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Abstract. Severe spinal cord injury (SCI) affects the ability
of functional standing and walking. As the locomotor central
pattern generator (CPG) in the lumbosacral spinal cord can
generate a regulatory signal for movement, it is feasible to acti-
vate CPG neural network using intra-spinal micro-stimulation
(ISMS) to induce alternating patterns. The present study
identified two special sites with the ability to activate the
CPG neural network that are symmetrical about the posterior
median sulcus in the lumbosacral spinal cord by ISMS in adult
rats. A reversal of flexion and extension can occur in an attempt
to generate a stepping movement of the bilateral hindlimb by
either reversing the pulse polarity of the stimulus or changing
the special site. Therefore, locomotor-like activity can be
restored with monopolar intraspinal electrical stimulation on
either special site. To verify the motor function regeneration
of the paralyzed hindlimbs, a four-week locomotor training
with ISMS applied to the special site in the SCI + ISMS group
(n=12) was performed. Evaluations of motor function recovery
using behavior, kinematics and physiological analyses, were
used to assess hindlimb function and the results showed
the stimulation at one special site can promote significant
functional recovery of the bilateral hindlimbs (P<0.05). The
present study suggested that motor function of paralyzed
bilateral hindlimbs can be restored with monopolar ISMS.

Introduction

Restoring the motor function of the paralyzed limbs has
always been an important aim of neuroscience research.
Motor dysfunction of the limbs and the trunk below an injured
segment after spinal cord injury (SCI) caused by falling from

Correspondence to: Professor Xiaoyan Shen, School of
Information Science and Technology, Nantong University, 9 Seyuan
Road, Nantong, Jiangsu 226019, P.R. China

E-mail: xiaoyansho@ntu.edu.cn

Key words: spinal cord injury, central pattern generator, neuro-
modulation, intra-spinal micro-stimulation, motor function recovery

high altitude, traffic accidents and disease (1), severely affects
the quality of life of individuals (2).

Spinal neural networks serve an important role in the
execution of locomotion (3). Grill (4) pursued an approach
to activate spinal neural networks: Restoration of function
by electrical activation of higher-order interneurons directly
instead of using synaptic activation of spinal neurons indi-
rectly. These networks of spinal neurons, known as spinal
locomotor central pattern generators (CPGs), are normally
modulated by supraspinal and peripheral inputs, but retain
the intrinsic ability to regulate the rhythmical and reciprocal
activation pattern of hindlimb muscles after SCI, even in the
absence of supraspinal and/or afferent input (5,6). Thus, the
locomotor CPG is a dedicated neural network that gener-
ates regulatory signals for movements and contains signals
that activate different motor neurons in the appropriate
sequence and intensity to generate motor patterns (7-10). The
coordination and control of damaged muscles can be effec-
tively restored by electrical stimulation of the CPG. Thus,
intraspinal microstimulation (ISMS), known as an electrical
stimulation therapy for motor function recovery consisting
of stimulation through fine, hair-like microwires targeted at
the ventral horn of the lumbosacral enlargement, has been
proved effective for restoring standing and walking following
SCI (11-13). The implantation of intraspinal microwires and
chronic applications of ISMS is generally well tolerated by
spinal cord tissue (14). The mechanisms of action of ISMS
and the clinical application prospect of ISMS have been
widely discussed (15,16). Focal ISMS has been observed to
activate sets of interneurons that projected to, and activated,
motor neuron pools to generate synergistic motion (17-19).
Gaunt et al (20) found that ISMS at a single point in the grey
matter of the spinal cord could activate afferent terminals
along the entire length of the lumbosacral enlargement. By
activating the neural networks within the lumbosacral spinal
cord, ISMS can generate inherently synergistic movements
that are weight-bearing and fatigue-resistant (21,22). Through
targeted activation of hindlimb locomotor-related networks,
ISMS has been used to restore walking in SCI cats (23).
Accurate and robust control of the multi-joint movement can
be achieved by focally stimulating the target muscle motor
pools within the spinal cord (24). Holinski ef al (25) developed
a feedback-driven ISMS system to enhance the functionality of
stepping by reducing muscle fatigue and to produce synergistic
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movements by activating neural networks in the spinal cord.
A fully intradural intraspinal microstimulation implant based
on wireless floating microelectrode arrays has been exploited
and the long-term stability of the implant in the spinal cord
assessed (26). Barthélemy et al (27) focused on the use of the
same polarity of the pulse for scanning stimulation of various
loci of the spinal cord and described the distribution of various
types of hindlimb responses evoked by ISMS in spinal cats.
However, they did not consider the effect of the pulse polarity
of the stimulus on the movement patterns of the bilateral
hindlimbs. If different movement patterns can be induced by
changing the polarity of the stimulation signal, then combina-
tions of movement patterns can be generated by editing the
positive and negative pulse signals to achieve a reduction both
the number of stimulation electrodes and secondary injury to
the spinal cord.

The present study aimed to investigate the effects of the
different pulse polarity of stimulus on the movement patterns
of the bilateral hindlimbs when applied to the same site and
further developed a gait function reconstruction training with
a single site stimulation strategy. It also conducted a 4-week
evaluation of the effects of a single site stimulation training
protocol.

Materials and methods

Experimental animals. All rats were purchased from
Laboratory Animal Center, Nantong University School of
Medicine (Nantong, China). Rats were kept in a tempera-
ture- and humidity-controlled environment with a 12:12-h
light-dark cycle and allowed free access to food and water.
The housing conditions adhered to specific requirements,
including a temperature range of 18-26°C and relative
humidity of 40-70%. Typically, the rat housing temperature
was 1-2°C warmer than the ambient temperature, while the
humidity was 5-10% higher. The noise level did not exceed 85
decibels, and the concentration of ammonia was <20 ppm. The
lab was kept dry and ventilated. A total of 60 Sprague Dawley
rats (age, 10 weeks; weight, 220-280 g) that provided valid
experimental data were used. They were randomly divided
into four experimental groups: Intact group (n=6; 3 males; 3
females), test group (n=30; 15 males, 15 females; exploration
of the location of those special sites with the ability to activate
the CPG neural network and appropriate stimulus parameters,
not used for comparison), SCI group (n=12; 6 males, 6 females
incomplete SCI due to weight impact) and SCI + ISMS (n=12;
6 males, 6 females; incomplete SCI followed by ISMS training:
20 min/day, 5 days/week, 4 weeks;). At the end of all experi-
ments, 62 rats were sacrificed, including two rats in the SCI +
ISMS group that were excluded from the present study due to
electrode detachment problems.

Determination of the location of special sites in the spinal cord.
All survival surgical procedures were performed under aseptic
conditions. The animal's body temperature and respiratory rate
were monitored simultaneously. The operating table was kept
at a constant temperature of 37°C to maintain the physiologic
body temperature of the rats. A total of 30 rats in the test group
were anesthetized with an intraperitoneal injection of sodium
pentobarbital (30 mg/kg) (28). A midline incision was made

over the skin in the back, exposing the thoracic vertebra (VT)9
and VT12-lumbar vertebra (VL1). The L1-L5 spinal segments
(VT12-VLI vertebral segments) were identified and the skin
was cut along the direction of the spine. The corresponding
segments of the spinal cord and vertebrae are shown in Fig. 1A.
The lamina surface muscles were removed by a hemostat to
expose the lamina. The length of each vertebra segment which
was denoted as Sy(i=1,2,3) and the transverse diameter of the
spinal lumbar enlargement (L2 spinal segment) which was
denoted as D were measured. The locations of the motor func-
tion points in the lumbosacral spinal cord are described as the
positions in the corresponding vertebral segment, denoted as
x,y and z. The intersection of the posterior median sulcus of
the spinal cord and the cephalic side of the spinal segment was
taken as the coordinate origin (29). The mediolateral direction
X, dorsoventral direction Y, and rostrocaudal direction Z were
normalized by

=2 vt _Eri—_19c
X—DR,F TeL .'.',{E 1, 2, 3), respectively.

ISMS using a stimulus isolator (ISO-Flex; A.M.P.I.) was
applied to the spinal cord with a PFA-Coated Tungsten Wire
(A-M Systems, LLC) electrode except for the tip and the elec-
trode that served as a reference in the electrical stimulation,
which was inserted into the adjacent muscle. The stimulation
was applied to one point at a time in different parts of the
L1-L5 spinal cord segments and from the midline to 2.5 or
3 mm on either side. The electrode was held in a microdrive
and was mounted on a stereotaxic manipulandum with X and
Z coordinates. Stimulation was performed on the mediolateral
displacements (where 0 was on the midline) along the X axis
at intervals of 200 ym and dorsoventral (where 0 was on
the dorsal surface) along the Z axis at intervals of 500 ym.
Stimulation tracks went from the dorsal surface to 1.8-2.1 mm
deep in 300 ym intervals along the Y axis. Two patterns of
movement were defined here: Pattern 1, left hindlimb exten-
sion and right hindlimb flexion; pattern 2, left hindlimb
flexion and right hindlimb extension (The combination of the
two patterns can realize a complete gait cycle movement.) A
constant pulse of positive or negative currents (200 us pulse
width, 33 Hz frequency) was delivered. Only when the reversal
of the pulse polarity of the stimulus was performed and the
two patterns switched, can the point be confirmed as a special
site. The duration of the entire surgery was 2-3 h. At the end
of the surgery, euthanasia was performed by intraperitoneal
injection of sodium pentobarbital (150 mg/kg) to reduce the
pain of the animal. At five minutes after the administration
of anesthesia, the rats' pupils were observed with a flashlight,
and the absence of a constriction response was an indication
that the animal had succumbed. To confirm that the rats were
deceased, professionals were consulted to ensure compliance
with ethical and standard procedures.

Efficacy evaluation of special sites activation with ISMS after
SCI

Preparation of SCI model. To establish an incomplete SCI
model, laminectomy was performed at the selected level
(VT9). The vertebra was stabilized using a clamp system
and an impactor (MASCIS Impactor Model-I11; W.M. Keck
Center for Collaborative Neuroscience, The State University of
New Jersey, Piscataway, NJ, USA) was used to apply injury of
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Figure 1. Experimental design and timeline. (A) The corresponding segments of the spinal cord and vertebrae. The length of each vertebra segment (VT12,
VTI13, VT 1) was denoted as S;(i=1,2,3). (B) A schematic of preparing the contusion model. (C) Implanted electrodes at the special site right of the midline in
the SCI + ISMS group three days before the training. (D) A constant alternating positive and negative pulse was delivered to the special site right of the midline
in the SCI + ISMS group for four weeks. During the ISMS training, (E) the Basso-Beattie-Bresnahan scale, (F) grip strength, (G) detailed kinematics and
EMG and (H) somatosensory-evoked potentials analyses were used to assess the recovery of motor function. Color markers were attached bilaterally to bony
landmarks at the iliac crest (green), hip (green), knee (yellow), ankle (red) and fifth metatarsal (red) to collect the hindlimb movements. VT, thoracic vertebra;
VT, lumbar vertebra; SCI, spinal cord injury; ISMS, intra-spinal micro-stimulation; EMG, electromyography.

desired severity. In the experiment, injury of moderate severity
was applied by using the stimulus parameters described below.
The diameter of the impact head was 2.5 mm, the weight 10 g
and the height 6.25 mm.

Electrode implantation. Rats in the SCI + ISMS group were
implanted with electrodes to chronically record muscle
activity [electromyography (EMG)]. Pairs of PFA-Coated
Tungsten Wires were sewn into the selected hindlimb muscles
[the lateral gastrocnemius (LG) and the tibialis anterior (TA)]
for dual electrode recordings. The stimulating electrode was
attached to the special point right of the midline in the spinal
cord by biocompatible dental cement [Root Canal Fitting
Materials MTA; Longly Biotechnology (Wuhan) Co., Ltd.].
One additional wire that served as a reference electrode
for use in electrical stimulation was sewn into the adjacent
muscle. At the end of the experiment, the muscles and skin
were sutured and thoroughly washed with saline. After the
surgery, the animal was placed in an insulated incubator
until it regained consciousness. The rats were manually

urinated and injected with gentamicin sulfate (3 mg/kg)
for anti-inflammatory treatment three days after surgery.
Careful postoperative care was given for the next four weeks.
However, two rats were excluded from this group because
their implanted electrodes became dislodged on the first and
third days, respectively. The SCI + ISMS group consisted of
12 rats and was euthanized four weeks later via intraperi-
toneal injection of sodium pentobarbital (150 mg/kg). The
method used for verifying mortality is similar to the one
aforementioned.

Locomotor training with ISMS. The day after the spinal cord
surgery (i.e., post-operative day 1), rats in the SCI + ISMS
groups underwent a four-week locomotor training period with
ISMS. A constant alternating positive and negative pulse was
delivered according to the following pulse train stimulation
parameters: 200 psec pulse width; 33 Hz frequency; 30 msec
interval of the pulse of the same polarity; 1.5 sec interval
between positive and negative pulse trains and 3 sec duration
of stimulation.
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Assessment methods. Evaluation of motor function recovery
combined behavioral, kinesiological and physiological
approaches (Fig. 1). The initial assessment for movement char-
acteristics used the Basso-Beattie-Bresnahan (BBB) scale (30),
EMG and kinematics (29) and grip strength (31,32)] to
precisely assess hindlimb function rebuilding. Somatosensory-
evoked potentials (SEPs) (33-35) were used to detect
electrophysiological function for evaluating the recovery of
spinal pathways.

BBB locomotor scale. To evaluate the motor function of
hindlimbs, a 21-point BBB locomotion scale was used based
on the movement of joints and the placement of paws and
coordination of forepaw and hindlimbs on days 1, 3, 7, 10, 14,
21 and 28 after surgery.

EMG and kinematic testing procedures. EMG was collected
using a Keypoint Portable apparatus (Dantec™ Keypoint®
Focus; NEUROLITE AG). The EMG data set was obtained
from bilateral recordings in the TA (ankle flexor) and the LG
(ankle extensor). TA and LG with the best signal-to-noise ratio
were retained for analysis.

Kinematic data were obtained using the Open MV CAM
(OpenMV4 CAM H7; OpenMYV, LLC) system without elec-
trical stimulation. Color markers were attached bilaterally to
bony landmarks at the iliac crest, hip, knee, ankle and fifth
metatarsal to collect the hindlimb movements.

Grip strength testing procedures. The grip strength in all
groups was determined without electrical stimulation by
a grip strength meter (Stoelting Co.). The maximum grip
strength was determined as the force recorded just before the
rat released the bar. This was repeated three times a day and
the maximum value was recorded.

SEPs testing procedures. Electromyograph and evoked poten-
tial equipment (Dantec™ Keypoint® Focus; NEUROLITE
AG) was used to measure SEPs. The negative electrode of the
stimulation electrode was inserted into the common peroneal
nerve of the left hind limb of the rat (lateral gastrocnemius
muscle) and the positive electrode was inserted ~0.8 cm distal
to the negative electrode. Electrical stimulation was conducted
at a frequency of 3 Hz, pulse intensity between 2 and 4 mA, a
pulse width of 0.1 msec and 200 repetitions. The stimulation
intensity was set to make the toes of the bilateral hindlimbs
twitch slightly. The stimulation induced electrical activity
from the lateral gastrocnemius muscle passing through the
peripheral and central nervous system when nerve fiber action
potential transmission, until the synaptic potentials. The
recording electrode was placed in the sensory cortex of the rat
brain and the reference electrode was placed under the mucosa
of the hard palate of the rat. The ground electrode was placed
between the stimulating electrode and the recording electrode.
SEPs collected in the present study were composed of a forward
wave (P) and a negative wave (N). The latency and amplitude
of SEPs were recorded before the operation and on days 7, 14,
21 and 28 after the operation. Spinal cord conduction capacity
(latency) and synchronous discharge quantity (amplitude) of
the sensory or motor nervous system can indirectly reflect the
recovery ability of motor function after SCI (35).

Table I. iIEMG of the intact, SCI + ISMS and SCI groups of
TA and LG of right legs in rats when the negative and positive
pulses were applied to the right special site.

Time iEMG (mV) Intact SCI + ISMS SCI
Day 14 TA 7.16 1.53° 1.12°
LG 7.83 0.95*° 0.31%°
Day 21 TA 7.13 3.26*° 2.25%
LG 7.84 415 1.13%®
Day 28 TA 7.17 7.13%0 597
LG 7.81 7.7220 6.02*°

“Indicates a significant difference between the SCI + ISMS group and
the SCI group in the same row. Significant differences in LG were
observed between the SCI + ISMS group and the SCI group at 14, 21
and 28 days, while significant differences in TA were also observed
between these two groups at 21 and 28 days *Significant difference
between TA and LG iEMG data from the same column at the same
time. As the number of days increased, the iEMG values for TA and
LG in the SCI + ISMS/SCI group gradually increased. iEMG. elec-
tromyography integration; SCI, spinal cord injury; ISMS, intra-spinal
micro-stimulation; TA, the tibialis anterior, ankle flexor; LG, lateral
gastrocnemius, ankle extensor.

Statistical analysis. Statistical tests were performed with SPSS
240 software (IBM Corp.). To compare the effects of special site
stimulation using ISMS on the recovery of hindlimbs movement
two-way mixed [group (SCI + ISMS/SCI) x time (days 1, 3,7, 10,
14,21 and 28 after surgery)] ANOVA with Bonferroni's multiple
comparison adjustment method was performed on BBB loco-
motor scales following ISMS. Two-way mixed [group (SCI +
ISMS/SCI) x time (days 3, 7, 10, 14, 21 and 28 after surgery)]
ANOVA with Bonferroni's multiple comparison adjustment
methods was performed on grip strength after ISMS. Two-way
mixed [group (SCI + ISMS/SCI) x time (days 7, 14, 21 and 28
after surgery)] ANOVA with Bonferroni's multiple comparison
adjustment methods was performed on SEPs following ISMS.
Two-way mixed [group (SCI + ISMS/SCI) x iEMG data (TA,
LG)] ANOVA with Bonferroni's multiple comparison adjust-
ment methods was performed. Paired t-tests were used to assess
the activation current threshold of flexion and extension muscles
and negative and positive pulses which evoked two move-
ment patterns. Group data in the graphs were the mean + the
standard deviation. Data in Table I are presented as the mean.
The collected gait data was processed by processing software
(Processing 3.5.3; Processing Foundation) to generate stick
diagrams and trajectories.

Results

Special sites in the spinal cord. A total of 30 rats in the test
group were used to explore and verify the special sites.

Location of the special sites. Multiple sites were found on each
side of the lumbar enlargement on which electrical stimulation
evoked alternating activity in groups of flexors and extensors
of the bilateral hindlimbs. However, two optimal sites could be
identified as special sites, as the movement pattern immediately
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Figure 2. Assessment of the location of the special sites. (A) Longitudinal view of the spinal cord. The grey spots represented the scanning sites traversed
during stimulation. The purple dots and area circled by purple wireframe indicated the area that could induce alternating movement of hindlimbs. The red
dot and the green dot indicated the position of special sites. (B) Transverse view of the spinal cord. (C) Three-dimensional coordinate diagram displaying
the special sites. The red dot PL represented the special point left of the midline and the green dot PR represented the special point right of the midline.

(D) Normalized representation of special coordinates.

switched once the pulse polarity of the stimulus was switched.
Longitudinal and transverse sections of VT12-VL1 vertebral
segments were drawn, with grey dots representing the points of
ISMS stimulation, purple dots representing the locations that
can evoke alternating left-right movement and red and green
dots representing the locations where the special site appeared.
The red dot was the optimal site in the left side of the spinal
cord and the green dot was the optimal site in the right side of
the spinal cord (Fig. 2A and B). The three-dimensional map
depicting the location of special sites which could activate
movement pattern 1 and pattern 2 of the bilateral hindlimbs
was also drawn (Fig. 2C). According to the normalized coor-
dinates of intact rats (Fig. 2D), the special sites were located
in the L2 spinal segment and described as the left special site
(Pp) and the right special site (Pg). Py was determined as (X, Y,
Z)=(0.377%0.196, 0.619+0.019, 0.780+0.143) and P, was deter-
mined as (X, ¥, Z)=(-0.385+0.182, 0.638+0.020, 0.779+0.147).
Furthermore, when negative pulse was applied to Py, pattern
1 was induced and when the polarity of the stimulus was
switched from negative pulse to positive pulse and application

continued to the same site, pattern 2 was induced. Therefore,
considering the above phenomena and the criteria defined in
the methods, Py and P, were identified as optimal sites and the
target special sites.

Moreover, it was found that the position of the site did not
change when electrical stimulation was applied to the special
site by the stimulating electrode in the SCI + ISMS groups in
the following four weeks after the incomplete SCI caused by
weight impact.

Amplitude of stimulus current. The amplitudes of the current
used in 30 rats to induce alternation of hindlimbs by stimulating
the special site were measured as was the changed current
when the polarity of the current was switched to reverse the
movement patterns of the bilateral hindlimbs. Paired t-tests
were used to assess the activation current threshold of flexor
and extensor muscles and negative and positive pulses which
evoked two movement patterns (Fig. 3B and D). Fig. 3B depicted
the statistical results of the threshold currents for activating the
flexor neurons (blue box bubble plot) and extension neurons
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Figure 3. Heat map of flexor and extensor burst and paired t-test of activation
current threshold of evoking two movement patterns in thirty rats. (A) The
upper left spinal cord stimulation diagram shows the special point right of
the midline of negative pulse stimulation, corresponding to the movement
of pattern 1 shown in the upper right. The lower left spinal cord stimulation
diagram shows the special point right of the midline of positive pulse stimu-
lation, corresponding to the movement of pattern 2 shown in the lower right.
Purple represents extensor burst and the color from dark to light indicates
the decrease of burst degree. (B) Paired t-test of activation current threshold
of flexor and extensor muscles. ““P<0.001 (C) Similar to A, C is the result
of stimulating the special point left of the midline with positive and nega-
tive pulses. (D) Paired t-test of the threshold current of negative and positive
pulses which evoked two movement patterns. “"P<0.001.

(purple box bubble plot). Fig. 3D depicted the statistical results
of the threshold current for negative pulses (brown box bubble
plot) and positive pulses (darker brown box bubble plot) when
the movement patterns were switched. The activation threshold
current of the flexor was 210+55 puA. The activation threshold
current of the extensor was 113+26 uA. The results showed that
the activation threshold currents of flexor and extensor muscles
were significantly different [t=12.179; P=0.001; 95% confidence
interval (CI) 80.66-113.49] through the measurement analysis.
There were also significant differences between the negative
and positive pulse amplitudes which evoked two movement
patterns. The activation threshold current of the negative
pulse was -228+44 uA. The activation threshold current of the
positive pulse was 282+57 uA. The results showed that the acti-
vation threshold currents of evoking two movement patterns
induced by negative pulse and positive pulse were significant
(t=-26.088; P=0.001; 95% C1-550.35- -469.81).

Relationship between stimulation signal/site and the bilateral
hindlimbs movement patterns. Combined with ISMS, four
specific properties were found indicating the relationships
between the polarity of stimulus, the special sites and the
movement patterns.

First, the coordinates of the two special sites indicated that
they were symmetrical on the posterior median sulcus and
yet triggered opposite movement patterns in the left and right
hindlimbs once the polarity of the stimulus was switched.

Second, there was a reciprocal characteristic between the
two symmetrical special sites. That is, when the negative pulse
is applied to P, pattern 2 was induced (Fig. 4A); then when
the same pulse polarity of stimulus was applied to Py, pattern
1 is induced (Fig. 4B). When the polarity of the stimulus signal
was positive, the movement patterns exchanged correspond-
ingly, as shown in Fig. 4C and F.

Third, there was another reciprocal characteristic of both
special sites. When the opposite pulse polarity of the stimulus
was applied to the same special site, it induced the opposite
movement pattern (Fig. 3A and C). When the negative pulse
was applied to P, pattern 2 was induced (Fig. 4D) and when
the reverse polarity was applied to P, pattern 1 was induced
(Fig. 4G). That was the same for P, (Fig. 4E and H).

Fourth, there is a clear and certain relationship between
the pulse polarity and the movement patterns of the bilat-
eral hindlimbs. That is, the positive pulse applied to Pp/P;
faithfully induced the movement of pattern 2/pattern 1. The
negative pulse applied to P, /Py faithfully induced the move-
ment of pattern 1/pattern 2. Under these circumstances, gait
control can be obtained by applying the relevant pulse polarity
of the stimulus to the corresponding special site(Py/P,).

Evaluation of motor function recovery. Rehabilitation training
was designed to evaluate the effect of motor function regenera-
tion and a four-week training for rats in the SCI + ISMS group
was performed to restore the motor function of the bilateral
hindlimbs using ISMS applied to the special site. Alternating
positive and negative pulse trains were continuously delivered
to the Py during the training sessions using a signal generator to
produce the movements of pattern 1 and pattern 2. Meanwhile,
the motor speed of the bilateral hindlimbs of rats was artificially
controlled by the time interval of the stimulus pulse. Evaluation
of motor function recovery combined the BBB scale, EMG and
kinematics, grip strength and SEPs (Fig. SA-E).

BBB locomotor scale. Two-way mixed ANOVA was applied to
analyze the effect and interaction of group and time on the BBB
locomotor scale, considering a Greenhouse-Geisser correc-
tion (data violated the sphericity assumption, with Mauchly's
W=0.022 and P<0.001). Significant effects were observed for
group (F=32.972; P<0.001; partial 1’=0.6), time (F=481.843;
P<0.001; partial n?=0.956) and interaction between time and
group (F=18.153; P<0.001; partial n?>=0.452). In the SCI group,
pairwise comparisons of the BBB scale showed significant
differences (P<0.001) except for day 1 and day 3 measure-
ments (P=0.071), whereas the BBB scale in the SCI + ISMS
group increased significantly (P<0.001). It was observed that
two weeks after surgery, animals in the SCI + ISMS group
were able to slightly move their hindlimb joints, whereas slight
movement of a few joints of the hindlimbs was occasionally
seen in the SCI group (Fig. 5A).

EMG and kinematics assessments. To precisely assess the
recovery of motor function, the kinematics and EMG charac-
teristics of stepping movements was extensively quantified in
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the hindlimb (left/right) movements in the sagittal section. (A and B) The three-dimensional map depicts the location of special sites which could trigger the
switch of two movement patterns of the bilateral hindlimbs. The red dot PL represented the special point left of the midline and the green dot PR represented
the special point right of the midline. (C) A negative current was delivered to the special sites. (D) The left figure shows that when the negative pulse of the
stimulus was applied to PL, the movement of pattern 2 was induced in the rat. The right figure shows the stick diagram of one step cycle in the left/right
hindlimb joint by negative pulse stimulation on PL. (E) The left figure shows that when the negative pulse of the stimulus was applied to PR, the movement of
pattern 1 was induced in the rat. The right figure shows the stick diagram of one step cycle in the left/right hindlimb joint by negative pulse stimulation on PR.
(F) A positive current was delivered to the special sites. (G) The left figure shows that when the positive pulse of the stimulus was applied to PL, the movement
of pattern 1 was induced in the rat. The right figure shows the stick diagram of one step cycle in the left/right hindlimb joint by positive pulse stimulation on
PL. (H) The left figure shows that when the positive pulse of the stimulus was applied to Py, the movement of pattern 2 was induced in the rat. The right figure

shows the stick diagram of one step cycle in the left/right hindlimb joint by positive pulse stimulation on Py.

the intact, SCI + ISMS and SCI groups (Fig. 5C-E). The red
circles showed the movement trajectory of the toes and, as the
training time increased, the movement trajectory showed that
the gait function of rats in both SCI and SCI + ISMS groups
gradually rebuilt. The angles of hindlimb joint and the size of
toe endpoint trajectories in the SCI + ISMS group were bigger
than those of the rats in the SCI group and after 4 weeks of
training, the range of motion was significantly similar to that
of the intact rats.

The grey shading in the EMG indicates the presence of
complementary phase in the EMG bursts of a pair of flexor
and extensor muscles (Fig. 5C-E) and the corresponding EMG
integral values are shown in Table I. At 14 days after the injury,
rats in the SCI group could only move their hindlimbs slightly
and no significant EMG bursts were observed in the antago-
nistic pair of muscles. By contrast, rats in the SCI + ISMS
group showed improved hindlimb joint mobility, with weak
bursts of muscle activity. On day 21, all rats in the SCI + ISMS
group demonstrated a substantial increase in EMG bursting
patterns or tonic activity in their hindlimb muscles and exhib-
ited stepping movements. After four weeks, the EMG activity
in the muscles of rats in the SCI + ISMS group was greatly
improved compared with the rats in the SCI group. The EMG

in rat muscle reached levels similar to those recorded during
spontaneous movement in intact rats.

Grip strength assessment. Atthree days postoperatively, hindlimb
grip strength was particularly weak in both the SCI and SCI +
ISMS groups, at <0.5 N. At 1-2 weeks postoperatively, there was
a significant increase in hindlimb grip strength in the SCI + ISMS
group, approaching 10 N, while the hindlimb grip strength in the
SCI group improved more slowly. After 4 weeks of training, the
maximum hindlimb grip strength of the rats in the SCI + ISMS
group was close to 14 N, which was closer to the maximum
hindlimb grip strength of the rats in SCI group (11 N) than to that
of the intact group (18N). Two-way mixed ANOVA was applied
to analyze the effect and interaction of group and time on the
grip strength, considering a Greenhouse-Geisser correction (data
violated the sphericity assumption, with Mauchly's W=0.06 and
P<0.001). Significant effects were observed for group (F=28.356;
P<0.001; partial n?=0.563), time (F=1631.072; P<0.001; partial
1?=0.987) and interaction between time and group F=4.881;
P=0.007; partial *=0.182). Grip strength increased significantly
over time in both groups (P<0.001). The grip strength of the
SCI + ISMS group was significantly greater than that of the SCI
group at each measurement (P<0.001; Fig. 5B).
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Figure 5. Results of the assessment of motor function after SCI based on BBB scale, EMG, kinematics, grip strength. (A) Effects of ISMS training on SCI rats
assessed by BBB scale on days 1, 3,7, 10, 14, 21 and 28 days after surgery. In each measurement, the simple effect was significant in both groups and became

more significant over time (P<0.001). The final recovery effect in the SCI + ISMS

was superior to that in the SCI group "P<0.05, vs. group; "P<0.05, vs. previous

time point. (B) Time course of grip strength of the SCI + ISMS and SCI groups. ‘P<0.05, vs. group; “P<0.05, vs. previous time point. (C) Representative illustra-
tions of EMG and kinematic features in the intact group. (D) Representative illustrations of EMG and kinematic features at 14, 21 and 28 days in the intact
SCI + ISMS group. (E) Representative illustrations of EMG and kinematic features at 14, 21 and 28 days in the SCI group. The toe trajectories recorded overall
session are displayed for different experimental data including during pre-lesion locomotion, illustrating the marked improvement of foot movements. The
range of hindlimb joint angles also shows the recovery ability of all groups. SCI, spinal cord injury; BBB, Basso-Beattie-Bresnahan; EMG, electromyography;
SEPs, somatosensory-evoked potentials; ISMS, intra-spinal micro-stimulation; TA, the tibialis anterior; LG, lateral gastrocnemius.

SEPs assessment. At 7 days postoperatively, the SEPs (P and N
waves) changed due to the injury: The latency was somewhat
prolonged and the amplitude correspondingly reduced. The
main reason for this was the blockage of the upstream pathway

following SCI, which resulted in the inability of the upstream
nerve signals to transmit signals through the spinal cord when
the nerve impulses transmitted them to the cerebral cortex, dras-
tically reducing the number of nerve conduction and therefore
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Figure 6. Results of the assessment of motor function after SCI based on SEPs. (A) Latency and amplitudes of P wave were recorded by SEPs on 7, 14 and
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significantly reducing the speed of nerve conduction in the
upstream pathway. With ISMS following injury, the latency and
amplitude would gradually approach that of SEPs in intact rats.
As shown in Fig. 6A and B, the latency of the P-wave in the
SCI group (34 msec) was much longer than that of the P-wave
in intact rats (20 msec) at 7 days postoperatively, whereas the
latency of the P-wave in the SCI + ISMS group (31 msec) was
reduced compared with that of the SCI group. The amplitude of
the P waves in the SCI group (1.6 mV) was much smaller than
that of the intact rats (10 mV), whereas the amplitude of the P
waves in the SCI + ISMS group (3 mV) increased compared with
that of the SCI group. The latency and amplitude of the N waves
also showed the same trend. After 3-4 weeks of stimulation, the
latency of the P and N waves in the SCI + ISMS group gradually
decreased and the amplitude became higher. By the fourth week,
the latency and amplitude more closely resembled the SEPs of
the intact rats and the rats in the SCI + ISMS group improved
compared with than the rats in the SCI group in terms of
overall improvement in SEPs. As represented in Fig. 6A and B,

an improvement in the function of the sensory pathways was
inferred based on the increase in amplitude and reduction of the
latency in SEPs. The latency and amplitude values of P and N
showed a gradual improvement in the SEPs of all rats from the
first week to the end of the study. The application of two-way
mixed ANOVA showed significant differences among the SCI +
ISMS and SCI groups in latency and amplitude of SEPs at every
time point (P<0.001). With the ISMS training, rats in the SCI +
ISMS group exhibited significant improvement in the latency
and the amplitude of SEPs over time (P<0.001).

All outcome measures revealed that a four-week period of
ISMS locomotor training was sufficient to improve walking
symmetry and correct the residual hindlimb deficits on the
side of the lesion in SCI models.

Discussion

The present study first reported that two special sites were
symmetrical on the posterior median sulcus and that ISMS
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can induce bilateral alternation of two movement patterns of
the bilateral hind limbs after stimulating either of these two
special sites once the polarity of the stimulus is changed.
Based on this finding, four weeks of ISMS locomotor training
was designed to examine the efficacy of stimulation at the
special site on the reconstruction of lower limbs. Male and
female rats did not differ significantly at the biological level
during the experiment. The present study illustrated that
the implantation of a pair of microelectrodes on the special
site in the lumbosacral spinal cord in combination with the
training of the bilateral hind limbs could be used to restore
locomotor-like activity following SCI. ISMS is commonly
used as a means of recovery motor function in animal
experiments following SCI, activating the motor networks
in the spinal cord distal to the site of injury (36). The present
study also found that the threshold of stimulation amplitude
increases slightly over time and that the position of the two
special sites did not migrate with time, no matter which
segment was damaged. It was observed in the present study
that, before the identification of the optimal sites that induce
alternating flexion and extension movements, a double
rhythmic fast-jitter phenomenon of the bilateral hind limbs
may be the specific manifestation of the neuronal network
oscillation. Moreover, there is compelling evidence that
neuronal connections between the left and right sides and
those between the cervical and lumbar levels coordinate the
activities of spinal CPGs (37). The optimal sites on the left
and right of the spinal cord that control the stepping move-
ment of the bilateral hind limbs are symmetrical concerning
the posterior median sulcus, but the movement patterns
generated by the stimulation using the same polarity pulses
are complementary. These phenomena indicated that these
specific sites may be closely related to CPGs. The induced
body movement phenomenon met the characteristics of
the CPG network responsible for walking, controlling the
rhythm and the coordinated movement patterns of the bilat-
eral hind limbs (38-40). In the process of transection injury
of the VT9 vertebra segment, cutting off from the cerebral
cortex neural control signaling pathways, the hind limbs
spontaneously produced rhythmic movements uncontrolled
by the upper central nervous system (5-7). Nevertheless,
the two points identified using the method described were
consistent with the stimulation positions of the bilateral
alternating movements of the hind limbs induced by ISMS
as mentioned in a number of published studies, both located
in the L2 segment of the spinal cord (41-43). Therefore, it
was hypothesized that these two optimal points were the
activation sites of the CPG network responsible for hind
limb walking and the special sites henceforth referred to as
A-CPG sites.

Our studies have also indicated that micro-stimulation
via a microelectrode did not merely activate an individual
‘motor pool’, but rather activated a complex spinal neural
network that could generate coordinated, multi-joint flexion
or extension movements (44,45). As an exploration of the
motor mechanism by which unilateral stimulation can produce
bilateral activation, the lower limb motor neural network was
modelled as a CPG model in which the ipsilateral flexion
and extension neurons inhibit each other via inhibitory inter-
neurons, whereas the two contralateral extensor (or flexor)

neurons produce excitatory activation primarily via excitatory
interneurons. When an electrical stimulus was applied to the
A-CPaG site, it was equivalent to activating the entire neuronal
network. Excitatory and inhibitory effects were transmitted
between flexion and extension neurons via synapses, culmi-
nating in a bilateral pattern of motor activation. Compared
with Saigal et al (23), in which a single micro-wire stimulating
motor neuron pool of the cat produced single-joint movements
as well as coordinated multi-joint synergies, the present study
used fewer electrodes to activate the movement patterns and,
when switching the pulse polarity of the stimulus, it could
realize the switch of the movement pattern and thus finally
form a complete gait movement. To further explore the mecha-
nism behind this finding, the authors will next investigate from
the perspective of electrophysiology or physical engineering to
explain the relationship between the polarity of stimulus, the
A-CPG sites and the movement patterns.

In conclusion, based on the A-CPG sites that are found
to control the switch of two movement patterns, the present
study assessed recovery based on electrical stimulation using
mono-polar ISMS. It was possible to recover the gait function of
paralyzed hind limbs after SCI by controlling one pair of elec-
trodes on the spinal cord. It has been demonstrated that ISMS
has several advantages over direct muscle stimulation (46-48).
The disadvantage of the intramuscular stimulation was rapid
muscle fatigue and ISMS was able to elicit prolonged and
stable force generation (49). Compared with muscle stimula-
tion, the present study greatly reduced surgical complexity, the
number of implanted electrodes required and muscle fatigue.
It is hoped that the present study will provide some insight into
the motor function recovery of paralyzed limbs following SCI.
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