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Because SCIT triggers complicated biological processes and also leads to a variety
of neuronal deficits, the use of several approaches should be considered. The
approaches can be categorized into the “hardware” and “software” approach.
“Hardware” implies the neural network through which all neural activities take
place. Just as a computer does not work unless a suitable program is installed, the
neural “hardware” also requires neural programs that control limbs and coordinate
movement. In the neural network, such programs include proper synaptic
connections, which facilitate basic voluntary movement of the limbs and learning of
complex motor patterns. Traumatic disturbance in the neural circuit leads to the
simultaneous reorganization and reprogramming of the neural circuit. With regard
to therapeutic intervention, the “hardware” approach would entail pharmacological
therapy for neuroprotection in patients with acute phase SCI or it would entail tissue
engineering for the restoration of the neural structure. On the other hand, rehabilita-
tion and training, which facilitate use-dependent plasticity, are regarded as
“software” approaches (Fig. 1).

The molecular and electrophysiological approaches both can be used for analysis
of nervous system disorders and therapeutic intervention. The molecular approach is
based on the knowledge of molecular cellular biology and aiming to modulate cel-
lular functions in patients with SCI. For example, cell death modulation and apopto-
sis are closely related to the prevention of secondary injury, which is reported to be a
main cause of progressive damage in patients with acute phase SCI. In the same man-
ner, basic research on axonal elongation revealed the existence of inhibitory factors

Anatomical restoration Use dependent modulation
(Hardware approach) (Software approach)
Reorganization of neural network Facilitation of plastic change
@ Molecular biology @DTraining task
o ! dependent change
Intracellular
mechanisms of
neurons and glial @
cells ' Electrophysilogical &
@ Experimental animal models ] kinematic analysis

i

Combination of two methodologies: a novel approach
......but not easy

Fig. 1 Two methodologies for intervention in spinal cord injury. There are molecular approaches

(left) and electrophysiological approaches (right) for analyzing and biological processes after SCI
and providing therapeutic intervention
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such as Nogo in the injured spinal cord, which acts on a group of receptors that
induce the growth cone shrinkage leading to the termination of axonal regeneration.
Now, this molecular mechanism is regarded as a therapeutic target to induce axonal
regeneration, and various pharmacological approaches based on this are now in the
preclinical stages of investigation. Taken together, the molecular approach is thought
to be an effective means of modifying the neural structure (hardware).

On the other hand, the electrophysiological approach is effective in measuring or
modulating neural functions. Various noninvasive means such as electromyography,
measurement of nerve conduction velocity, and transcranial magnetic stimulation
are used to assess the connectivity of supraspinal circuits and distal neural circuits,
and the excitabilities of the corticospinal tract in human subjects. Recently, it is also
used as a method to modify neural activities in the central nervous system through
the use of transcranial magnetic stimulation or transcranial direct current stimula-
tion. Therefore, these methods are effective in detecting or inducing plastic change
in neural activities, which is related to “software.”

To establish a multidisciplinary approach to SCI, it would be interesting to com-
bine those approaches, so that the basic knowledge of molecular biology can be
applied directly to a clinical setting. However, there have not been many models that
have been used successfully for this purpose probably because of the unavailability
of a proper animal spinal cord injury model for observing plastic change in neural
activity in an electrophysiological manner. Therefore, at this point, it would be bet-
ter to utilize either of the two methodologies depending on the clinical problem that
needs to be solved.

Approaches for Treating Complete Spinal Cord Injury

Patients with SCI show varied symptoms and levels of severity. With regard to
severity, there is (1) complete SCI, i.e., complete loss of sensory and motor func-
tions below the lesion, and there is also (2) incomplete SCI, i.e., preservation of
sensory and motor functions. In the case of complete SCI, especially in patients
with severe dislocation of the spinal column, the connection between the brain and
lower circuits seems to be completely lost. In such cases, it is important to restore
some connection beyond the lesion before considering reprogramming the reorga-
nized neural circuits. For this purpose, the molecular approach has an advantage
over the electrophysiological approach.

As mentioned above, molecular biology has revealed much about the mecha—
nisms governing axonal elongation. Especially, the intracellular mechanisms that are
triggered by nerve growth factor stimuli have been investigated in detail. Nerve
growth factors (NGFs), brain-derived neurotrophic factor (BDNF), and neurotro-
phin-3 (NT-3) bind to their own receptors expressed on the cell surface of neurons
and transduce their effects via phosphorylation cascades of signaling molecules
within the cell, which finally induce gene expression for axonal elongation. Among
several signaling cascades, activation of the Mek—Erk signals is said to be important,
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and it has been shown that Mek activation is sufficient to induce axonal growth in
PCI2 cell line — a model cell line for neurite growth — even in the absence of nerve
growth factors. Miura et al. examined the application of this paradigm in a spinal
cord injury model [1]. In their report, he transected rat spinal cord at the thoracic 10
level and injected an adenovirus gene transfer vector into the parenchyma of the
proximal stump. This type of gene transfer delivered the gene to not only the seg-
mental neural cells in the spinal cord but also the primary motor neurons in the brain,
such as the red nucleus, by retrograde transport along the axons. After 6 weeks of
spinal transection and simultaneous gene transfer of the control gene (LacZ) or the
constitutively active Mek gene, the effect of gene transfer was examined by both
behavioral and histological evaluation. Behavioral evaluation using the Basso,
Beattie, and Bresnahan (BBB) scale [2], which has been a well-accepted hind limb
motor scoring scale in a rat spinal cord injury model, showed better functional recov-
ery in the active Mek-transferred group than in the control group (Fig. 2). Histological
evaluation performed by injecting an anterograde neuronal-tracer into the red nucleus

a b 21
Gene transfer in rat model
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-s-lacZ
15 ¢ ——TX
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Fig. 2 A molecular approach for treating complete SCI. For complete SCI, we have shown the
restoration of axonal connectivity between the supra-spinal circuit and the area below the lesion. -
(a) Schematic image of the transfer of a gene to the transected spinal cord using adenoviral vectors. -
(b) Functional recovery was observed in the CA-MEK transferred group, in which the intracellular
MEK-ERK signaling cascade is constitutively activated in primary motor neurons of the brain.
(c) Histological examination reveals axonal regeneration beyond the lesion (anterograde neurotracing)
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showed marked regeneration of the rubrospinal tract beyond the complete transection
site. Taken together, activation of intracellular signals within the primary motor
neuron in the brain can be one of the approaches to retain functional recovery in
cases in which the axonal connection is completely lost at the lesion site.

Approaches for Treating Incomplete Spinal Cord Injury

The therapeutic strategy for patients with incomplete SCI should be different from
that for those with complete SCI. Because the symptoms for this condition are
varied and the degree of severity and the segment injured varies among patients
with incomplete SCI, the patient’s condition needs to be thoroughly investigated,
and the aspect of neural function that requires treatment should be determined. For
example, the treatment approach for a patient who cannot stand even with support
should differ from that for one who can walk with support but with a spastic gait.
Here, we will discuss gait rehabilitation in patients with incomplete SCI, especially
those who can stand with assistive tools and walk a few steps with assistance.
These patients are classified as Frankel C and are considered to probably have SCI
of “mild” severity. However, it is not practical for these patients to perform loco-
motion activity.

 With regard to the modification of neural functions, physiological functions
should be strengthened; and abnormal functions, corrected. Besides facilitation of
voluntary movement of the lower limbs, automated movement of limbs is also con-
sidered an important physiological neural function in those patients. While walking,
individuals do not have to pay attention to how to move their hip, knee, and ankle
joints. It has been shown that a certain “gait program” exists within the central ner-
vous systems and that we utilize this program. The existence of the gait program is
shown using an experimental model of decerebrate cats [3—5] and also human sub-
jects [6-8] on a treadmill; it revealed that the program is located in the spinal cord,
and this program is now called the “central pattern generator (CPG).” We also exam-
ined the functions of CPG in patients with SCI under our experimental settings. By
using the training device Easy Gait Glider (Altimate Medical Inc., USA), we pro-
duced passive lower limb motion in an alternating manner and recorded electro-
myographic (EMG) signals in the lower limbs. Figure 3b shows the activities of
each muscle that is completely paralyzed in the subject. Because we observed rhyth-
mic burst from the right and left legs as observed when the limbs make stepping
movements, we assumed that the CPG in this subject was activated. With the same
device, we can also investigate which components of passive leg motion are critical
for CPG activation. If the observed EMG activities are induced by stretch reflex in
each leg, the same EMG activities are expected when only one leg is passively
moved or both legs are passively moved but in a synchronized manner and not in an
alternating manner. Even though the kinematic parameters of the examined leg were
exactly the same under the experimental conditions, we only observed a gait-like
EMG npattern in those patients who showed passive leg motion in an alternating
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Fig.3 An electrophysiological approach to incomplete SCI. For patients with incomplete SCI, we
have shown that the activation of the central pattern generator is one of the key elements for the
restoration of locomotive function. (a) Passive leg exercise using the Easy Stand Glider. (b) Phasic
EMG activities in the soleus (Sol), gastrocnemius (Gas), and biceps femoris (BF) muscles during
passive leg exercise in patients with complete SCI. (¢) Alternate leg motion is necessary for the
induction of gait-like EMG activities. Even though kinematic parameters are equivalent, EMG
activities evoked during alternate passive leg motion are much stronger than those evoked during
unilateral or synchronous leg motion '

manner (Fig. 3c). These results indicate that CPG activation is specific to afferent
stimuli resulting from alternate leg motion [9].

The existence of spinal CPG in individuals with and without SCI gives an idea of
the kind of strategy required for rehabilitation of patients with incomplete SCIL.
Because CPG activation plays a pivotal role in locomotion, optimization of CPG
activities will improve locomotive functions for those classified as Frankel C. In a
more systematic manner, we envision a possible three-step approach, including (1)
application of correct afferent input, (2) utilization of intersegmental coordination
(this refers to a combination of the leg and arm swing), and (3) production of a
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descending command from the cortex. To develop an optimized CPG activation
training protocol, electrophysiology is one of noninvasive approaches for evaluating
the activities of CPG. For example, the second component of the above scheme,
i.e.,-inter-segmental coordination, can be tested using the Easy Stand Glider.
Kawashima et al. performed experiments in which patients with SCI were placed in
the Easy Stand Glider while their arms were resting or were in passive or active
swing, and alternative passive motion was applied to the lower limbs with the same
kinematics [10]. In this experiment, they observed that along with arm swing,
the subjects showed more gait-like EMG activation in their lower limbs. Interestingly,
abnormal EMG activity, such as unfavorable contraction of the soleus muscle
during swing phase, was reduced in some subjects when they were made to perform
arm swing as well. Taken together, they concluded that the arm swing will facilitate
CPG activation both by both promoting physiological EMG pattern and reducing
abnormal EMG pattern.

~ Because passive gait training induces CPG activation as described above, it is rea-
sonable to apply these principles for the rehabilitation of patients with incomplete
SCI. For such a purpose, the recently developed training device Lokomat (Hocoma,
Zurich, Switzerland) is useful. Lokomat is an exoskeleton gait assistive device, which
controls the hip and knee joints of subjects on body weight-supported treadmill [11].
The concept is based on assistive gait training provided by a physiotherapist. Taking
advantage of automated assistance and robotic machinery, Lokomat can provide
reproducible gait kinematics with a few non-physiotherapists. Because Lokomat pro-
vides physiologically oriented gait-like kinematics to subjects, passive gait training
using Lokomat is expected to induce CPG activation in the same manner, or even in a
more efficient manner, as observed when using the Easy Stand Glider. Further inves-
tigation studies should focus on whether the activation of CPG during training sessions
has any long-lasting effects on the locomotive function of subjects.

A Novel Approach for Evaluating Prognosis of Patients with SCI

Some novel approaches for patients with complete and incomplete SCI, including
the abovementioned Lokomat training method, are being tested in the preclinical
stage. For the application of these therapies, the methods of evaluating the spinal
condition are also very important. In particular, it should be noted that spontaneous
recovery has been observed in patients with SCI in Frankel B—C. It has been reported
that on admission, patients who presented with SCI of Frankel B to C showed sig-
nificant spontaneous recovery within several months to a year [12]. Therefore, it is
hard to determine the efficacy of any therapeutic intervention on the basis of the
functional recovery in each patient. Thus far, a neurological examination is the only
means of assessing the severity of the injury; however, alternative methods of evalu-
ating the severity of the condition are required.

For diagnosing central nervous system disorders, the use of blood and
cerebrospinal fluid (CSF) samples and the measurement of specific protein levels
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have also been attempted. The proteins are regarded as biomarkers as they help
monitor the disorder. For example, the intracellular calcium binding protein S100B
has been a candidate biomarker for patients with subarachnoid hemorrhage [13].
Because the glial cells in the brain are enriched with the S100B protein, S100B is
thought to be released in the blood upon damage to the cells, which leads to its
increased expression in the blood. As for patients with SCI, there are not many
reports on useful biomarkers for this condition. Kwon et al. measured CSF levels in
30 patients with SCI and found a certain correlation with functional severity [14].
However, it is not always feasible to obtain CSF samples from patients with acute
phase SCI; therefore, it is preferable to obtain information from blood samples.

Recently, Shaw et al. reported that a certain type of neurofilament, i.e., the phos-
~ phorylated form of a high-molecular-weight neurofilament subunit NE-H (pNF-H)
[15], is released into the blood after damage of the central nervous tissue and is more
stable compared to conventional biomarker candidates. Therefore, the elevated
concentration of pNF-H in the blood is thought to reflect axonal damage of the neural
tissue. In contrast to the other biomarkers of neural injury, pNF-H can be detected
after 24 h in experimental spinal cord contusion injury in rodents and peaks 3—4 days
later, whereas most other biomarkers peak within 24 h. The time point at which the
pNF-H level best reflects the initial severity of the trauma remains unknown. Further,
pNF-H can be a useful tool for evaluating the efficacy of pharmacological interven-
tion in patients with acute SCI because pNF-H can be detected in the blood for
several days and may reflect progression of secondary injury to axons. In our recent
work, we examined the pNF-H concentration in SCI rats treated with either intrap-
eritoneal administration of minocycline or saline (control). Minocycline is known to
be a neuroprotective drug and several reports have revealed its efficacy in functional
recovery in an animal SCI model [16]. Under our experimental conditions, we also
confirmed the effectiveness of minocycline using the end-point functional motor
score of the hind limb of rats (28 days after injury) (Fig. 4b). At the same time, the
level of pNF-H in the plasma shows a difference 3—4 days after injury (Fig. 4a). The
minocycline-treated group tended to have a lower pNE-H level, which was in accor-
dance with their improved motor recovery. Taken together, the pNE-H level can be
used not only as a diagnostic tool for the initial severity of SCI but also as a monitor-
ing tool after therapeutic intervention. It still needs to be investigated whether pNF-H
is measurable in patients with SCI and whether it can serve as a biomarker.

"~ Conclusion

We have discussed the possibilities of the use of the electr ophysiological and molecu-
lar approaches for SCI treatment. Although a direct combination of the two paradigms
is not feasible at the moment, we can select either method depending on the clinical
problem that needs to be solved. Generally, the molecular approach is useful when
attempting to restore or preserve neural tissue structure, i.e., the hardware of the spinal
cord, whereas the electrophysiological approach can be used for modulating
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Fig.4 A molecular approach for evaluating the severity of SCI. The phosphorylated form of high-
molecular-weight neurofilament subunit NF-H (pNF-H)-is a novel biomarker of central nervous
system disorders. (a) The plasma pNF-H concentration was compared between minocycline-treated
and saline-treated groups in SCI induced in rats. The reduction in the pNF-H level at 3 and 4 days
after the injury in minocycline-treated groups indicate less axonal damage in this group. (b) The
reduction in the plasma pNF-H level coincides better with functional recovery in the hind limb

Approaches for locomotive function of SCI patients
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Fig. 5 A frame format of approaches for spinal cord injury. Even though a combination of the
molecular and electrophysiological methods is difficult, we can use either methodology, depending
on the clinical problem that needs to be solved

or evaluating use-dependent plasticity, or in other words the software of spinal neural
circuits. To solve various clinical problems in SCI, the first step is to clarify the thera-
peutic target in each case. Further, we should prepare proper evaluation systems on the
basis of the therapeutic targets, in which we can use both electrophysiological and
molecular approaches (Fig. 5).
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Makajima T, Kitamura T, Kamibayashi K, Komiyama T, Zehr
EP, Hundza SR, Nakazawa K. Robotic-assisted stepping modulates
monosynaptic reflexes in forearm muscles in the human. J Neuro-
physiol 106: 1679-1687, 2011. First published July 20, 2011;
doi:10.1152/jn.01049.2010.—Although the amplitude of the Hoffmann
(H)-reflex in the forelimb muscles is known to be suppressed during
thythmic leg movement, it is unknown which factor plays a more im-
portant role in generating this suppression—movement-related afferent
feedback or feedback related to body loading. To specifically explore the
movemnent- and load-related afferent feedback, we investigated the mod-
ulation of the H-reflex in the flexor carpi radialis (FCR) muscle during
robotic-assisted passive leg stepping. Passive stepping and standing were
performed using a robotic gait-trainer system (Lokomat). The H-reflex in
the FCR, elicited by electrical stimulation to the median nerve, was
recorded at 10 different phases of the stepping cycle, as well as during
quiet standing. We confirmed that the magnitude of the FCR H-reflex
was suppressed significantly during passive stepping compared with
during standing. The suppressive effect on the FCR H-reflex amplitude
was seen at all phases of stepping, irrespective of whether the stepping
was conducted with body weight loaded or unloaded. These results
suggest that movement-related afferent feedback, rather than load-related
afferent feedback, plays an important role in suppressing the FCR H-re-
flex amplitude.

flexor carpi radialis; Hoffmann reflex; soleus muscle; passive step-
ping; stepping-related feedback

DURING RHYTHMIC ARM CYCLING, Hoffmann (H)-reflex amplitude
in the soleus muscle (Sol) is strongly suppressed in humans
(Frigon et al. 2004; Hundza and Zehr 2009; Loadman and Zehr
2007). Interestingly, leg cycling also leads to suppression of
the H-reflex amplitude in the forearm muscles (Zehr et al.
2007). These results suggest a reciprocally organized pattern-
generating system activated by descending locomotor com-
mands and afferent feedback that modulates reflex excitability
in remote muscles (Zehr and Duysens 2004; Zehr et al. 2009).
Currently, though, the neural mechanisms producing this or-
ganization remain unclear.

Loadman and Zehr (2007) suggested that central commands
for rhythmic arm cycling were a major source of modulation,
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because differences in the range of arm motion (i.e., range of
muscle-length change) did not alter H-reflex amplitude in
stationary leg muscles. A central source for the modulation is
also suggested by the observation that active arm cycling
induces phase-dependent modulation of the Sol H-reflex (de
Ruiter et al. 2010). In addition, Hundza et al. (2008) suggested
that suppression of the Sol H-reflex during passive arm cycling
was small compared with during active arm cycling. These
reports suggest that central drive for rhythmic arm movement
is important in suppressing H-reflexes in the ankle extensor
muscles. Considerably less is known about the modulation of
H-reflexes in arm muscles during passive leg movement, and
the underlying mechanisms require further clarification. Impor-
tantly, the extent to which modulation of reflex excitability
within a limb muscle can be fully accounted for by central
drive or different sources of afferent feedback is unclear.
Answering this means determining the relative contributions of
movement-related afferent feedback, load-related bias, and
central motor commands in the amplitude modulation of H-re-
flexes in forearm muscles.

Phase-dependent modulation of H-reflex amplitude in arm
muscles during rhythmic leg movement remains an uncertain
area. Phasic modulation of the forearm: flexor H-reflex was
seen with isolated, rhythmic foot movement (Baldissera et al.
1998) but not with rhythmic leg cycling (Zehr et al. 2007).
Currently, there are no comparable data from arm muscles
during walking-based driven gait orthosis (DGO) stepping and
passive movement of the leg. Since passive DGO leg move-
ment resembles “passive” cycling as a whole-leg rhythmic
locomotor movement, we hypothesized that the passive step-
ping would suppress H-reflex amplitudes in the forearm, irre-
spective of body loading and without phase-dependent modu-
lation.

We demonstrated previously that phase-dependent, cutane-
ous reflex modulation was absent in leg muscles during un-
loaded stepping, during passive stepping, suggesting that load-
related afferents were important for generating phasic modu-
lation of the cutaneous reflex in leg muscles (Nakajima et al.
2008). However, a similar approach did not affect Sol H-reflex
modulation, suggesting that the effect of loading during pas-
sive stepping strongly depends on excitability in reflex cir-

cuitry (Kamibayashi et al. 2010). This parallels the earlier

suggestion of Zehr et al. (2001), showing a differential mod-
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ulation of cutaneous and H-reflexes in leg muscles depending
on motor output and loading during leg cycling. However, it is
not known whether lumbar load-related afferent feedback mod-
ulates the excitability of monosynaptic H-reflex circuits in the
cervical spinal cord. We hypothesized that although we can
expect a modulation in H-reflex amplitude in the remote limb,
loading should have only a small effect on phase-modulation
during DGO passive stepping. Absence of a modulatory effect
of load-related afferent feedback on H-reflex excitability would
implicate movement-related afferents in contributing to the
pattern of H-reflex modulation observed during passive leg
movement.

MATERIALS AND METHODS
Subjects

Participants were 16 healthy males, aged 22-32 yrs. All gave
informed, written consent prior to participation in the experiments.
The protocol was approved by the local ethics committee of the
National Rehabilitation Center for Persons with Disabilities (Saitama,
Japan) and is in accordance with the guidelines set out in the
Declaration of Helsinki (1964).

General Procedure

The recently developed DGO system, Lokomat (Hocoma AG,
Volketswil, Switzerland), was used to produce “passive stepping”,
defined as stepping movements driven by the DGO system while
relaxing the leg muscles. In this paradigm, there may be some very
low-level, incidental muscle activation, but it is involuntary (see
Kamibayashi et al. 2009). A detailed description of the Lokomat can
be found elsewhere (Colombo et al. 2001). Briefly, this system
consists of a treadmill, a body-weight support system, and two robotic
actuators that are attached to each subject’s legs. The Lokomat is fully
programmable, including the control of knee and hip kinematic
trajectories during different types of stepping, with and without
body-weight loading.

The right forearm, wrist, and hand were fixed to a rigid platform to
minimize any unwanted movement of the arm. A brace was worn to
restrict arm movement and was fixed on the elbow and wrist positions
at 90° and 0°, respectively, in all experiments. All trials were per-
formed when the flexor carpi radialis (FCR) muscle was quiescent.
Unloading of body weight was accomplished by suspending the
subject’s body with a harness connected to an overhead crane. For all
passive stepping conditions, the treadmill speed was kept constant at
2.0 km/h for all subjects. During passive stepping, the subjects
were instructed to relax and allow the lower-limb movements to be
imposed by the DGO. Dorsiflexion of the ankle joint during the
stepping condition was achieved by passive foot lifters (spring-
assisted elastic straps) to prevent foot drop at the swing phase (see
Kamibayashi et al. 2010).

Experimental Tasks

To explore the effect of passive leg stepping on the upper arm
H-reflex amplitude, subjects participated in three experiments using
the Lokomat systems: I) phase-modulation of the FCR H-reflex
during passive stepping (n = 10); 2) determination of the H-reflex and
muscle response (M-wave; H-M) recruitment curves during passive
stepping (n = 8; all participated in experiment 1); and 3) effects of
loading on the FCR H-reflex during passive stepping (n = 10). Of
these last 10, four participated in one or both of the other experiments,
and six participated only in this experiment. When a given subject
participated in two or three experiments, data from each experiment
were collected on different days. Based on a previous study (Javan
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and Zehr 2008), the intervening time interval is sufficient for residual
suppression to disappear; thus our results across experiments were not
affected by residual suppression. During experiments to investigate
phase-modulation and the effect of loading on FCR H-reflex ampli-
tudes, experimental conditions (phases or load conditions) were pseu-
do-randomly executed for each subject.

Effect of stepping-related afferent feedback on FCR H-reflex. In 10
subjects, the effect of leg stepping-related afferent feedback on the
FCR H-reflex amplitude was investigated during robotic-assisted
passive stepping and standing conditions (40% unloading of body
weight). The subjects performed passive stepping on the treadmill
with the arms at rest. Electrical stimulations to elicit the H-reflex were
pseudo-randomly delivered at 10 different phases of the stepping tasks
(see FCR H-reflexes below).

Effect of load-related. afferent feedback on FCR H-reflex during
DGO stepping. To investigate the effect of load-related afferent
feedback on the FCR H-reflex during passive stepping, 10 subjects
performed passive stepping and standing in separate trials under two
conditions: I) unloaded condition (100% of body-weight support)
above the treadmill belt and 2) loaded condition (40% unloading of
body weight) on the treadmill (Kamibayashi et al. 2009, 2010).
Reflexes were evoked at the midstance phase and during standing,
with and without loading of body weight for all trials.

" FCR H-Reflexes

FCR H-reflexes in the right arm were evoked by stimulating
(rectangular pulse, 0.5-ms duration) the median nerve with a constant
current electrical stimulator (SEN-7023, Nihon Kohden, Tokyo, Ja-
pan). Bipolar stimulus electrodes were placed just proximal to the
medial epicondyle of the humerus, near the cubital fossa (cf. Zehr et
al. 2007). To examine the effect of leg position on FCR H-reflex in the
passive stepping, the step-cycle duration was set at ~2.0 s by the
Lokomat system and divided into 10 phases. The step duration was
chosen to ensure subjects’ safety and effectively avoid unintentional
electromyographic (EMG) activity of the leg muscles. The electrical
stimulations were pseudo-randomly delivered at various times during
the stepping tasks (0, 200, 400, 600, 800, 1,000, 1,200, 1,400, 1,600,
and 1,800 ms after the trigger signal), defined by predetermined
hip-joint angles. The trigger signal was made by hip angles coincident
with the timing of heel contact. These stimuli were delivered ran-
domly once every two to three step cycles. The stimulus intensity was
adjusted to ~10% of the maximal amplitude of the direct motor response
(Mo, in each phase (cf. Kamibayashi et al. 2010; Simonsen and
Dyhre-Poulsen 1999). These stimulation intensities were confined to
H-reflex amplitudes evoked on the ascending limb of the recruitment
curve of the H-reflex. The consistency of the test stimulus was
confirmed by examining the shape and peak-to-peak amplitude of the
M-wave. As controls, M_ .. (n = 5 sweeps) and H-reflex (n = 12
sweeps) amplitudes were measured during standing and at each of the
10 stepping phases.

In additional control experiments, the H-M recruitment curves were
recorded in eight subjects during quiet standing and at the stance and
swing phases of passive stepping. The stimulus intensity was in-
creased gradually from below the threshold of the H-reflex to supra-
maximum stimulation of the M-wave. Five responses were recorded at
each of the stimulus intensities.

To investigate the effect of load-related afferent feedback on the
FCR H-reflex amplitude during passive stepping, recruitment curves
were also recorded during standing and at the stance phase of passive
stepping, with and without loading of body weight in 10 subjects. All
trials were performed when FCR was quiescent.

EMG Recording

EMG activity was recorded from the FCR, extensor carpi radialis
(ECR), rectus femoris (RF), biceps femoris (BF), tibialis anterior
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(TA), and Sol muscles on the right side. EMG signals were obtained
with surface electrodes (SS-2096, Nihon Kohden) over the belly of
each muscle after reducing skin impedance (below 10 k(}) by light
abrasion and alcohol cleaning. All EMG signals were amplified
(X1,000) and band-pass filtered between 15 Hz and 3 kHz via a
bioamplifier system (MEG-6108, Nihon Kohden). All EMG and
angular signals were converted to digital data with an analog-to-
digital converter card [Microl401, Cambridge Electronic Design
(CED), Cambridge, UK] and stored on a hard disk with a sampling
rate of 5 kHz using Spike2 software (CED).

Data Analysis

Peak-to-peak amplitudes of M-waves and H-reflexes were normal-
ized to the respective M. amplitudes recorded during standing and
at each phase of stepping.

Analysis of H-M recruitment curve. H-reflex amplitudes from the
standing control curves were compared with those from the same
values induced by electrical stimulation on the curves conditioned
by stepping at midswing and midstance (Klimsta and Zehr 2008;
Mezzarane et al. 2011; Zehr et al. 2007). Stimulus intensities for
eliciting the maximum H-reflex (H,,,,) and ~50% H,,, values
were defined from the recruitment curves obtained during the
standing control. For the H-M recruitment curve, means and SDs
were calculated and plotted with respect to the intensity of elec-
trical stimulation (recruitment curve; see Figs. 5 and 7).

1681

Reflex amplitudes of the standing, midswing, and midstance phases of
stepping, obtained by two stimulus strengths for eliciting ~100% and
~50% of the H,,,,, at control, were compared using two-way repeated
measures (RM) ANOVA (three conditions X two stimulus intensities).
Two-way RM ANOVA was also used to examine modulation of the
H-reflex amplitudes, with and without loading at the stance phase of
passive stepping and during standing (two load conditions X two tasks).

Analysis of the FCR H-reflex amplitude at the 10 stepping phases
and during standing. The H-reflex, M-wave in the FCR and background
(BG) EMG activities in the FCR, ECR, RF, BE, Sol, and TA were
compared using a one-way RM ANOVA [factors; standing control and
passive stepping (10 phases of step cycle)]. The BG EMG activity was
calculated as the root mean square value of the EMG signal for 50 ms
before the electrical stimulation. Multiple comparisons were performed
using the Bonferroni post hoc test. The data were expressed as means =
SEM. Significant differences were recognized at P < 0.05 in all cases.
All statistical tests were performed using SPSS software version 11.0
(SPSS, Chicago, IL). The F values and degrees of freedom were obtained
after Greenhouse-Geisser correction when appropriate.

RESULTS
EMG and Kinematic Patterns during Passive Stepping

Figure 1 shows typical recordings of EMG activities and
joint angles during passive stepping (40% unloading of body
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Fig. 1. Typical averaged recordings of joint angle and electro-
myographic (EMG) activity in the flexor carpi radialis (FCR),
extensor carpi radialis (ECR), biceps femoris (BF), rectus

0

femoris (RF), soleus (Sol), and tibialis anterior (TA) muscles
obtained from a single subject during driven gait orthosis

Sol EMG

Rectified and averaged EMG (V)

0. TAEMG

c G (DGO) passive stepping. EMG data were full-wave rectified
10, ECREM and averaged (12 sweeps). Tracings of the motion of the lower
g;l limbare, which were synchronized to the stepping cycle and the
joint and EMG data, are shown at the top of the figure.

10. RFEMG

5 ] ettt

0
10, BF EMG

5]
NS A e AP e st e P ot AP NP e Attt Pl et emet PN S
0

1 2 3 4 5 6 7 8 9
Stepping phase

J Neurophysiol « VOL 106 « OCTOBER 2011 + WWW.jn.0rg

33

1102 ‘2L 4oqoyp0 uo Bio ABojoisAyd-ul woly papeojumo(




1682
weight) for a single subject. Because the hip- and knee-joint
trajectories were controlled by the robotic-assisted DGO sys-
tem, joint movements were highly reproducible. Also, the
trajectory of the ankle joint was modulated during passive
stepping. EMG activities of the FCR, ECR, BF, and TA were
quiescent during passive stepping, whereas those of the Sol and
RF EMG activities were slightly visible in several stepping
phases of this subject.”

Figure 2 illustrates the group means of the BG EMG activ-
ities obtained from 10 subjects during passive stepping and
static conditions. Although the amplitudes of the FCR, ECR,
BF, RF, and TA did not change and did not differ significantly
across phases and standing conditions [one-way ANOVA:
FCR, F1990 = 1298, P > 0.05; ECR, F!'%% = 1,119, P >
0.05; BF, FU%%9 = 1,179, P > 0.05; RF, FU'%% = 0.639,
P > 0.05; TA, FU%% = 0708, P > 0.05], the mean
amplitude of the Sol EMG was significantly larger at phase 5
than during other phases [one-way ANOVA: Sol, F!1099 =
3.055, P < 0.05; Bonfferoni post hoc: phases 2, 7, 8, 9, and 10,
P < 0.05]. However, there was no significant difference be-
tween standing and phase 5 (Bonfferoni post hoc, P > 0.05).

Modulation of FCR H—Reﬂeic Amplitude during
Passive Stepping

Figure 3 shows representative recordings of the FCR H-re-
flex during standing and at different phases of passive stepping

obtained from a single subject. The amplitude of the FCR

H-reflex was suppressed strongly during stepping compared
with the standing condition. The suppressive effect on the FCR
H-reflex amplitude was seen at all phases of stepping, with
little difference based on phase. Figure 4, A and B, illustrates
pooled data for the amplitudes of the FCR H-reflex and

~ MODULATION OF FOREARM H-REFLEX BY ROBOTIC-ASSISTED STEPPING

M-wave, respectively, obtained from 10 subjects during pas-
sive stepping and static standing. Although the amplitudes of
the M-wave and BG EMG activities did not differ significantly
across phases [compare Fig. 4B with Fig. 2A; one-way
ANOVA: M-wave, FU%%9 = 0621, P > 0.05], the mean
amplitude of the FCR H-reflex during passive stepping was
significantly smaller than those during standing (Fig. 44;
Bonferroni test, P < 0.001). The one-way RM ANOVA of
H-reflex amplitudes revealed a significant main effect for
conditions [F1%°® = 13.152, P < 0.001]. However, there was
no significant difference in H-reflex amplitudes across the
stepping phases (Bonferroni test, P > 0.05). M, amplitude
did not change significantly during the static standing condition
and the 10 stepping phases [one-way ANOVA: F190 = (.26,
P > 0.05].

Figure 5 shows the H-M recruitment curves during standing
and at the stance and swing phases of passive stepping obtained
from a single subject. It is notable that passive stepping
reduced H-reflex amplitudes in the FCR across a wide range of
stimulus strengths. Similar results were obtained from eight
subjects. Interestingly, the extent of the H-reflex suppression
did not depend on the size of the control H-reflex. Figure 6
illustrates the group means of the H-reflex amplitude (n = 8)
obtained with two different stimulus strengths (i.e., for eliciting
the H,,, amplitade and ~50% of H,,,, during the standing
condition). There was a significant suppression of H-reflex
amplitude during both the stance and swing phases (Bonferroni
test, P < 0.05). The two-way RM ANOVA showed a signif-
icant main effect and interaction [condition: F®1 =
21.008, P < 0.001; stimulus intensity: F*" = 31.360, P <
0.001; condition X stimulus intensity: F*!* = 6,718, P < 0.01].
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Fig. 3. Typical superimposed recordings (12 sweeps) of FCR Hoffmann
(F)-reflex waveforms (H) with a muscle response (M-wave; M) size of ~10%
maximal amplitude of the direct motor response (M, ,,).at standing and at 10
phases of DGO passive stepping in 1 subject. Thick, vertical solid and dashed
lines indicate stance and swing phases, respectively.
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Effect of Load-Related Afferent Feedback on FCR H-Reflex
Amplitude during Passive Stepping

We recorded FCR H-reflexes during the stance phase of
passive stepping and standing with load (40% unloading of
body weight) and with full body-weight support (100% un-
loading) in 10 subjects. Figure 7, A-D, depicts the H-M
recruitment curves obtained from a single subject. In both the
loaded and unloaded conditions, passive stepping reduced
H-reflex amplitudes in the FCR across a wide range of stimulus
strengths. Figure 7, E and F, shows the group means of the
amplitudes of H-reflexes during the loaded and unloaded con-
ditions, elicited by two different stimulus strengths—one for
eliciting the H_,. amplitude and the other for ~50% of the
H, . at control standing. The FCR H-reflex amplitudes at the
stance phase, with and without load, were significantly sup-

pressed compared with the respective standing controls (Bon-

ferroni test, P <C 0.05). The two-way RM ANOVA showed a
significant main effect of condition [load: F*¥ = 0.095, P >
0.05; condition: F%? = 31.386, P < 0.001; load X condition:
F&9 = 0717, P > 0.05]; however, there was no significant
difference in the reflex amplitudes between the loaded and
unloaded conditions.

DISCUSSION

In the present study, we demonstrated that the magnitude of
the FCR H-reflex was strongly suppressed during robotic-
assisted, passive stepping, compared with that elicited during
standing. The suppressive effect on the FCR H-reflex ampli-

tude was seen at all phases of stepping; however, there were no

significant phase-dependent differences. Furthermore, the H-
reflex amplitudes were suppressed during stepping tasks, both
with and without load, with no significant effect of loading
itself. These findings suggest that movementrelated afferent
feedback, rather than load-related afferent feedback, plays a
key role in modulating the FCR H-reflex amplitude.

Methodological Considerations

In the current study, the amplitude of the direct M-wave
elicited in the FCR was used as an indication of the con-
stancy of the afferent test volley. Similar M-wave ampli-
tudes maintained for all conditions (~10% of maximal
M-wave amplitude) are an indication that the activated
afferent volley evoked by the various test conditions also
remains constant (Fukushima et al. 1982). In fact, there were
no significant differences in the M-wave amplitudes among the
10 stepping phases and the standing condition (see Fig. 4B).

Although the H-reflex and M-wave amplitudes were normal-
ized to the M, amplitude to mitigate intersubject variability,
there is a possibility that the M,,,,, amplitude itself differed
among step phases (Simonsen and Dyhre-Poulsen 1999) and
over the time course of an experiment (Crone et al. 1999).
Therefore, the M., in the FCR was recorded at each stepping
phase, and predetermined M-wave amplitudes were checked
and adjusted carefully with respect to the M,,,, amplitude in
each phase. We confirmed that there were no significant
differences in the normalized M-wave amplitude during tasks.
Thus the suppression of the H-reflex amplitude during passive
stepping was not due to changes in the efficacy of the electrical
stimulation delivered to the median nerve.
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Fig. 4. Grand means (xSEM) of the magnitude of the H-reflex (4) and
M-wave (B) in the FCR muscle obtained from 10 subjects during standing
(open circles) and DGO passive stepping (10 phases; filled circles) conditions
(40% unloading of body weight). *P < 0.01.
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In the present study, intensity of the test electrical stim-
ulation to the median nerve was maintained at ~10% M_,,,
in each subject. However, this procedure inevitably required
us to use different sizes of test H-reflexes depending on the
subject. As it was reported that the degree of the condition-
ing effect on the H-reflex is proportional to the size of the
test H-reflex, it is possible that the responses were affected
by the size of the test H-reflex (cf. Crone et al. 1990).
However, the H-reflex amplitudes evoked by a wide range
of stimulus intensities were suppressed during both the
stance and swing phases of passive stepping compared with
those during quiet standing (see Fig. 5). Furthermore, when
two different stimulus intensities (~50% H_ ., and H_,
during control standing) to the median nerve were investi-
gated, there was a significant suppression of H-reflex am-
plitudes at both the stance and swing phases of passive
stepping for both stimulus intensities (see Fig. 6). Thus it is
likely that the extent of amplitude suppression did not
depend on the size of the test H-reflex (cf. Crone et al.
1990).

J Neurophysiol - VOL 106
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Reciprocal inhibitory effects arising from the forearm ex-
tensor muscles may possibly also affect the amplitude of the
FCR H-reflex (Day et al. 1984). However, the amplitude of the
ECR EMG activity was kept to a minimum (see Fig. 2B), and
there were no significant differences across conditions during
our DGO stepping and static standing. Thus suppression of the
FCR H-reflex during passive stepping cannot be ascribed to a
change in antagonist muscle activity. ‘

Possible Sources of the FCR H-Reflex Suppression during
Passive Stepping

Our finding that passive stepping suppressed the magnitude
of the forearm H-reflex is well in line with previous reports
(Frigon et al. 2004; Loadman and Zehr 2007; Zehr et al. 2007)
of conditioning by remote rhythmic movement. However, one
possible discrepancy between our study and previous ones is
the possible substantial contribution of the voluntary drive to
maintain thythmic leg movements. Although subjects were
instructed to relax and allow the DGO to drive lower-limb
movements, complete passive stepping was difficult to achieve.
In fact, slight Sol EMG activities [~1-2% of maximal volun-
tary contraction (MVC)] in the late stance phase were found
and were significantly larger than those during other phases
(see Figs. 1 and 2). These small Sol EMG activities during
loaded stepping were also observed in our recent studies
(Kamibayashi et al. 2009, 2010), even though the subjects were
asked to relax. In addition, the ankle joint was held by foot
lifters (spring-assisted elastic straps) to prevent foot drop and
thereby restricting the trajectory of the ankle joint. Under this
situation, an increase in EMG activity in the Sol at phase 5
might be a stretch-induced muscle activity, signifying that they
are involuntary in nature. During normal walking, generally, it
has been demonstrated that the peak EMG value of the Sol
muscle was above 80% of MVC (Arsenault et al. 1986;
Nishijima et al. 2010). In our situation, leg EMG activities
(~0.5-2% of MVC) during DGO stepping were extremely low
compared with during normal walking. Also, reciprocal EMG
activity in TA was barely discernible (see Figs. 1 and 2).
Therefore, it may be that the contribution of descending com-
mands to suppression of the FCR H-reflex during DGO-driven
stepping was extremely small compared with during normal
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Fig. 6. Group means of the H-reflex amplitudes during standing and the stance
and swing phases of passive stepping. Two different intensities of electrical
stimulation were used—the intensity that elicited the maximal H-reflex (H,,..,,)
amplitude (black bars) and that elicited an amplitude of ~50% of H,,,,, (gray
bars) during standing. *, +P < 0.05, significantly different from the respective
control (standing) values.
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Fig. 7. Effect of loading on the FCR H-reflexes during standing and DGO passive stepping in 10 subjects. H-M recruitment curves at standing (4 and C) and
passive stepping (B and D), with load (40% unloading of body weight; A and B) and without load (100% unloading; C and D) obtained from a single subject.
E and F: group means of H-reflex amplitudes with (black bars) and without (gray bars) load. Two different stimulus strengths were used to elicit the Hux
amplitude (E) and ~50% of H,,, (F) while standing. *, +P < 0.05, significantly different from values during the respective standing conditions.

walking. Furthermore, even while performing isolated knee or
hip passive movements of the ipsilateral leg with the same
DGO system, the magnitude of the FCR H-reflex did not
show any suppression compared with during quiet standing
(T. Nakajima and T. Kitamura, unpublished observations).
Delwaide and Toulouse (1981) previously demonstrated that
stretch reflex amplitudes in the leg muscle were not sup-
pressed by passive, discrete wrist movement in the remote
muscle. Taking all of these observations into consideration,
we favor the explanation that stepping-related afferents aris-
ing from combined joint movements in both legs play a key
role in generating suppression of the FCR H-reflex ampli-
tudes during our DGO stepping.

We further investigated the effect of load-related afferent
feedback on the FCR H-reflex amplitude during the stance
phase of passive stepping and standing. During locomotion,
inputs from load-related receptors are important for the
neural control of locomotion (Dietz et al. 2002; Duysens et
al. 2000; Pearson and Collins 1993; Shoji et al. 2005;
Stephens and Yang 1999; Van de Crommert et al. 1998).
The potential mechanoreceptors include those in muscles,
skin, and joints from both legs (Duysens et al. 2000). In fact,
we have observed strong facilitation of the cutaneous reflex
in the TA muscle during the late-stance to early-swing phase
of passive loaded stepping but not during passive unloaded
stepping (Nakajima et al. 2008). More recently, we inves-
tigated the effect of body load on the amplitude of the
H-reflex in the Sol muscle using the same DGO system
(Kamibayashi et al. 2010) and found that the Sol H-reflex

was equally suppressed by passive stepping, both with and
without body loading. This was also true in the current study
for the suppression of the FCR H-reflex during passive
stepping (see Fig. 6). In addition, load-related afferent feed-
back during rhythmic arm movement was shown to have no
influence on Sol H-reflex suppression in the stationary leg
(S. R. Hundza, G. C. de Ruiter, and E. P. Zehr, unpublished
observations).

Based on these findings, it is unlikely that load-related
afferent feedback contributed to the suppression of FCR H-re-
flex amplitude during passive stepping in our experimental
situations [e.g., our population of subjects and number of
subjects (n = 10)].

Lack of Phasic Reflex Modulation in the FCR during
Passive Stepping

We found that movement-related afferent feedback from
both legs does not produce a phase-dependent modulation of
the FCR H-reflex (see Figs. 3 and 4). Indeed, the specific
source of the modulation is not certain, although these findings
may indicate that the phasic afferent inputs arising from pas-
sive leg movements are conveyed to the ascending, long
propriospinal neurons responsible for the inhibition of the

.monosynaptic reflex arc in the other segments of the spinal

cord (Alstermark et al. 1987; Cheng et al. 1998; Dietz 2002;
Frigon et al. 2004; Loadman and Zehr 2007; Misiaszek et al.
1998; Zehr and Duysens 2004). More recently, de Ruiter et al.
(2010) reported that suppression of the Sol H-reflex amplitude
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was dependent on the phase of movement during active arm
cycling. Probably descending commands accompanying active
arm cycling generate phasic modulation of the H-reflex during

remote rhythmic movement. Based on these and our findings,

it is likely that afferent information for stepping plays an
important role in generating tonic suppression of the H-reflex
amplitude in remote muscles (Cheng et al. 1998; Misiaszek et
al. 1998; Sasada et al. 2010). These features of the general
suppression of forelimb reflex excitability during passive leg
stepping can be explained by the afferent-induced presynaptic
inhibition on the Ia terminals of the FCR H-reflex circuitry
during locomotor activity (Cheng et al. 1998; Frigon et al.
2004; Misiaszek et al. 1998; Sasada et al. 2010; Zehr and
Duysens 2004). This discussion is based on indirect evidence
in humans (Frigon et al. 2004; Zehr et al. 2007), and further
study is needed to determine the possible contribution of
presynaptic inhibition on suppression of the H-reflex pathway
during passive movement of the remote limb. In addition,
further investigation is needed to elucidate the functional
implication of walking-related afferent signals on remote H-
reflex- suppression during walking.

It has been suggested that it is possible to regain locomotor
abilities after spinal cord injury with intense stepping training
on a treadmill (Dietz et al. 2002; Van de Crommert et al. 1998).
As a translational implication for rehabilitation, our findings
suggest that there may be a potential therapeutic use for passive
stepping in the management of spasticity in remote muscles
after spinal cord injury and stroke (cf. Hundza et al. 2009; Zehr
and Duysens 2004; Zehr et al. 2009). In fact, a relationship has
been seen between spasticity and hyperexcitable reflexes (e.g.,
H-reflexes; Levin and Hui-Chan 1993); however, specific stud-
ies designed to test this hypothesis are needed.
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