to the area
rostral to the transected site, and few 5HT-positive axons

entered the GFAP-negative scar tissue area (Figure 2K,N).
Interestingly, significantly more 5-HT-positive axons
penetrated the GFAP-negative scar tissue area after SM-
345431 treatment and combined treatment as compared
to the control conditions (Figure 2K-S). Because we used a
total transection model in this study, the 5-HT-positive
axons that penetrated the GFAP-negative scar tissue in
the treatment groups were regarded as regenerated axons
(Figure 2L-P). Cortico-spinal tract (CST) axons are known
to be incapable of regeneration after transection, even
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following any of the previously reported treatments [7].
We next evaluated the regeneration of CST axons using
the anterograde tracer biotinylated dextran amine (BDA).
We first confirmed sufficient labeling efficiency of BDA
tracing in each animal, and no obvious CST regeneration
beyond the lesion epicenter was observed in either the
control or the semaphorin3A inhibitor treatment group,
which is consistent with our previous paper’s findings [20]
(Figure 3). Moreover, no clear CST regeneration beyond
the lesion epicenter was observed in the combined treat-
ment group (Figure 3).

SM-345431 enhanced angiogenesis and remyelination

Semaphorin3A suppresses VEGF-induced angiogenesis,
and inhibition of semaphorin3A leads to enhancement
of angiogenesis [29]. This phenomenon occurs because
semaphorin3A and VEGF share the same receptor, neuro-
pilinl [30]. In addition, blood vessels are believed to play
important roles in tissue repair and axonal regeneration
after SCI [31-33]. Therefore, we analyzed the effects of
SM-345431 treatment (using our DDS) on angiogen-
esis. For immunohistochemistry, we used the anti-RECA-1
antibody, which is known to enable visualization of
blood vessels and migrating endothelial cells in rats [32]
(Figure 4A). RECA-1-positive areas 3 mum caudal to the le-
sion epicenter were significantly increased after combined
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treatment (Figure 4C, P < 0.05). Based on their morphology,
thick-walled blood vessels with lumen diameters larger than
20 um are thought to be newly formed blood vessels [34]
(Figure 4A,B, arrows). Consistent with previous reports
[34,35], these thick-walled blood vessels were rarely
observed in the intact spinal cord. In comparison to the
control group, the total immunostained areas of vessels
with lumen diameters larger than 20 pun were significantly
increased in both the SM-345431 and combined treatment
groups 3 mm rostral/candal and 1 mm rostral/caudal to
the lesion epicenter (Figure 4D). Furthermore, the effects
of angiogenesis tended to be enhanced in the combined
treatment group compared to the SM-345431 treatment
group, but this difference did not reach statistical signifi-
cance {Figure 4C,D). Thus, SM-345431 treatment signifi-
cantly increased the number of newly formed blood vessels.

Semaphorin3A also inhibits oligodendrocyte precursor
cell recruitment and influences remyelination [36]. Using
immunohistochemistry and electron microscopy, we next
characterized the axons at the lesion sites after SM-345431
treatment in greater detail. In the SM-345431 treatment
group, we observed substantial numbers of myelinated
GAP43-positive axons at the lesion site (Figure 4H-J),
whereas myelinated GAP43-positive axons were rarely
observed at the lesion site in the control SCT group
(Figure 4E-G). Based on their morphologies, the thin

Figure 3 Histological analyses of the treatment effects on CST regeneration in the injured spinal cord using BDA staining. J shows a
representative axial section of the spinal cord at the C4 level (rostral to the lesion site), and K shows a representative image of a section at the L4 level
(caudal to the lesion site) (Scale bars = 500 um). Based on these sections, we confirmed that the labeling efficiency of BDA tracing in each animal was
sufficient. A, B and € show representative sagittal sections of the BDA staining in each group. D/E show magnified images of the boxed area in A.
Similarly, F/G show magnifications of the areas in B, and the images in H/I are magnifications of the areas in C. Scale bars= 1,000 um in A-C and

100 pm in D-1. No obvious CST regeneration beyond the lesion epicenter was observed in any of the groups examined (L). Statistical analyses were
performed using one-way ANOVA and Bonferroni post hoc analyses. Data are presented as the mean + SEM. The images in M are representative of
other sagittal sections from each group. Scale bars = 1,000 pum in the images on left side of M and 100 pm in the magnified images of M.
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(See figure on previous page.)

Figure 4 Histological analyses of the treatment effects on microvasculature and remyelination in the spinal cord. (A) Visualization of
blood vessels using an anti-RECA-1 antibody. Images in the upper row are low-magnification views of the gray matter areas of sagittal sections
immunostained for RECA-1 at 1 mm caudal to the transected site. Scale bars = 50 pm. Images in the lower row are high-magnification views that
correspond to the boxed areas in the upper row images. Scale bars = 50 um. (B) Representative image of a biood vessel with a lumen with a diameter”
larger than 20 pm (arrow), which indicated newly formed blood vessels following injury. Scale bars = 50 um. Arrows in (A) also represent blood vessels
with lumen diameters larger than 20 pm. The left side is rostral {A,B). {C) Quantitative analysis of RECA-1-positive areas in each group. (D) Quantitative
analysis of the total areas of RECA-1-positive blood vessels with lumen diameters farger than 20 pm. *P < 005, **P < 0.01. Statistical analyses were
based on one-way ANOVA and Bonferroni post hoc analyses. (E-M) Analyses of remyelination performed using immunohistochemistry against MBP or
electron microscopy 12 weeks post-injury. (E,F,H,LKL) Reconstructed confocal images showing double staining (sagittal sections) for MBP (green) and
GAP43 (red) in the control group (EF), SM-345431 treatment group (H1) and combined group (K, L). F, 1 and L show magnified images of the boxed
areas in E, H and K, respectively. Scale bars = 100 pm. The arrow in F shows a non-myelinated (MBP-negative) GAP-43-positive axon, and the arrows in
1and L show myelinated (MBP-positive) GAP-43-positive axons. The left side is rostral. (G,J) Electron microscopic images of transverse sections from
the control group {G) and SM-345431 treatment group (J) at the lesion site. Scale bars = 2 pum. (N) Statistical analysis of the number of myelinated
(MBP-positive) GAP-43-positive axons in each group, which were analyzed by immunohistochemistry. *P < 0.05, **P < 0.01. Statistical analyses were

performed using one-way ANOVA and Bonferroni post hoc analyses. All the data are represented as the mean + SEM.

myelin sheathes observed in the SM-345431 group were
likely the result of remyelination (Figure 4H-J). While
SM-345431 treatment significantly enhanced the remye-
lination of axons (Figure 4N), additional remyelination
was not observed in the SM-345431 plus treadmill training
combined group (Figure 41-N).

Combining SM-345431 with treadmill training reinforced
specific spinal locomotor circuitry and synaptic connectivity
Functional locomotor recovery in spinal cord models is
critically dependent on supraspinal connections to CPGs
[37]. To examine the combined effects of SM-345431
treatment and treadmill training on the reconstruction
of spinal cord circuitry at the lumbar level, we performed
immunostaining for c-Fos [38] and synapsin-1 [39,40].
c-Fos is widely used as a marker to measure the extent
of the supraspinal drive of specific spinal locomotor
circuitries because c-Fos expression in neurons normally
increases when after the control of spinal locomotor
circuitries’ circuitry control is lost [41,42]. Consistent with
previous studies, c-Fos expression in nuclei (c-Fos +
nuclei) was observed in all rats in levels L1-L5 (Figure 5A-C)
[43]. In addition, the number of c-Fos + nuclei tended to
be lower at the L1-L5 levels in SM-345431-treated SCI
rats than in control SCI rats, but this difference did not
reach statistical significance (Figure 5B). Interestingly, the
combined treatment group showed a statistically signifi-
cant decrease in the number of c-Fos + nuclei compared
to control SCT rats at the L4 and L5 levels (Figure 5B,
P <0.01). We also compared the rostral (L1 +L2) and
caudal (L4 + L5) segments of the lumbar enlargement to
examine the overall effects of combinatorial treatment
(Figure 5C). Compared to the intact group (normal rats),
control SCT rats showed a significant increase in c-Fos +
nuclei counts in the caudal segments of the lumbar en-
largement (L4-5), which is consistent with previous re-
ports (Figure 5C, P < 0.01) [24]. On the other hand, after
combined treatment, the caudal segments of the lumbar

enlargement showed significantly decreased c-Fos + nuclei
counts (Figure 5C, P <0.01) as compared to control SCT
rats. The number of ¢-Fos + nuclei also tended to be
decreased after SM-345431 treatment alone, although this
difference was not statistically significant (Figure 5C).
Thus, specific spinal locomotor circuitries, especially in
the caudal sections of the lumbar enlargement, were
considerably reinforced by combined treatment and, to
a lesser extent, by SM-345431 treatment alone.

Synapsin-1, a widely used presynaptic marker, has been
used to examine activity-dependent synaptic plasticity and
synaptic function [39,40]. In comparison to the control
and SM-345431 groups, a statistically significant increase
in synapsin-1 expression was observed at the lumbar
enlargement level (Figure 5E-N) (P < 0.01 compared to the
control SCT group; P < 0.05 compared to the SM-345431
group) in the combined treatment group. No statistically
significant difference was observed between the SM-345431
group and the control SCT group (P > 0.05). These results
indicated that, while SM-345431 treatment alone had a
limited effect, SM-345431 treatment combined with tread-
mill training significantly reinforced synaptic plasticity and
function at the lumbar enlargement level.

Taken together, these data suggest that reinforcement
of specific spinal locomotor circuitries and motor learning
occurred in the Jumbosacral circuits of adult rats after
combined treatment. These effects were also observed, to
a lesser extent, after SM-345431 treatment alone.

SM-345431 promoted motor functional recovery and
combined treatment enhanced this recovery

Next, we investigated the hindlimb motor functions of
rats while they walked on a treadmill (induced by a robotic
device) using kinematic analysis. In the control SCT rats,
hindlimb motor functions showed almost no recovery
throughout the period of our experiments (3 months).
The SCT rats were unable to take any steps on a treadmill
even 3 months post-injury, whereas the treated animals
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Figure 5 Immunohistochemical analyses of the effects of treatment on functional remodeling of spinal circuits and synaptic connectivity
at the lumbar enlargement. (A) Representative Camera Lucida drawings of c-Fos + nuclei in transverse sections at the L2 and L4 levels from control
rats, SM-345431 treatment rats, combined treatment rats and intact rats. (B) Average total numbers of c-Fos + nuclei at each level of the lumbar spinal
segment. (C) Average total number of c-Fos + nuclei in rostral (L1 +L2) and caudal (L4 + L5) lumbar enlargement segments. (D) Correlation analysis
between the total number of c-Fos + nuclei in all segments of the lumbar enlargement and step ability on the treadmill. SM-345431 treatment
produced a trend toward decreases in the average number of c-Fos + nuclei, although this trend was not statistically significant compared to
the control and SM-345431 treatment groups. However, the combined treatment produced a statistically significant decrease in the number of
c-Fos + nuclei, suggesting that specific spinal locomotor circuitry was reinforced by combining SM-345431 treatment with extensive treadmill
training. *P < 0.05, **P < 0.01. Statistical analyses were performed using one-way ANOVA and Bonferroni post hoc analyses. Data are presented
as the mean + SEM. (E-M) Representative reconstructed confocal images of double staining (transverse section) for synapsin-1 and Tuj-1 in the
ventricolumnar area of the spinal cord (E-G: low-magnification images, H-M: high-magnification images). H-J and K-M show the upper and
lower boxed areas in E-G, respectively. Scale bars =50 um. (N) Quantitative analysis of synapsin-1 expression in the ventricolumnar motor
neuron area 3 months after SCT. *P < 0.05, **P < 0.01. Statistical analyses were performed using one-way ANOVA and Bonferroni post hoc

showed some degree of motor function recovery. We
performed Bonferroni post hoc analyses to examine the
differences in step length and step height between the
groups (Figure 6A) and found that motor function was
significantly better in SM-345431 rats than in control
SCT rats (Figure 6B-C). Furthermore, SM-345431 treatment
with treadmill training further improved motor perform-
ance as compared to no treatment (Figure 6B,C,D,E) or
SM-345431 treatment alone (Figure 6D,E). To evaluate
motor functions in greater detail, we examined the “step
cycle area”, which was calculated by multiplying the
average step length and average step height as previously
described [44] (Figure 6F). This parameter includes
elements of both the horizontal and vertical step planes
and can thus be regarded as a 2-dimensional evaluation of
each step taken. We again performed Bonferroni post hoc

121

analyses to statistically compare the differences between
the groups. In the SM-345431-treated rats, a statistically
significant enhancement of the step cycle area was ob-
served in comparison to the control SCT rats (P <0.05
at 3 months). Furthermore, the combined treatment re-
sulted in an even greater improvement in step cycle area
when compared to control SCT rats (P < 0.05 at the first
month, P <0.01 at the second month, P <0.01 at the
third month). As previously described [20], the control
SCT rats could not take any steps on the treadmill even
at 3 months post-injury (Figure 6G,H and Additional
file 1). Without extensive treadmill training, the effects of
SM-345431 treatment were moderate and did not result
in plantar step walking, even with the BSS (Figure 6G,H
and Additional file 1). However, when combined with
extensive treadmill training, SM-345431 treatment led
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Figure 6 Detailed kinematic analysis of hindlimb motor performance on the treadmill. (A) Representative image of the analysis and a schematic
diagram of the step parameters. Collected kinematic data from each group showing the average step lengths (B), maximum step lengths (C), average
step heights (D), maximum step heights (E) and step cycle areas (F). All of these data were recorded and analyzed using a robotic device (Rodent Robot
3000; Robomedica Inc). Each kinematic analysis was performed at 70% BWS and a speed of 1 cm/s over 1 min. C represents the control group, S
represents the SM-345431 group, and R represents the combined treatment group. *P < 0.05, **P < 0.01. C-5* indicates that a statistically significant
difference was observed between the control and SM-345431 groups at P < 0.05. Statistical analyses were performed using one-way ANOVA with
Bonferroni post hoc analyses. Data are presented as the means = SEM. (G) Representative sequential pictures of steps taken during the first 4 s of the
analysis (BWS: 70%, speed: 3 cmy/s). (H) Kinematic characteristics of the first step taken in each group. SM-345431 treatment enhanced motor function
recovery on the treadmill, especially in terms of the step length parameters. Combined treatment further enhanced the motor function recovery,

especially in terms of the step height and step cycle area parameters.

to considerably enhanced motor function recovery; all rats
exposed to the combined treatment achieved continuous
plantar step walking on a treadmill with the BSS for at
least 30 min (Figure 6G,H and Additional file 1).
Specifically, SM-345431 treatment improved locomotor
function on a treadmill after SCT particularly in terms of
the step length parameters (Figure 6B,C: average and max-
imum step lengths). Regarding the step height parameter,
the effect of SM-345431 treatment was moderate and
statistically insignificant (Figure 6D,E). However, when
SM-345431 treatment was combined with extensive tread-
mill training, greater enhancement was observed, and
this enhancement extended to the step height parameter
(Figure 6D,E; average and maximum step heights). Fur-
thermore, the incremental effects of the treatments over
time on motor function performance, specifically on step
height and step cycle area, did not reach a plateau by the

end of the experimental period (3 months post-injury).
At this time, the incremental effects tended to be more
robust in the SM-345431 treatment group than in the
combined treatment group (Figure 6F: step cycle area).
Interestingly, we also discovered a statistically significant
correlation between the number of c-Fos + nuclei and
motor function (step cycle area) within each group; the
c-Fos + nuclei counts were inversely correlated with the
extent of functional motor recovery (Figure 5D; r = -0.501,
P <0.05).

We next examined the extent to which the regenerated
axons at the lesion sites contributed to motor function re-
covery in each group. We performed re-transection of the
initial lesion site 12 weeks after the initial injury, and we
also performed the kinematic analysis before and after the
re-transectioning procedure. None of the step parameters
changed significantly in the control group, whereas the
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step cycle area tended to be attenuated in the SM-345431
group after re-transection (Figure 7). Interestingly, greater
attenuations of step ability were observed in all analyzed
parameters in the combined treatment group after re-
transection, and some of these parameters (step height)
were statistically significant (Figure 7, average step height:
P <0.01; maximum step height: P < 0.05). Thus, the regen-
erated axons at the lesion site contributed, at least partially,
to the enhancement of motor function recovery.

Discussion

With clinical applications in mind, we first sought to find
an appropriate and efficient way to deliver our semaphor-
in3A inhibitor to transected spinal cords to reestablish
useful motor function after SCL For this purpose, we de-
veloped a novel DDS and tested its therapeutic potential
in vivo. Furthermore, we tested whether specific rehabili-
tation had the capability to reinforce motor function in
the SCT model after treatment with the semaphorin3A in-
hibitor. Our results can be briefly summarized as follows.
First, our newly developed DDS utilizing silicone sheets
provided continuous and stable drug delivery and there-
fore demonstrated potential clinical application. Second,
motor function recovery was considerably enhanced by
combining SM-345431, the novel semaphorin3A inhibitor,
with treadmill training, and this combined treatment
enabled paralyzed rats to perform continuous plantar step
walking on a treadmill with a BSS.

Osmotic mini pumps have been widely used for drug
delivery in animal models of SCI [20,45]. While these
pumps are excellent for controlling the drug release
dosage and the accurate positioning of drug delivery, this
method is too invasive for use in most patients. Therefore,
we developed a new silicone matrix preparation as a novel
DDS and showed that this novel DDS provided stable and
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continuous release of SM-345431 throughout the ex-
perimental period. In addition, because SM-345431 shows
a better stability in a silicone sheet than SM-216289 and
approximately the same semaphorin3A inhibitory activity
as SM-216289, we used SM-345431 instead of SM-216289
in the present study. As a result, significantly enhanced
axonal regeneration and motor function recovery were
observed after SM-345431 treatment, which is consistent -
with our previous study using SM-216289 and osmotic
mini pumps [20]. Therefore, this novel DDS demonstrated
strong potential for future clinical use.

In this study, we examined the effects of a new sema-
phorin3A inhibitor, SM-345431, on axonal regeneration
and motor function recovery after SCT. Our data indicated
that SM-345431 administration using the novel DDS was
effective in promoting axonal regeneration and motor func-
tion recovery in vivo. However, consistent with the results
of our previous study using SM-216289, these effects were
moderate [20]. More importantly, we found that motor
function recovery was significantly enhanced by combin-
ing SM-345431 with extensive treadmill training (Figure 6).
This combined strategy enabled paralyzed rats to perform
continuous plantar step walking on a treadmill with a BSS.
Previous work has also demonstrated that intact or injured
axons in descending tracts and propriospinal circuits
can undergo spontaneous anatomical and physiological
remodeling after SCI [46,47] to allow the relay of informa-
tion through endogenous spinal circuits. Subsequently,
the novel propriospinal relay connections bypass the injury
epicenter to induce supraspinal control and some degree of
motor function recovery. This phenomenon has also been
observed following the irreversible interruption of long de-
scending tracts in mice [48]. Because SM-345431 treatment
without extensive treadmill training had limited effects
on anatomical reconstruction in the lumbar enlargement
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Figure 7 Detailed kinematic analyses of hindlimb motor performance on a treadmill before and after re-transection. Detailed kinematic
analyses of hindlimb motor performance on a treadmill before and after re-transection were performed and analyzed using a robotic device
(Rodent Robot 3000; Robomedica Inc.). BT represents before re-transection; AT represents after re-transection. Although none of the step parameters in
the control group showed significant changes, the step cycle area parameters were attenuated in the SM-345431 group after re-transection. Further
attenuation of the step ability parameters was observed in the combined treatment group after re-transection. *P < 0.05 **P < 0.01. Statistical analyses
were performed using t-test analyses. Data are presented as the mean + SEM.
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(Figure 5), we speculate that the enhanced motor function
recovery observed after SM-345431 treatment resulted
mainly from axon regeneration and limited anatomical
reconstruction. Enhanced axonal regeneration possibly
led to anatomical and physiological remodeling at the
lesion site and improved motor function recovery, which
is consistent with our previous findings using SM-216289
administered via osmotic mini pumps [20].

Interestingly, while axonal regeneration was not further
enhanced by combining SM-345431 treatment with exten-
sive treadmill training (Figure 2), motor function recovery
was significantly enhanced (Figure 6). Previous work dem-
onstrated that limited spontaneous axonal regeneration
occurs after SCI and that only some of the new axons are
useful for motor function recovery [49]. Thus, axonal
regeneration alone may not result in sufficient motor
function recovery unless these regenerated axons are
appropriately connected. We therefore hypothesized that
the regenerated axons induced by semaphorin3A inhibitor
treatment may exhibit substantially improved rewiring, in
terms of the formation of appropriate connections, follow-
ing extensive treadmill training. Indeed, motor function
recovery was enhanced significantly by combined treatment,
as paralyzed rats that received combined treatment were
able to perform continuous plantar step walking on a
treadmill with a BSS (Figure 6). Re-transectioning ex-
periments further suggested that the regenerated axons
at the lesion site and their rewiring contributed to the
enhancement in motor function recovery observed in
the treatment groups (Figure 7). We also observed that
some regenerated axons, such as 5-HT-positive raphe-
spinal tract axons, penetrated into the epicenter of the
lesion (Figure 2), and these regenerated axons may have
contributed to the reorganization of spinal circuitry at the
lesion site and enhanced motor function recovery in the
treatment groups [20]. Interestingly, we observed greater
attenuation of motor function after re-transection in the
combined treatment group (Figure 7). Taken together,
these data indicate that the regenerated axons achieved
substantial rewiring to the appropriate targets at the
lesion site, which was associated with the rehabilitation
performed in the combined treatment group [21].

Moreover, the enhanced motor function recovery was
only partially attenuated after re-transection in the treat-
ment groups. The results of these re-transection experi-
ments in the treatment groups, especially in the combined
treatment group, suggested that other factors, such as
reorganization of the lumbar spinal circuitry, also contrib-
uted to the enhancement of motor function recovery.
We also performed re-transection experiments in animals
that only received extensive treadmill training (without
SM-345431 treatment), and in these animals, only mini-
mum attenuation of motor performance after re-transection
was observed (data not shown). This finding further
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supports the mechanism proposed above. Taken together,
it is possible that specific rehabilitation enhances not only
the rewiring of the regenerated axons but also the
reorganization of the lumbar spinal circuitry [43]. Further-
more, in the combined treatment group, it is possible that
the effect of specific rehabilitation on the reorganization
of the lumbar spinal circuitry was the main contributor to
the enhancement of motor function recovery in the early
stage, while the effect on rewiring of the regenerated axons
was the main contributor to the enhancement of motor
function recovery during the later stage.

The results of c¢-Fos immunohistochemistry (Figure 5)
showed that extensive treadmill training induced plastic
changes at a level caudal to the injured site. Interestingly,
step ability on the treadmill was significantly correlated
with decreases in the numbers of c-Fos-positive nuclei
at a level caudal to the lumbar enlargement (Figure 5D).
Therefore, enhanced motor function recovery could be
partially the result of anatomical reconstruction of the
lumbar spinal cord, which is thought to be the location of
CPGs [50]. It is now widely accepted that supraspinal
drive of CPGs is required for locomotor function [51] and
that the intrinsic plasticity of CPGs allows some spontan-
eous motor function recovery even in the absence of signifi-
cant axonal regeneration [24,52]. Therefore, it is possible
that axon regeneration moderately enhanced motor func-
tion recovery in the SM-345431 treatment group, while
rewiring of the regenerated axons and CPG activation was
achieved by combining the SM-345431 treatment with
treadmill training

Which segment of the lumbar enlargement is most
important for improved walking ability on a treadmill?
Reportedly, rhythmic bursts are related to flexor activity
at the L2 level and to extensor activity at the L5 level [50].
Treadmill training induces plastic changes in the transmis-
sion of group I pathways to extensors that consequently
support the recovery of weight-supported motion while
standing [53]. The present study showed that combined
treatment significantly altered c-Fos expression at the L4
and L5 levels (Figure 5B-C) and improved step height
(Figure 6D-E) and continuous plantar step walking on the
treadmill with a BSS (Figure 6G and Additional file 1).
However, while SM-345431 alone improved step ability,
this improvement did not lead to continuous plantar step
walking (Figure 6). Therefore, axon regeneration alone
might have only limited effects on the spinal cord extensor
pool, which could explain the limited motor function
recovery of SCT rats after SM-345431 treatment alone.
However, the combined treatment may have reestablished
the function of the extensor pool by rewiring the re-
generated axons and remodeling spinal circuits. As a
result, important motor functions, such as continuous
plantar step walking (on a treadmill with a BSS), may have
been reestablished in SCT adult rats in the combined
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