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Abstract
Electrical stimulation in�uences neural stem cell neurogenesis. We analyzed the effects of electrical
stimulation on neurogenesis in rodent spinal cord-derived neural stem cells (SC-NSCs) in vitro and in vivo
and evaluated functional recovery and neural circuitry improvements with electrical stimulation using a
rodent spinal cord injury (SCI) model. Rats (20 rats/group) were assigned to a sham (Group 1), SCI only
(Group 2), SCI + electrode implant without stimulation (Group 3), and SCI + electrode with stimulation
(Group 4) groups to count total SC-NSCs and differentiated neurons and evaluate morphological changes
in differentiated neurons. Further, the Basso, Beattie, and Bresnahan scores were analyzed, and the motor
and somatosensory evoked potentials in all rats were monitored. In vitro, biphasic electrical currents
increased SC-NSC proliferation and neuronal differentiation and caused qualitative morphological
changes in differentiated neurons. Electrical stimulation promoted SC-NSC proliferation and neuronal
differentiation and improved functional outcomes and neural circuitry in SCI models. Increased Wnt3,
Wnt7, and β-catenin protein levels were also observed after electrical stimulation. In conclusion, our study
proved the bene�cial effects of electrical stimulation on SCI. We believe that Wnt/β-catenin pathway
activation may be associated with this relationship between electrical stimulation and neuronal
regeneration after SCI.

Introduction
Neural stem cells (NSCs) are capable of self-renewal and multipotency and are potential treatments for
neurodegenerative diseases and spinal cord injury (SCI), for which treatment options are scarce. Stem cell
transplantation for SCI has been tested in animal models 1–6. Clinically, NSC proliferation and
differentiation into speci�c neuronal types are important for successful exogenous stem cell
transplantation 7,8; nonetheless, these processes also pose challenges in SCI studies using endogenous
spinal cord-derived NSCs (SC-NSCs).

Numerous studies have reported that SCI can induce SC-NSC proliferation and differentiation 9–11. These
observations suggest that the correct activation of this proliferation and differentiation in the injured
spinal cord could elicit signi�cant neural regenerative effects. Previous studies have shown that
treatment with growth factors and other substances results in some level of proliferation and
differentiation 11–15. In recent studies, non-chemical methods (i.e., without using maintenance factors for
NSC proliferation and differentiation) have been introduced 16–18, mainly involving electrical �elds.

In the review article by Juanmei et al., the importance of Wnt/β-catenin signaling in neural stem cell
homeostasis was described in depth 19. In the canonical Wnt signaling pathway, unphosphorylated β-
catenin accumulates in the cytoplasm and is translocated to the nucleus. This translocated β-catenin
plays an essential role in neuronal differentiation and proliferation by activating a series of Wnt signaling
target genes. Ghorbani et al. demonstrated in their recent report using a SCI rat model that electrical
stimulation activates the noncanonical and canonical Wnt signaling pathways 20. They proposed that
electrical stimulation may affect recovery from SCI through the Wnt signaling pathways.
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With this background, we tried to conduct a more comprehensive experiment to explore the relationship of
electrical stimulation with the neurogenesis of SC-NSCs and the change in the Wnt signaling pathway.
Herein, we conducted in vitro and in vivo experiments to investigate the effects of electrical stimulation
on rodent SC-NSC proliferation and differentiation and the Wnt signaling pathway. We also analyzed the
bene�ts of electrical stimulation to the injured spinal cord based on cellular, functional,
electrophysiological, and histological evidence using a rodent SCI model.

Results

Biphasic electrical currents (BECs) increase SC-NSC
proliferation in vitro
We referred to the in vitro study by Chang et al. on the relationship between BECs and the proliferation
and differentiation of fetal NSCs 17. The total number of SC-NSCs increased signi�cantly for different
stimulation magnitudes compared to the control (Fig. 1A). Speci�cally, 10 µA/cm2 BECs with 100 and
200 µs pulses at 7 days resulted in a signi�cant increase compared to control numbers (p < 0.001). In the
lactate dehydrogenase (LDH) assay, 5, 10, and 20 µA/cm2 BECs with 200 µs pulses result in no
cytotoxicity to SC-NSCs (Fig. 2)

BECs increase SC-NSC differentiation based on
morphological and quantitative features in vitro
The number of neuronal nuclear protein (NeuN)-positive cells was signi�cantly increased by 5 and 10
µA/cm2 BECs with 100 µs pulses and by 5, 10, and 20 µA/cm2 BECs with 200 µs pulses (Fig. 1). An
analysis of NeuN-stained cells in the merged image indicated newly differentiated neurons; thus, these
results implied a quantitative increase in differentiated neurons. BECs at 40 µA/cm2 did not increase NSC
differentiation. The number of differentiated neurons was signi�cantly higher with 10 µA/cm2 BECs and
200 µs pulses, similar to the results of the proliferation assay (p < 0.001). By microtubule-associated
protein 2 (MAP2) and DAPI immuno�uorescence (IF), the morphological changes in differentiated
neurons (total neurite length and number, and the number of branching points) differed slightly according
to the BEC degree (magnitude, duration) and stimulation day (Fig. 3). Overall, 20 µA/cm2 BECs with 200
µs pulses resulted in a signi�cant increase in morphological changes in differentiated neurons (p < 0.05
or p < 0.01).

Electrical stimulation promotes activation of the Wnt3 and
Wnt7/β-catenin signaling pathways in SCI
The protein levels of Wnt3 and Wnt7 were higher in the SCI groups (Groups 2, 3, and 4) than in the sham
group (p < 0.01) at both 3 and 7 days after SCI (Fig. 4A and Fig. 4B). However, the proportional difference
between the SCI and sham groups decreased at 7 days after SCI. Compared to all other groups, Group 4
showed signi�cantly increased Wnt3 and Wnt7 protein levels at both 3 and 7 days after SCI (p < 0.05).
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The β-catenin protein level pattern was similar to that of Wnt3 and Wnt7 in all groups (Fig. 4C) and was
signi�cantly higher in Group 4 (p < 0.01)

Electrical stimulation promotes SC-NPSC expression and
neurogenesis in SCI
All SCI groups had a greater area of nestin-positive cells than did the sham group (p < 0.05; Fig. 5). This
area was greater in Group 4 than in the other SCI groups, suggesting that electrical stimulation promotes
SC-NPSC expression. All SCI groups had a smaller area of TUJ1 positive cells compared to the sham
group (p < 0.05 or p < 0.01; Fig. 6). However, Group 4 showed markedly higher TUJ1 positive cells than the
other SCI groups (p < 0.01). The pattern of NeuN-positive cells in western blotting was identical to that of
TUJ1-positive cells in immuno�uorescence (IF) staining (Fig. 7).

Electrical stimulation leads to decreased astrogliosis in SCI
All SCI groups except Group 4 had a greater area of GFAP-positive cells compared to the sham group (p < 
0.01; Fig. 8). Group 4 showed markedly lower GFAP positive cells than the other SCI groups (p < 0.01). The
statistical difference between sham and Group 4 was not signi�cant. This result suggests that electrical
stimulation would in�uence astrogliosis decrease in SCI.

Electrical stimulation leads to improved locomotor recovery
after SCI
Following electrical stimulation, until 3 days after SCI, the Basso, Beattie, and Bresnahan (BBB) score of
Group 4 was not signi�cantly different from that of the other SCI groups (Fig. 9). However, a slight
difference between the SCI groups began to emerge even at this early time point. At 7 days after SCI,
which is at the border of the acute SCI phase, a signi�cant difference in the BBB score (p < 0.05) was
observed between Groups 4 (7.1 ± 0.2) and 3 (4.7 ± 0.4) 21. A similar signi�cant difference (p < 0.05) was
observed 21 days after SCI, which represents the subacute SCI phase (Group 4: 12.9 ± 0.5; Group 3: 9.2 ± 
0.4). Not only the differences between Groups 4 and 3 (14.8 ± 0.3 vs 10.2 ± 0.4, p < 0.01, at 35 days after
SCI; 14.7 ± 0.4 vs 10.5 ± 0.5, p < 0.05, at 42 days after SCI) but also the differences between Groups 4 and
2 (Group 2: 11 ± 0.5, p < 0.05, at 35 days after SCI; 10.9 ± 0.7 at 42 days after SCI) were signi�cant at 35
and 42 days after SCI, representing chronic SCI. These results suggest that electrical stimulation could
enhance the recovery of hindlimb motor function in all post-SCI phases, particularly during the chronic
phase.

Electrical stimulation leads to recovery of neural circuitry, including ascending and descending spinal
tracts, in SCI

Somatosensory evoked potentials (SSEPs) and motor evoked potentials (MEPs) re�ect ascending and
descending spinal tract functions, respectively. We assessed the integrity of the neural circuitry using
electrophysiological measures. In SSEP recordings, the difference in P1 wave latency between the sham
group and the SCI groups was statistically signi�cant at 42 days after SCI (sham group: 15.3 ± 1.1; Group
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2: 35.2 ± 3.7; Group 3: 37.1 ± 4.1; p < 0.01; Fig. 10A). However, the difference in P1 wave latency between
the sham group and Group 4 was not statistically signi�cant (Group 4: 21.3 ± 4.6). The P1 wave latency
was signi�cantly in Group 4 shorter than in the other SCI groups (p < 0.01). The difference in P1 wave
amplitude between the sham group and all SCI groups was signi�cant at 42 days after SCI (sham group:
2.7 ± 0.09; Group 2: 1.2 ± 0.03; Group 3: 1.2 ± 0.02; Group 4: 1.5 ± 0.02; p < 0.01). The P1 wave amplitude
in Group 4 was not signi�cantly higher than that of the other SCI groups, unlike in the case of P1 wave
latency.

In MEP recordings, the difference in latency between the sham group and all SCI groups was signi�cant
at 42 days after SCI (sham group: 6.1 ± 0.1; Group 2: 16.6 ± 0.2; Group 3: 16.9 ± 0.2; Group 4: 13.2 ± 0.1; p 
< 0.01; Fig. 10B). The latency was signi�cantly shorter in Group 4 than in the other SCI groups (p < 0.01).
The amplitude in all SCI groups was signi�cantly decreased, compared to the sham group, at 42 days
after SCI (sham group: 3.9 ± 0.1; Group 2: 1.5 ± 0.1; Group 3: 1.5 ± 0.1; Group 4: 2.4 ± 0.1; p < 0.01).
Although the amplitude in Group 4 was signi�cantly lower than that in the sham group, it was
signi�cantly higher than that in the other SCI groups (p < 0.01). Figure 10C is photograph of anesthetized
rat undergoing SSEP and MEP recordings.

Electrical stimulation reduces neuronal tissue damage in
the SCI condition
The spared tissue area of all SCI groups showed a similar pattern; the farther away from the lesion
epicenter, the more the spared tissue area (Fig. 11B). Groups 2 and 3 showed signi�cant decreases,
except for the rostral 6 mm section and the caudal 6 mm section, compared to the sham group (p < 0.01).
Compared to the sham group, Group 4, similar to the other SCI groups, showed a smaller degree in the
rostral 3 mm and caudal 3 mm sections, but the difference was not statistically signi�cant, unlike with
the other SCI groups. Compared with the other SCI groups, Group 4 showed larger degrees than other SCI
groups in the rostral 3 mm and caudal 3 mm sections, as well as the epicenter section. Comparing the
epicenter sections, Group 4 showed statistically larger degrees than the other SCI groups (p < 0.05).

The lesion cavity volume in the epicenter section was analyzed. The mean lesion cavity volumes were
4.13, 4.11, and 2.6 mm2 for Groups 2, 3, and 4, respectively (Fig. 11C). The lesion cavity volume was
signi�cantly smaller in Group 4 than in the other SCI groups.

Discussion
We attempted to �nd the optimal degree of amplitude and pulse duration for neurogenesis, considering
the advice of Ahuja et al. 22, who stated that electric and magnetic �elds are most effective when they
coordinate with the natural rhythm of a reaction 22. Our in vitro study proved that BECs promote the
proliferation and neuronal differentiation of SC-NSCs. Moreover, our results indicated that a speci�c
amplitude and pulse duration (10 µA/200 µs) promotes SC-NSC proliferation and differentiation. Our
results were similar to those of a previous report using NSCs derived from the fetal rat brain 17. To the
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best of our knowledge, no previous in vitro report has used SC-NSCs to investigate the relationship
between neurogenesis and electrical �elds.

Increasing evidence has suggested that electrical stimulation promotes neurogenesis of the peripheral
and central nervous system after injury 8,17,18,23−26. In a study by Chang et al., BECs promoted
neurogenesis in fetal NSCs 17. Further, Qun et al. reported that electrical stimulation of the medullary
pyramid promotes the neurogenesis of oligodendrocyte progenitor cells in the corticospinal tract of adult
rats 23. Becker et al. reported that electrical stimulation enhances progenitor cell birth in the injured spinal
cords of rat SCI models, similar to the results of our in vivo study 27. Moreover, the clinical bene�ts of
electrical stimulation in patients with SCI were veri�ed by Shapiro et al.’s trial using oscillating �eld
stimulation 28. Their results suggested e�cacy in the visual analog score, light touch score, motor score,
and SSEP records. Our in vitro study clearly showed the increased SC-NSC proliferation and
differentiation induced by electrical stimulation. Our in vivo study also showed that electrical stimulation
promotes SC-NPSC expression, expression, and the decrease of astrogliogis in SCI. We believe that our in
vitro and in vivo results provide a theoretical background for strategies of direct electrical stimulation of
the spinal cord for SCI treatments.

Several potential mechanisms underlying the effects of electrical stimulation on NSCs have been
suggested, including micro�lament recombination, cell-surface receptor distribution, and changes in
intracellular Ca2+ dynamics 29–31. A recent study suggested that electrical stimulation promotes neuronal
differentiation and functional maturation by activating autophagy signaling 8. We focused on the Wnt/β-
catenin signaling pathway as a potential mechanism underlying electrical stimulation-induced SC-NSC
neurogenesis. The Wnt/β-catenin signaling pathway has been identi�ed as a signi�cant regulator of
axonal guidance, neuropathic pain remission, and neuronal survival 32,33. Additionally, this pathway
promotes the differentiation of human embryonic NSCs into neuronal cells 34. Recent studies revealed
that activation of the Wnt/β-catenin signaling pathway is crucial for neurogenesis in SCI 35,36. In
particular, Wnt3 and Wnt7, which we investigated in vivo, are the main neurogenesis regulators 20,37.
Ghorbani et al. reported that electrical stimulation signi�cantly increases Wnt3, Wnt7, and nuclear β-
catenin levels 20. However, β-catenin levels differed slightly between our data and their results. In their
study, nuclear β-catenin levels at 14 days after SCI were insigni�cantly higher in the SCI group than in the
sham group. In our study, nuclear β-catenin levels at 3 days after SCI were signi�cantly higher in the SCI
group than in the sham group; nonetheless, at 7 days after SCI, the difference was not statistically
signi�cant. Considering these results, the nuclear β-catenin protein level in the spinal cord might not be
signi�cantly affected by SCI, unlike that of Wnt3 and Wnt7. The protein levels of Wnt3 and Wnt7/nuclear
β-catenin were signi�cantly higher in Group 4 than in the other SCI groups. We believe that Wnt/β-catenin
pathway activation may be one of the links between electrical stimulation and neuronal regeneration.
Further studies, e.g. gene silencing studies involving siRNA or knockout animals, are needed to verify the
relationship between electrical stimulation and Wnt/β-catenin pathway activation.
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Recently, Yang et al. reported improved forelimb motor function in SCI rats through paired electrical
stimulation of the motor cortex and cervical spinal cord using an implanted electrode 38. Wang et al.
demonstrated restored locomotion reactions in the hindlimbs even in a complete SCI rat model generated
by vertically cutting the spinal cord at T8 39. Moreover, Zhang et al. 36 demonstrated enhanced Wnt/β-
catenin signaling and BBB score improvements after electroacupuncture. In our in vivo study, electrical
stimulation also elicited functional recovery after SCI. We attempted to prove the bene�ts of electrical
stimulation to the injured spinal cord in various ways and showed a signi�cant difference in BBB scores
between Group 4 and the other SCI groups, particularly during the chronic SCI phase.

Lastly, we veri�ed histological changes induced by electrical stimulation and con�rmed the larger spared
tissue area and smaller lesion cavity volume in Group 4 relative to those in the other SCI groups. As such,
we con�rmed the bene�ts of electrical stimulation in our in vivo study based on cellular (IF and Western
blot studies of Wnt/β-catenin signaling, SC-NPCs), functional (BBB score), electrophysiological (SSEP
and MEP), and histological (H&E stain) evidence. Considering these bene�ts of electrical stimulation, we
expect that electrical stimulation could make a positive and signi�cant difference in SCI treatment
strategies.

The devices used in the present study have obvious limitations that need to be overcome for actual use
as treatment modalities. First, our current devices included an electrical wire to deliver electrical
stimulation. In our study, the recovery of hindlimb motor function mediated by electrical stimulation was
pronounced during the chronic phase of SCI. Accordingly, repetitive and long-term (> 1 month) electrical
stimulation is needed to elicit signi�cant functional recovery from SCI. However, an electrode implanted
above the spinal cord for 1 month or more, which is externally connected via electrical wire, poses
vulnerability in terms of infection control. Second, the implanted electrode needs to be removed after
su�cient clinical use, which implies additional spinal surgery on the injured spinal cord. Thus, electrode
implantation can place a burden on both patients and doctors. Considering these limitations, we are
currently developing a wireless and biodegradable electrical plate that mitigates infection due to an
external device and the need for removal surgery, and we will report on this in future.

In conclusion, the present study showed that electrical stimulation promotes the proliferation and
neuronal differentiation of SC-NSCs and improves neural circuitry and functional outcomes. Additionally,
qualitative morphological changes in differentiated neurons could be identi�ed. These results were
determined to be mediated by activation of the Wnt/β-catenin signaling pathway. Thus, electrical
stimulation can be an effective strategy for SCI treatment.

Materials And Methods

Animal population
We used adult male Sprague–Dawley rats weighing 290–310 g (Samtako Bio, Osan, Korea) in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, and
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all animal procedures were carried out in compliance with the ARRIVE guidelines. Animals were housed in
a temperature-controlled room with a 12 h light/dark circadian cycle.

In vitro study

Experimental design
In vitro proliferation and differentiation experiments are illustrated in Figure S1A and Figure S1B. We
investigated the 6- and 9-day effects of eight different BEC conditions on SC-NSC proliferation and
differentiation, respectively. SC-NSCs were exposed to 100 Hz electrical stimulation with a magnitude of
5, 10, 20, and 40 µA/cm2, using 100 and 200 µs pulses in a continuous manner. We counted the number
of SC-NSCs at 4 and 7 days for proliferation assessment (Figure S1A). Differentiation was assessed by
counting the number of neurons stained positive for NeuN in merged images at 7 and 10 days (Figure
S1B).

Design and implementation of micro-current-generating in
vitro chamber system
We fabricated a micro-current generating (MCG) chamber system to incubate SC-NSCs during BEC
application. The system could deliver constant current through a constant-current circuit using a
resistance sensor. It could be adjusted to apply 50, 250, or 500 mV/mm electrical �elds. The BECs
(duration: 500 ns, frequency: 200 pulses/s, and exposure time: 48 h) yielded symmetric pulsatile biphasic
square pulses of 50 ms in duration (Figure S2). In this system, positive and negative currents were
generated alternately in six separate culture chambers. The MCG system was composed of a current
controller, a chamber consisting of two platinum-coated electrodes, the main incubator body (160 mm ×
130 mm × 14 mm), an incubator cover (165 mm × 134 mm × 11 mm), six culture chambers (25 mm
internal diameter), O-rings, round chamber coverslips (25-mm diameter), a lens warmer, a humidi�er, and
a bottom plate.

Culture of rodent SC-NSCs
The spinal cord was dissected and incubated in a cocktail containing dispase (0.1%; Boehringer
Mannheim, Heidesheim am Rhein, Germany), DNase (0.01%; Worthington Biochemical Corp., Lakewood,
NJ), papain (0.1%; Worthington Biochemical Corp.), and MgSO4 (12.4%) in Hanks balanced salt solution
(Invitrogen, Grand Island, NY) with glucose (0.45%), for 30 min at 37°C. The dissociated cells were
cultured to form neurospheres in a neurobasal medium containing B-27 (Invitrogen), �broblast growth
factor-2 (FGF2, 20 ng/mL; R&D Systems Inc., Minneapolis, MN), glutamine (2 mmol/L), heparin (2
mg/mL; Sigma-Aldrich, St. Louis, MO), and penicillin/streptomycin (0.1 g/mL; Invitrogen). After 7 days,
the neurospheres were dissociated with Accutase (Innovative Cell Technologies Inc., San Diego, CA), and
5 × 105 NS-NPCs were cultured in 5 mL of culture medium.

Cell proliferation/differentiation assay
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SC-NSCs (2 × 104) were suspended in 100 mL of neurobasal medium containing SP or L-703,606 (both
Sigma-Aldrich) and were cultured in a 96-well plate for 5 days. Various SP (0.01–10 mmol/L) or L-
703,606 (1–10 mmol/L) concentrations were used to evaluate SP function. A 20 mL cell proliferation
assay solution containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS, CellTiter 96 Aqueous One Solution; Promega, Madison, WI) was added to the cells,
which were incubated for 2.5 h at 37°C. Optical density was measured at 490 nm using a microplate
spectrophotometer.

The culture medium of the suspended neurospheres was changed to a differentiation cocktail containing
Neurobasal-A, B-27 (Invitrogen), FGF-2 (20 ng/mL; Invitrogen), heparin (2 mg/mL; Invitrogen), GlutaMAX
(2 mmol/L; Invitrogen), nerve growth factor (2 ng/mL; Sigma-Aldrich), and gentamycin (0.1 mg/mL;
Invitrogen) after centrifugation of the cultures for 5 min at 800 × g at 37°C. The desired concentration of
neurospheres was plated on glass coverslips with poly-L-lysine. Half of the differentiation medium was
changed every 3 days. After 7 days of culture, differentiated cultures were �xed with phosphate-buffered
4% (w/v) paraformaldehyde (Sigma-Aldrich) and processed for IF staining.

Immuno�uorescence staining
We performed IF staining to identify the quantitative and morphological features of differentiation
affected by BECs. NeuN (a marker for neurons, R&D Systems) staining was used to detect differentiated
neurons, and staining for MAP2 (Santa Cruz Biotechnology, Inc.) was used to identify the total neurite
length, number of neurites, and number of branching points. To detect NeuN and MAP2 in cells,
differentiated cells cultured on coated cover glass were washed with 1× PBS, �xed with ice-cold methanol
for 5 min at − 20°C, permeabilized with 0.1% Triton X-100 diluted in 1 × PBS for 15 min at room
temperature, blocked with 2% bovine serum albumin for 1 h at room temperature, and incubated with anti-
NeuN antibody at 4°C overnight. Slides were mounted with ProLong™ Gold Antifade Mountant containing
DAPI (Thermo Fisher Scienti�c, Waltham, MA). Fluorescence images were obtained using an Axioplan-2
epi�uorescence microscope (Carl Zeiss, Jena, Germany). Immunostaining data were analyzed using
ImageJ software (NIH, Bethesda, MD).

Cell toxicity assays
The effects of BECs on cell toxicity were determined using an LDH assay. Cells were examined for 5 days
during BEC stimulation under various conditions. LDH activity in the medium was measured using a
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega) according to the manufacturer’s instructions.
Absorbance was measured at 490 nm using an ELISA reader (Molecular Devices, San Jose, CA). Results
were expressed as percentages of peak LDH release obtained upon the addition of vehicle (0%), as well
as complete cell lysis following the addition of 10% Triton X-100 treatment (100%).

In vivo study

Experimental design and electrode implantation
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The experimental scheme for the in vivo study is shown in Figure S3A. The rats were assigned to the
following groups (20 rats/group): Group 1 (sham), Group 2 (SCI only), Group 3 (SCI + electrode implant
without stimulation), and Group 4 (SCI + electrode with stimulation). After 2 weeks of acclimation, SCI
was induced and electrode implantation was performed. MEP and SSEP were measured before and at 42
days after electrode implantation. Since NSC neurogenesis increases strikingly by 14 days and peaks at
28 days according to a rat cerebral infarction model 40,41, electrical stimulation was applied daily for 28
days. Cords were harvested at 3, 7, and 42 days after SCI. Western blot analysis (4 rats/group) was
performed whenever cord collection was performed. IF staining (four rats/group) and hematoxylin &
eosin (H&E) staining (eight rats/group) were only performed at 7 days and 42 days, respectively.

We manufactured a micro-current generating system for animal testing. The system was composed of a
current controller, electrical wires, and polyimide and gold/titanium-type electrodes (Figure S3B, 2 mm × 5
mm × 0.02 mm [thickness]) implanted in the SCI areas of rats. The dose of the electrical stimulation was
the same as that used in the in vitro system.

The surgical procedures for SCI and electrode implantation are shown in Figure S3C and Figure S3D. The
rats were anesthetized with 25 mg/kg of Zoletil (Virbac Laboratories, Carros, France) and 4.6 mg/kg of
Rompun (Bayer, Leverkusen, Germany). After anesthetization, the back hair of SCI rats was removed by
shaving. Dorsal laminectomy was performed at the T10 level. Thereafter, animals received 0.05 mg/kg of
kanamycin sulfate (Yuhan, Seoul, Korea) as an antibiotic. SCI was applied with the In�nite Horizon SCI
device (Precision Systems & Instrumentation, Lexington, KY) 42. Then, the electrodes were �xed to the
proximal and distal cord sections in the impact area using glue, and the wound was closed with running
sutures. After surgery, the rats were placed on a heating pad in a humidity/temperature-controlled
chamber. Bladders were manually emptied twice daily until autonomous urination was established.
Figure S3E is a photograph of electrical stimulation by our micro-current generating system on rat’s spinal
cord

Western blotting
Under anesthesia, the rats’ thoracic spinal cords were rapidly dissected and immediately homogenized
with cold RIPA buffer (Cell Signaling Technology, Danvers, MA) containing a protease inhibitor cocktail
(GenDEPOT, Katy, TX) on ice. The homogenate was centrifuged at 16,000 rcf for 30 min at 4°C, and the
protein was quanti�ed by performing a BCA assay (Thermo Fisher Scienti�c). Proteins were separated by
molecular weight using 10% SDS-PAGE and transferred from the gel to a nitrocellulose membrane. The
membrane was blocked in 5% non-fat dry milk in tris-buffered saline containing 0.1% tween-20 for 1 h at
room temperature. To detect Wnt3 and Wnt7 (Cell Signaling), NeuN (R&D Systems), β-catenin (Santa
Cruz), and β-actin (Sigma-Aldrich), membranes were incubated with a 1:1000 dilution of the respective
antibodies at 4°C overnight, followed by a horseradish peroxidase-conjugated secondary antibody (all
Cell Signaling) for 1 h at room temperature. Proteins were detected with a LAS 4000 (GE Healthcare,
Chicago, IL) using chemiluminescence reagents (Thermo Fisher Scienti�c) and quanti�ed using Image J.

Histological outcomes
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We measured the spared tissue of H&E-stained spinal cord sections serially in the transverse plane (6 mm
rostral, 3 mm rostral, epicenter, 3 mm caudal, 6 mm caudal) at 42 days (eight rats/group; Fig. 11A). All
animals used for histology were intracardially perfused with phosphate-buffered 4% (w/v)
paraformaldehyde (Sigma-Aldrich). The thoracic spinal cord was excised and post-�xed for 24 h. In brief,
4 µm-thick para�n-embedded sections were cut, depara�nized, and rehydrated for H&E and IF staining.
Sections photographed using a Nikon Eclipse 80i (Minato, Japan) were then tracked using Image J to
outline and quantify lesions to observe reserve tissue areas.

Immuno�uorescence staining
Staining for nestin (a marker of NSCs; Abcam, Cambridge, MA), Tuj 1 (a marker for Neuron, Neuron-
speci�c class III beta-tubulin, Genetex), GFAP (a marker for astrocyte, glial �brillary acidic protein,
Santacruz), and DAPI were used to detect SC-NSCs and neuron. To detect nestin, spinal cord sections
were depara�nized with xylene and rehydrated in an ethanol series. Antigens were retrieved by heating in
10 mM citrate buffer (pH 6.0) for 5 min in a microwave. The sections were then blocked with 4% normal
serum in 0.5% Triton X-100 in 1× PBS for 1 h at room temperature and incubated with anti-nestin
antibodies at 4°C overnight. Cells and sections were washed in 1× PBS and incubated for 1 h with Alexa
Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit IgG (both Invitrogen). Fluorescence
images were obtained using an Axioplan-2 epi�uorescence microscope (Carl Zeiss). Immunostaining
data were analyzed using ImageJ.

Functional outcomes
Rats were functionally evaluated at 1, 7, 14, 21, 28, 35, and 42 days after SCI using the open �eld
locomotor rating scale based on BBB. Functional scores for the hind limb, observed in each animal for 1
min, were recorded and averaged by two evaluators who were blinded to group allocations.

MEP and SSEP monitoring
We referred to Xie et al. for electrophysiological recordings 43. MEP and SSEP recordings were performed
under anesthesia. For MEP measurements, two recording needle electrodes were inserted into the belly of
the gastrocnemius muscle of the left hindlimb. A ground needle electrode was placed in the tail. Two
stimulating needle electrodes were inserted subdermally over the approximate location of the motor
cortex. For SSEP measurement, two stimulating needle electrodes were placed on the tibial nerve of the
left hindlimb, and two recording needle electrodes were embedded under the skin of the anterior
fontanelle. A ground needle electrode was placed in the tail for the MEP. MEP and SSEP recordings were
obtained using a bioampli�er (FE231, ADInstruments, Bellavista, Australia) and PowerLab data
acquisition system (PL3504, ADInstruments).

Statistical analysis
All values are presented as the mean ± standard error of the mean. Groups were compared using a one-
way analysis of variance (ANOVA), followed by a post hoc least-signi�cant difference range test.
Differences in the behavioral scores between the groups at each time point were analyzed using a
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repeated-measures ANOVA with post hoc Tukey’s and Kruskal–Wallis tests. All p-values < 0.05 were
considered statistically signi�cant. All statistical analyses were performed using IBM SPSS for Windows
(version 19.0; IBM Corp., Armonk, NY).
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Figure 1

Results of cell proliferation/differentiation assay with electrical stimulation. (A) Proliferation, (B)
differentiation. Error bars represent mean SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 2

Results of lactose dehydrogenase (LDH) assay in vitro. * p < 0.05, ** p < 0.01.
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Figure 3

Immuno�uorescence results of MAP2 and DAPI staining in vitro. (A) Microscopy. (B) Results of the
morphological changes in differentiated neurons. * p < 0.05, ** p < 0.01.
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Figure 4

Western blotting analysis of Wn3, Wnt 7, and β-catenin in vivo. (A) Wnt3, (B) Wnt7,and (C) β-catenin
results. * p < 0.05, ** p < 0.01.
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Figure 5

Immuno�uorescence results of Nestin and DAPI in vivo. * p < 0.05, ** p < 0.01.
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Figure 6

Immuno�uorescence results of TUJ1 and DAPI in vivo. * p < 0.05, ** p < 0.01.
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Figure 7

Western blotting analysis of NeuN in vivo. * p < 0.05, ** p < 0.01.
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Figure 8

Immuno�uorescence results of GFAP and DAPI in vivo. * p < 0.05, ** p < 0.01.
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Figure 9

Basso, Beattie, and Bresnahan scores. * p < 0.05, ** p < 0.01.
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Figure 10

Electrophysiological recordings. (A) Somatosensory evoked potential (SSEP) and (B) motor evoked
potentials (MEPs) results. (C) Photograph of anesthetized rat undergoing SSEP and MEP recordings. * p <
0.05, ** p < 0.01.
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Figure 11

Histologic outcomes in vivo. (A) Microscopy. (B) Results of spared areas. (C) Results of lesion volumes. *
p < 0.05, ** p < 0.01.
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