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SUMMARY

The hostile environment of an injured spinal cord makes it challenging to achieve higher viability in a grafted tissue-engineered neural
network used to reconstruct the spinal cord circuit. Here, we investigate whether cell survival and synaptic transmission within an NT-3
and TRKC gene-overexpressing neural stem cell-derived neural network scaffold (NN) transplanted into transected spinal cord could be
promoted by electroacupuncture (EA) through improving the microenvironment. Our results showed that EA facilitated the cell survival,
neuronal differentiation, and synapse formation of a transplanted NN. Pseudorabies virus tracing demonstrated that EA strengthened
synaptic integration of the transplanted NN with the host neural circuit. The combination therapy also promoted axonal regeneration,
spinal conductivity, and functional recovery. The findings highlight EA as a potential and safe supplementary therapeutic strategy to rein-
force the survival and synaptogenesis of a transplanted NN as a neuronal relay to bridge the two severed ends of an injured spinal cord.

INTRODUCTION

Spinal cord injury (SCI) disrupts the descending and
ascending axonal tracts and this invariably results in loss
of motor, sensory, and autonomic nerve functions below
the lesion segments. In view of the complicated patho-
physiological process of SCI, so far there is no effective
treatment for SCI. To reverse the devastating outcomes
caused by SCI, it is desirable as the first step to repair the
damaged neuronal circuits for functional recovery.

In the past few decades, neural stem cell (NSC)-based
therapies have been prominently featured in SCI neural
regeneration (Yousefifard et al., 2016). Furthermore, the
combinational application of biomaterials with NSCs is
also being widely explored in the case of SCI (Agbay
etal., 2016; Lin et al., 2016). It is known that neurotrophic
factors modulate the proliferation, differentiation, and
synaptogenesis of NSCs (Chao, 2003; Poo, 2001). We
have reported earlier that the neurotrophin-3 (NT-3)/
TRKC signal pathway promotes the differentiation and
synapse formation of NSC-derived neurons in vitro (Lai
et al., 2016; Wang et al., 2007; Xiong et al., 2009). This
was demonstrated by the fact that NT-3-overexpressed
NSCs (NT-3 NSCs) could induce TRKC-overexpressed
NSCs (TRKC NSCs) to differentiate into neurons with syn-
aptic connections and the potency of synaptic transmis-
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sion in a three-dimensional (3D) poly(lactide-co-glycolide)
(PLGA) scaffold (Xiong et al., 2009). However, when this
scaffold was transplanted into the transected spinal cord,
only a small fraction of cells in the scaffold survived and
most differentiated into astrocytes at the injury/graft site
of the spinal cord (Du et al., 2011, 2014), which could be
attributed to the absence of neurotrophic factors in the
hostile microenvironment of the injured spinal cord (Breg-
man et al., 2002). To address the issue of the low survival
rate of grafted cells, this study sought to use a feasible strat-
egy to enhance the survival and neuronal differentiation of
a grafted tissue-engineered neural network scaffold (NN).
Many studies, including ours, have reported that electro-
acupuncture (EA) treatment can effectively increase neuro-
trophic factor (such as NT-3, BDNE, etc.) secretion, inhibit
inflammation, and promote axonal regeneration, synapse
formation, and neural rehabilitation after SCI (Chen
et al., 2015; Ding et al., 2009; Renfu et al., 2014). The EA
treatment adopted by us is a model of electrical stimulation
in the Governor Vessel (GV) acupoints, which are located
in the sunken points between adjacent spinous processes
at the midline level of the spine. Increasing studies have
shown that electrical stimulation can guide the neurite
growth in vitro and enhance neuron survival and locomo-
tor function improvement of injured spinal cord in vivo
(Han et al., 2016b; Hofstoetter et al., 2018; Yao and Li,
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Figure 1. Co-culture of NT-3-NSCs and TRKC-NSCs in 3D GS In Vitro to Establish an NSC-Derived Neural Network Scaffold with
Functional Synaptic Structure

(A) A neurosphere from GFP-transgenic rat pups comprised NESTIN* NSCs.

(B) PLGA tubes with diameter of 3 mm and length of 2 mm (left), a piece of GS (middle), and appearance of the GS scaffold (right).
(C) NSCs infected with Adv-NT-3 were NT-3" staining (arrow).

(D) NSCs infected with Adv-TRKC showed TRKC" staining (arrow).

(E) Scanning electron microscopy showed that NSC-derived cells in the GS scaffold formed contacts with one another. A neurite of an
NSC-derived neuron-like cell was in contact with another neuron-like cell body (red arrow).

(legend continued on next page)
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2016; Zhang et al., 2017). However, a disadvantage of spi-
nal electrical stimulation is the need for surgery and an
implanted electrode array, which may have undesirable
effects (Kumar et al., 2017). EA is widely used in clinical
practice because of its effectiveness and safety for patients.
Indeed, our previous study found that utilizing EA on GV
acupoints enhances the survival and migration of trans-
planted NSCs in the injured spinal cord, but the grafted
NSCs without gene modification or pre-differentiation
showed low efficiency of neurogenesis of functional neu-
rons for the reconstruction of neural circuitry in injured
spinal cord (Chen et al., 2008). Here, the combination
of NSC-derived NN transplantation and EA treatment is
considered an ideal or optimal approach to achieving
higher survival and neuronal differentiation of grafted
NSCs.

In the present study we first in vitro co-cultured NT-3
NSCs and TRKC NSCs in a 3D gelatin sponge scaffold
(GS) to establish an NSC-derived NN with synaptic trans-
mission. The NN was then transplanted into the transected
spinal cord to investigate whether, when coupled with EA
application, the survival and synaptic transmission of the
grafted NN could be promoted by enhancing the secretion
of endogenous NT-3 in the injured spinal cord.

RESULTS

Co-culture of NT-3 NSCs and TRKC NSCs in 3D GS

In Vitro to Establish an NSC-Derived Neural Network
Scaffold with Functional Synaptic Structure

NSCs derived from the hippocampus of GFP transgenic rat
pups were aggregated as free-floating neurospheres in
in vitro culture and expressed NESTIN (a marker for neural
precursors, Figure 1A). NSCs were transfected by recombi-
nant adenovirus containing the NT-3 gene (Ad-NT-3) or
the TRKC gene (Ad-TRKC) and then seeded in the 3D GS
scaffold (Figure 1B). The expression of NT-3 (Figure 1C)

and TRKC (Figure 1D) proteins in the NSCs was detected
by immunofluorescence (IF) staining in vitro after 14-day
co-culture. Western blot analysis also showed that expres-
sion of NT-3 or TRKC was significantly up-regulated in
Adv-NT-3- or Adv-TRKC-transfected NSCs (Figure S1A).
Scanning electron microscopy showed that NSC-derived
neuron-like cells with neurites formed contacts with one
another in the NT-3 NSC + TRKC NSC group (Figure 1E).
Further, IF staining showed that most NSCs differentiated
into three major cell types, namely, MAP2* neurons,
APC"* oligodendrocytes, and GFAP" astrocytes, with occa-
sional ones being NESTIN* NSCs (Figure S1B). Statistical
analysis of the cell types showed that the NT-3 NSC +
TRKC NSC group had the highest percentage of MAP2*
neurons (60.71% + 7.37%) and the lowest percentage of
GFAP* astrocytes (14.37% + 5.04%), compared with other
groups, and the percentage of APC* oligodendrocytes and
NESTIN* NSCs did not change much among the four
groups (Figure 1F). These findings suggest that the high
expression of both NT-3 and TRKC increases the differenti-
ation of NSCs into neurons.

To determine whether NSC-derived neurons in the GS
scaffold could develop synapses, IF staining, electron mi-
croscopy (EM), and whole-cell patch clamp were per-
formed. In the NT-3 NSC + TRKC NSC group, synapsin I
(SYN, a pre-synaptic marker) (Figure 1G) and post-synaptic
density 95 (PSD9S, a post-synaptic marker) (Figure 1H)
were localized in MAP2* neurons in 14-day culture. West-
ern blot analysis revealed that the expression of SYN or
PSD95 was the highest in the NT-3 NSC + TRKC NSC group
(Figure 1I). EM showed that NSC-derived neurons extended
some long neurites, which connected with one another to
form synaptic structures (Figure 1J). The synapses showed a
pre-synaptic component, synaptic cleft, and post-synaptic
membrane (Figures 1K and 1L). The terminals of some neu-
rites contained a cluster of spherical or flattened agranular
vesicles (Figure 1M), indicating that they were chemical
synapses. Moreover, NSC-derived neurons in the NT-3

(F) Bar chart showing the percentages of MAP2*, APC*, GFAP*, and NESTIN® cells in the NSCs, NT-3-NSCs, TRKC-NSCs, and NT-3-NSCs + TRKC-

NSCs groups (n = 5/group).

(G and H) MAP2* (purple, arrows), GFP™ (green) NSC-derived neurons were labeled with (G) SYN (red) and (H) PSD95 (red) in the NT-3-NSCs +

TRKC-NSCs group.
(I) Western blot analysis of SYN and PSD95 (n = 5/group).

(J-L) Transmission electron microscopy showing profiles of some synaptic structures between the NSC-derived neurons in the NT-3-NSCs +
TRKC-NSCs group. (K and L) High magnifications of two boxed areas in (J) showing pre-synaptic components with spherical agranular
vesicles (arrows), post-synaptic membrane (arrowheads), and synaptic cleft.

(M) EM showed that several neurite terminals (numbered from 1 to 4) aggregate together to form axodendritic-like or axoaxonal-like
synapses (arrows).

(N) Representative traces of mEPSCs.

(0) Bar charts showing the frequency and amplitude of mEPSCs in 4 groups (n = 10/group).

One-way ANOVA with least significant difference (LSD) t; *p < 0.05 indicates significant difference from the NSC group; *p < 0.05 indicates
significant difference from the NT-3 NSCs; ®p < 0.05 indicates significant difference from the TRKC NSC group. Scale bars: 40 um in (A), (C),
and (D); 10 um in (E); 5 um in (G) and (H); 100 nm in (J); 200 nm in (K-M).
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NSC + TRKC NSC group also exhibited expression of more
neurotransmitters, such as choline acetyltransferase, gluta-
minase, and glutamate decarboxylase 67, than other
groups (Figures S2A and S2B). Electrophysiology evaluation
was performed by whole-cell patch clamp to detect minia-
ture excitatory post-synaptic currents (mEPSCs) and action
potentials (APs) generated by NSC-derived neurons. Under
a holing potential of —70 mV, NSC-derived neurons ex-
hibited the mEPSCs (Figure 1N). The quantification anal-
ysis showed that the frequency of mEPSCs in the NT-3
NSC + TRKC NSC (0.83 + 0.20 Hz) group was significantly
higher than that in the GS (0.26 + 0.12 Hz), GS + EA (0.50 =
0.14 Hz), and NN (0.52 + 0.18 Hz) groups, but there was no
difference in the amplitude of mEPSCs in the four groups
(Figure 10). About 10% of NSC-derived neurons could be
recorded with one or more consecutive APs in the NT-3
NSC + TRKC NSC group (Figure S2C). Taken together, these
results suggest that overexpression of NT-3 and TRKC in
the NN may facilitate synaptogenesis of NSC-derived neu-
rons with capability of synaptic transmission in vitro.

Survival and Neuronal Differentiation of Transplanted
NSC-Derived Neural Network In Vivo
To investigate whether EA could promote grafted GFP* cell
survival, the GFP* number and volume in the NN were
measured. At 8 weeks after transplantation, a few GFP* cells
were distributed in the graft site of the spinal cord in the NN
group, but more GFP* cells were observed in the graft site
and some migrated into the caudal host tissue in the NN +
EA group (Figures 2A and S3). The number and volume of
GFP* grafts in the NN + EA group were larger than those
in the NN group (Figure 2B; p < 0.05). In addition, western
blot analysis also showed that GFP expression in the NN +
EA group was more than that in the NN group (Figure 2C).
To evaluate differentiation phenotypes of grafted GFP*
cells, IF staining and counting of three types of differenti-
ated cells were performed at 8 weeks after transplantation
(Figures 2D-2G). Quantitative analyses showed that the per-
centage of MAP2*GFP* neurons in the NN + EA (33.58% +
6.37%) group was higher than that in the NN (11.50% =+
4.38%) group (Figure 2D), whereas the percentage of
APC*GFP" oligodendrocytes does not show significant dif-
ference between the NN + EA group and the NN group (Fig-
ure 2E). The percentage of GFAP*GFP" astrocytes in the
NN + EA (45.10% + 5.51%) group was lower than that in
the NN (71.95% + 7.54%) group (Figure 2F). NESTIN*GFP*
NSCs were not found in the NN and NN + EA groups.

Synaptic Maintenance between NSC-Derived Neurons
and Synapse Formation between NSC-Derived

Neurons and Host Neurons

To evaluate whether EA is beneficial in maintaining synaptic
structure and establishing new synaptic connections of

grafted NSC-derived neurons with host neurons at 8 weeks
after transplantation, IF staining and western blot were
carried out. The results of SYN/MAP2/GFP and PSD95/
MAP2/GFP triple-labeled IF staining showed that grafted
MAP2*GFP" neurons expressed less SYN and PSD9S5 in the
NN group than those in the NN + EA group (Figure 3A). Espe-
cially, in the NN + EA group, many graft-derived MAP2" neu-
rons emitted intense SYN staining in the injury/graft site
(Figure 3A). Western blot analysis showed that the expres-
sion of SYN and PSD9S in the NN + EA group was signifi-
cantly higher than that in the NN group (Figure 3B). In
addition, the GFP/NF/SYN triple-labeled IF indicated the
potential of synaptic formation between the graft-derived
neurons and the host NF* axons in the NN + EA group (Fig-
ures 3C and 3D). Immunoelectron microscopy (IEM) further
demonstrated that grafted GFP* neurons could form syn-
apse-like contacts with one another in the graft site of spinal
cord in the NN + EA group (Figure 3E). In addition, IEM also
showed that grafted GFP* cells formed synapse-like struc-
tures with host neurons (Figures 3F and 3G). Taken together,
these results suggest that EA may facilitate maintaining syn-
aptic structure and establishing new synaptic-like connec-
tions of grafted NSC-derived neurons with host neurons.

Pseudorabies Virus Tracing

To determine whether EA could promote the integration of
grafted NSC-derived neurons with spinal cord neural cir-
cuit, pseudorabies virus (PRV) was injected into the sciatic
nerve bilaterally for retrograde transsynaptic tracing. The
numbers of PRV-labeled neurons in the T9 (2 mm rostral
to the injury/graft site), T10 (injury/graft site), and T11
(2 mm caudal to the injury/graft site) spinal segments
were enumerated (Figure 4A). In the T9 and T10 segments,
the number of PRV-labeled neurons in the NN + EA group
was significantly higher than that in the NN group, but
PRV-labeled neurons were absent in the T9 and T10 seg-
ments of the GS and GS + EA groups (Figures 4B and 4C).
In the T11 segment, the number of PRV-labeled neurons
in the NN + EA (28.57 + 1.40) group was significantly
higher than that in the GS + EA (21.53 + 1.99) and GS
(19.37 + 1.66) groups, and the number of PRV-labeled neu-
rons in the NN (26.77 + 1.91) group was higher than that
in the GS group (Figure 4C). The results suggest that EA
treatment can enhance the integration of grafted NN as
neuronal relays with the host spinal cord neural circuit to
transmit neural signals from the rostral region across the
injury/graft site to the caudal region of injured spinal cord.

Axonal Regeneration

To quantify the number of regenerating axons in the injury/
graft site of spinal cord, GAP43 and NF immunostaining was
performed. The results showed that NN graft and/or EA
could promote regrowth of the GAP43™ axons into the
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Figure 2. EA Promotes the Survival and Differentiation of NSC-derived Neurons in Transplanted Neural Network Scaffold In Vivo
(A) Representative confocal microscopy images from the NN and NN + EA groups 8 weeks after SCI. The dashed curves outline the interface

of graft and host.

(B) Bar chart showing the quantification of the number and volume of grafted GFP* cells (n = 5/group; Mann-Whitney U test, *p < 0.05).
(C) Western blot analysis of GFP expression in the injury/graft site in the NN + EA and NN groups at 8 weeks after SCI (n=5/group; Student’s

t test, *p < 0.05).

(D-F) Bar charts showing the percentage of GFP* cells differentiating into (D) MAP2" neurons, (E) APC* oligodendrocytes, and (F) GFAP*
astrocytes at 8 weeks after graft (n = 5/group; Student’s t test, *p < 0.05).

(G) Representative confocal microscopy images for MAP2, APC, and GFAP IF (arrows).

Scale bars: 1 mm in (A); 40 um in (G); 10 pum in the high-magnification boxed areas in (G).

injured site. Compared with the GS group, the relative den-
sity of GAP43* axons was significantly increased in the areas
rostral and caudal to the injury/graft site in the NN + EA,
NN, and GS + EA groups (Figures 5A-5E). However, there
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was no significant difference in GAP43-positive axon rela-
tive density in the areas rostral and caudal to the injury/graft
site between the GS + EA group and the NN group (Figures
5B, 5C, and 5E). In the NN + EA group, GAP43* axon relative
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Figure 3. Maintenance and Establishment of Synaptic Connections in the Injury/Graft Site of Spinal Cord

(A) Representative images of cells triple labeled with GFP (green), MAP2 (red), and SYN (purple) or PSD95 (purple) in the epicenter of
the injury/graft site. The merged images show the colocalization of GFP/MAP2/SYN or PSD95 (arrows).

(B) Western blot analysis of SYN and PSD95 expression in the graft site of spinal cord at 8 weeks after SCI (n = 5/group, Student’s t test,
*p < 0.05).

(C and D) (C) NF* host-derived axons and grafted GFP* neurons in the injury/graft site of spinal cord were visualized by IF. (D1-D4)
Magnified images of boxed area D in (C) that were triple labeled with (D1) anti-GFP (green), (D2) NF (red), (D3) SYN (purple), and (D4) their
merged image. Arrow indicates a NF'GFP* cell in contact with a NF'SYN™ host axon (arrowheads).

(E) Representative IEM image of grafted GFP* cells (*, labeled by DAB) in the NN + EA group. The red arrow indicates a grafted GFP* cell
(*) forming a synaptic contact with another GFP* cell (*).

(F) IEM image showing a host neuron and a GFP* (* in G) grafted cell process.

(G) An enlarged view of boxed area in (F) showing a synaptic-like contact (arrow).

Scale bars: 20 pm in (A) and (C); 10 um in (D1)-(D4); 400 nm in (E); 1 um in (F); 200 nm in (G).
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density in three areas was significantly higher than that in
the GS, GS + EA, and NN groups (Figures SA-5E). Further-
more, the results of NF immunostaining were comparable
to those of GAP43. In the NN + EA group, the relative den-
sity of NF* axons was also obviously higher than that in the
GS and GS + EA groups, as well as that at the area rostral to
the injury/graft site in the NN group (Figures S4).

Improvement of Locomotor Function
As a widely used clinical electrophysiological evaluation,
the latency and amplitude of evoked potentials were used
as major parameters to reflect the nerve conduction veloc-
ity and the number of nerve fibers, respectively. In the
Sham group, cortical motor evoked potential (CMEP) and
somatosensory evoked potential (SSEP) had a large
response amplitude and shortened latency (Figures 6A
and S6A). In the GS group, rats showed weak CMEP and
SSEP signals, but the GS + EA and NN groups showed
greatly improved CMEPs and SSEPs (Figures 6A-6C and
S6). Wonderfully, NN + EA treatment could further shorten
the latency and increase the amplitudes of CMEPs and
SSEPs compared with other treatments (Figures 6C and S6).
The hindlimbs of the rats were completely paralyzed
following T10 spinal cord transection. From 4 weeks after
SCI, hindlimb locomotor performance was improved grad-
ually in all groups. At the end of the eighth week, the Basso,
Beattie, and Bresnahan (BBB) score of the NN + EA (7.33 =
0.65) group was significantly higher than that of the GS
(3.33 £ 0.49), GS + EA (4.92 + 0.67), and NN (5.67 + 0.72)
groups (Figure 6D). At 8 weeks after SCI, the results of the
45° inclined grid climb test showed that all 10 NN + EA
treated animals (100%) responded with at least one hin-
dlimb to light touch (contact placing) and joint bending
(proprioceptive) stimuli (Figures 6E and 6F, Video S1). It
was significantly higher than the percentage of contact
placing or proprioceptive responses in the GS (20% or
30%), GS + EA (40% or 50%), and NN (40% or 60%) groups.
In the NN + EA group, the contact placing was symmetrical
in six rats and proprioceptive response in eight rats, which
was higher than that in the GS group. Although the senso-
rimotor reflexes in the GS + EA and NN groups were

improved, there was no statistical difference compared
with the GS group (Figure 6E).

Detecting NT-3 Level and TRKC/AKT Molecule
Activities in the Injured Spinal Cord

Here, we explored whether EA could maintain NT-3 at a
higher level in the injury/graft site and sustain the survival,
neuronal differentiation, and synaptic formation of grafted
NN by the NT-3/TRKC/AKT signal pathway. The results of
ELISA and western blot showed that EA indeed could in-
crease NT-3 level (Figure S4) and augment expression of
p-TRKC in the injury/graft site at 8 weeks after SCI in the
GS + EA and NN + EA groups (Figures 7A and 7B). Moreover,
p-TRKC and p-AKT expression levels in the NN + EA group
were higher than in other groups (Figure 7B). Furthermore,
the percentages of p-TRKC*GFP* and p-AKT*GFP* cells in
the NN + EA (24.86% + 2.57% and 33.60% =+ 4.47%) group
were increased compared with the NN (7.40% + 1.77% and
9.95% = 2.15%) group (Figures 7C and 7D). The results sug-
gest that NN + EA can increase NT-3 level and activate the
TRKC/AKT signaling pathway to promote the survival,
neuronal differentiation, and synaptic formation of grafted
cells in the injury/graft site of spinal cord.

DISCUSSION

Our previous study found that EA treatment can improve
the microenvironment of the injury site of spinal cord
and promote the migration of grafted stem cells (Chen
et al., 2008; Ding et al., 2009). However, the donor NSCs
showed a low survival rate. Therefore, this study was
extended to investigate whether cell survival and synaptic
transmission within NT-3 and TRKC gene-overexpressing
NN grafted into transected spinal cord could be promoted
by EA through improving the microenvironment at 8 weeks
after SCI. The major finding in the present study is that EA
markedly enhanced the survival and synaptic integration
of grafted NN with the host spinal neural network by
increasing NT-3 level and activating the NT-3/TRKC/AKT
signaling pathway in the injured spinal cord tissue.

Figure 4. PRV Retrograde Tracing of Transplanted NSC-Derived Neurons in the Injury/Graft Site of Spinal Cord
(A) A schematic diagram showing injection of PRV as a neuroanatomical tracer into the sciatic nerve. This resulted in transsynaptic and
retrograde labeling of the grafted NN, thus demonstrating it as neuronal relays that can rebuild the synaptic integration with host neural

circuits.

(B) Representative images showing that the MAP2™ (purple) host or NSC-derived neurons (arrowheads) were retrogradely labeled by PRV
(red) in the rostral and caudal areas to and in the injury/graft site of spinal cord in the GS (B1-B6), GS + EA (B7-B12), NN (B13-B18), and

NN + EA (B19-B24) groups.

(C) Bar chart showing the number of PRV-labeled neurons in the T9, T10, and T11 areas in 4 groups (n = 3/group; one-way ANOVA with
LSD t, *p < 0.05 indicates significant difference from GS group; *p < 0.05 indicates significant difference from GS + EA; *p < 0.05 indicates

significant difference from NN group).

Scale bars: 20 pum in (B1)-(B14), (B17)-(B20), (B23), and (B24); 10 pum in (B15), (B16), (B21), and (B22).
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Figure 5. Assessment of GAP43"* Axons in the Injury/Graft Site of Spinal Cord
(A-D) Representative images showing GAP43" axons in the (A) GS, (B) GS + EA, (C) NN, and (D) NN + EA groups. The dashed curves outline
the interface of graft and host. The enlarged images from the rostral and caudal areas and the injury/graft site of spinal cord are shown in

(A1-A3), (B1-B3), (C1-C3), and (D1-D3).

(E) Bar charts showing GAP43™ axon relative density in the rostral and caudal areas and the injury/graft site in 4 groups (n = 5/group;
one-way ANOVA with LSD t, *p < 0.05 indicates significant difference from the GS group; *p < 0.05 indicates significant difference from the
GS + EA group; ¥p < 0.05 indicates significant difference from the NN group).

Scale bars: 1 mm in (A-D); 100 um in (A1)-(A3), (B1)-(B3), (C1)-(C3), and (D1)-(D3).

Here, we replaced the PLGA scaffold with a cylindrical GS
scaffold for the construction of a 3D neural network scaf-
fold because GS has a chemical composition similar to
that of collagen, yet lacks antigenicity (Gamez Sazo et al.,
2012; Niu et al., 2014). In vitro, the NN had higher expres-
sion of neuronal marker MAP2, pre-synaptic marker SYN,
and post-synaptic marker PSD95 with typical synaptic
structure in the NT-3 NSC + TRKC NSC group, along with
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APs and higher frequency of mEPSCs compared with other
groups. These results confirmed that overexpression of
NT-3 and TRKC could enhance the functional maturation
of the NSC-derived neurons. These findings are supported
by the previous studies, which have demonstrated that
NT-3 binding to its receptor TRKC can initiate synaptic
modifications through the Rapl-MAPK, CaMKIV-CREB,
and PI3K/AKT signal pathways (Je et al., 2006; Lai et al.,
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Figure 6. Outcomes of Electrophysiology, BBB Locomotion Assessment, and Grid Climb Test

(A) CMEPs were obtained by electrophysiological analysis in the GS, GS + EA, NN, and NN + EA groups.

(B and C) Bar charts showing the (B) latency and (C) amplitude of CMEPs (n = 5/group; one-way ANOVA with LSD t).

(D) Graph of BBB score of the hindlimb locomotor function in 5 groups (n = 10/group; one-way ANOVA with LSD t).

(E) Bar charts showing the percentage of rats that recovered two sensorimotor reflexes with one hindlimb or two hindlimbs in 45° inclined
grid climb test (n = 10/group; Fisher’s exact test).

(F) Serial pictures of movement of the rats’ feet (arrowheads) while crawling upward from bottom.

*p < 0.05 indicates significant difference from the GS group; *p < 0.05 indicates significant difference from the GS + EA group; ®p < 0.05
indicates significant difference from the NN group; *p < 0.05 indicates significant difference from the NN + EA group.
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2016). In addition, a recent study has reported that NT-3 is
required for TRKC-dependent pre-synaptic differentiation
through increased binding of dimerized TRKC with pre-
synaptic protein tyrosine phosphatase o (Han et al,
2016a). These data indicate that the co-cultured NT-3
NSCs and TRKC NSCs in a 3D GS scaffold are able to create
a tissue-engineered neuronal network by forming synaptic
connections among the NSC-derived neurons.

In severe SCI, with the lack of essential neurotrophic fac-
tors coupled with unfavorable microenvironment, only a
small fraction of NSC-derived neurons in a grafted neural
network can survive and differentiate into neurons in the
injury/graft site of the spinal cord (Lin et al., 2016). It has
been reported that transplantation of fibrin matrices con-
taining NSCs with various growth factors dramatically
enhanced graft survival in an SCI model, and graft-derived
neurons thus obtained long-distance axonal growth and
partially restored the disrupted neural circuits (Lu et al.,
2012). However, the use of neurotrophic factors is hindered
due to the short half-life in the systemic circulation. To
avoid these undesirable outcomes, we attempted to use
EA to enhance the survival and synaptic integration of
the grafted NN with the host spinal circuit of the transected
spinal cord. EA treatment has been widely used and is
known for its benefits in restoration, synapse formation,
and neural rehabilitation after SCI, which may be attrib-
uted to its enhancement of neurotrophic factor secretion,
anti-oxidation, anti-inflammation, and anti-apoptosis
(Jiang et al., 2014; Renfu et al., 2014; Zhang et al., 2017).
EA is also considered as an electrical stimulation model
for specific acupoints. There is increasing evidence that
low-frequency electrical stimulation can inhibit neuronal
apoptosis and promote neural regeneration in vitro and
in vivo (Greenebaum, 2015; Hamid and Hayek, 2008; Han
et al., 2016b).

The present results from GFP* cell counting and GFP
western blot demonstrated that EA could increase grafted
cell survival, and the findings of IF, IEM, and electrophysi-
ology also indicated that grafted cells differentiating into
neurons (including excitatory and inhibitory neurons)
could form synapses and be activated during signal trans-
mission, and the end result is that excitatory signaling
plays a dominant role. As Steward concluded, excitatory
neurons act as neuronal relays and are a key component

in transmitting signals from the brain to the spinal cord
(Bonner and Steward, 2015). Although specific molecular
mechanisms remain to be elucidated, the present study
has shown that EA can promote the long-term persistent
expression of endogenous NT-3 along with the activation
of p-TRKC and p-AKT in the injury/graft site. Activated
AKT (p-AKT) is involved in the regulation of several impor-
tant cellular processes in neurons, including survival, dif-
ferentiation, and metabolism (Dudek et al., 1997; Sinor
and Lillien, 2004). We have reported previously that the
PI3K/AKT/mTOR and PI3K/AKT/CREB pathways, but not
the « CAMKII/CREB pathway, control the formation of syn-
apses for NSC-derived neurons in 3D culture (Lai et al.,
2016). Here we have added that NN implants combined
with EA could activate the NT-3/TRKC/AKT signal pathway
in the injury/graft site. Taken together, the results indicate
that EA is advantageous to the survival, neuronal differen-
tiation, and synaptic maintenance of grafted NN, which
could partly be attributed to the increased NT-3.

Most importantly, our results from PRV retrograde
tracing, IEM, and electrophysiological detection revealed
that EA can reinforce the synaptic integration of donor
neurons in the NN with host spinal neural circuits, and
facilitate spinal descending or ascending nerve conduction
8 weeks post-transplantation. PRV, a retrograde transsynap-
tic marker (Card et al., 1990), was used to analyze func-
tional synaptic connections between the grafted NN and
the host spinal cord. The spatial-temporal progression of
PRV infection in the CNS after the peripheral injection
has been well documented (Bareyre et al., 2004). It was re-
ported that PRV labeling is restricted to the lumbar motor
neurons at 2 days post-injection, while the virus is seen
in the cell bodies of interneurons of the cervical spinal
cord at 5 days post-injection. However, because of the com-
plete transection of the T10 segments (2-mm segment was
removed) in our study, the injury/graft site lacked the large
numbers of functional interneurons that would take up
and transport PRV from the caudal area to the rostral area
of injured spinal cord. This is a possible explanation for
the absence of PRV* neurons in control groups in areas
rostral to the injury/graft site of spinal cord. Nevertheless,
PRV* neurons were observed in the injury/graft site or areas
rostral to it in both the NN and the NN + EA groups.
Remarkably, in the NN + EA group, the number of PRV*

Figure 7. Combination of NN Transplantation and EA Increased NT-3 Level and Activated TRKC/AKT Signaling Pathway

(A and B) (A) Western blot analysis and (B) quantitation of NT-3, TRKC, p-TRKC, and p-AKT protein expression in the injury/graft site of
spinal cord at 8 weeks after SCI (n = 5/group). *p < 0.05 indicates significant difference from the GS group; *p < 0.05 indicates significant
difference from the GS + EA group; p < 0.05 indicates significant difference from the NN group by one-way ANOVA followed by LSD t.
(C) Representative images showing the GFP* cells colocalized with NT-3, TRKC, p-TRKC, and p-AKT (yellow, arrows). The boxed areas are

shown with their corresponding higher magnification images.

(D) Bar charts showing the percentage of GFP* cells colocalized with NT-3, TRKC, p-TRKC, and p-AKT (n = 5/group).
Student’s t test, *p < 0.05 indicates significant difference from the NN group by Student’s t test. Scale bars, 20 um in (C).
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neurons in the areas rostral to or in the injury/graft site was
more than that in the NN group. A possible explanation for
this is that EA treatment may facilitate more synaptic inte-
gration of grafted NN with the host neural network of spi-
nal cord. Furthermore, the shorter latency and higher
amplitude of CMEPs and SSEPs in the NN + EA group also
suggest that EA promotes the donor neurons from the
grafted NN to establish more synaptic connections with
the host spinal neurons. In addition, IEM further showed
that the grafted GFP* cells could form a synapse-like struc-
ture with host neurons in the NN + EA group.

The combinational treatment (NN + EA) also promotes
the improvement of hindlimb locomotor and sensory func-
tion. It is reasonable to consider that the NN + EA treatment
could enhance host axonal regeneration and reconstruc-
tion of synaptic connections with grafted NN to restore
the disrupted nerve conduction circuits. Another consider-
ation is the higher concentrations of neurotrophic factors
that can make a significant contribution to axonal regener-
ation of injured spinal cord. EA is known to elicit secretion
of a large amount of neurotrophic factors that can provide
protective or pro-regenerative effects to host spinal cord
tissue (Chen et al., 2007; Wu et al., 2015). It is conceivable
that the NN + EA treatment would promote regeneration
of the descending and ascending axons into the injury/graft
site and rebuilding of the synaptic connections with the
grafted NN to restore host spinal neural circuits, and finally
enhance the improvement of spinal cord nerve conduction
and the locomotor and sensorimotor reflex of hindlimbs. In
addition, EA enhanced the long-term survival, differentia-
tion, and synaptogenesis of grafted NSC-derived neurons,
which could in turn amplify the role of EA in increasing
neural conduction velocity by forming neuronal relays
(Adler et al., 2017; Ding et al., 2015, 2009). Interestingly, a
recent study reported that injured adult axons retain the
ability to regenerate into appropriate targets and avoid inap-
propriate targets of grafted neural progenitors (Dulin et al.,
2018). These results suggest that the combination therapy
can not only provide eventually a greater number of neu-
rons, but also lead to activating the neuronal intrinsic
programs that support axonal growth and formation of syn-
aptic connections. AKT activation in grafted NN induced by
EA treatment as demonstrated in this study may be one
example of this, because AKT activation is not only neces-
sary for the survival and synaptic development of NSC-
derived neurons, but also essential for axonal regeneration
and plasticity (Al-Ali et al., 2017; Harrison et al., 2016).
Therefore, increased endogenous NT-3 level induced by
EA may also partly endow the host axons or propriospinal
neurons with higher intrinsic capability of integration
with the grafted NSC-derived neurons.

In conclusion, the present results have demonstrated
that EA treatment can reinforce the survival, neuronal dif-
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ferentiation, and synaptic connections of donor neurons
in NN scaffolds by increasing NT-3 levels and activating
the NT-3/TRKC/AKT pathway. Moreover, the combina-
tional therapy of grafted NN and EA fosters host axonal
regeneration into the injury/graft site to rebuild the synap-
tic connections with the grafted NN and partly restore
spinal neural circuits, and finally improves the nerve con-
duction of the spinal cord as well as the locomotor function
of the paralyzed hindlimbs.

EXPERIMENTAL PROCEDURES

Cell Culture and Genetic Modification

NSCs were isolated and cultured as previously described from GFP
transgenic SD neonatal rats (Osaka University, Osaka, Japan; Lai
et al., 2013). The second-passage NSCs were transfected by recom-
binant adenovirus containing the NT-3 gene (Ad-NT-3) or TRKC
gene (Ad-TRKC).

Preparation of a Gelatin Sponge Scaffold and
Genetically Modified NSCs Seeded in the GS

A commercial gelatin sponge (Nanjing Jinling Co., Nanjing,
China) with a pore size of 200-600 pm and a PLGA cylindrical
tube 3 mm in diameter and 2 mm in length were used (Figure 1B)
for cell transplantation. The PLGA tube was filled with the gelatin
sponge under sterile conditions as previously described (Zeng et al.,
2011) to form a cylindrical-shaped GS following seeding of cells.
GSs were first pre-wet and then excess liquid was siphoned off.
A cell suspension was dropped onto the surface of the GS and a
sterilizing filter was placed at its bottom to gently suck cells into
the pores. Four groups of cells in vitro were designed in the present
study. These included the NSCs, NT-3 NSCs (NT-3 gene overex-
pressed in NSCs), TRKC NSCs (TRKC gene overexpressed in
NSCs), and NT-3 NSCs + TRKC NSCs (NT-3 NSCs mixed with
TRKC NSCs in a 1:1 ratio) groups. A total of 1 x 10° cells were
seeded into each GS. The scaffolds were then incubated for
14 days in Neurobasal Medium (Gibco, CA, USA) with 2% B27 sup-
plement (Gibco, CA, USA). The culture medium was replaced every
2 days.

Immunofluorescence Staining

Specific proteins were detected by IF staining as reported previ-
ously (Qiu et al., 2015). Briefly, the post-fixed scaffolds and spinal
cord were sectioned at 20 pm thickness with a cryostat. The sec-
tions were rinsed with 0.01 M phosphate-buffered saline (PBS)
three times, blocked with 10% goat serum for 30 min, and incu-
bated with primary antibodies containing 0.3% Triton X-100 over-
night at 4°C. After being rinsed in PBS, the sections were incubated
with secondary antibodies and examined under a fluorescence
microscope. A summary of the antibodies used is provided in
Table S1.

Spinal Cord Transection and Grouping
To prepare a complete SCI model, adult female SD rats (7-8 weeks
old, 220-250 g, supplied by the Experimental Animal Center



of Sun Yat-sen University, China) were used. All experimental pro-
tocols and animal handling procedures were approved by the An-
imal Care and Use Committee of Sun Yat-sen University and were
consistent with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Three days before surgery, animals
were given cyclosporin A by subcutaneous injection (1 mg/100
g/rat). The animals were anesthetized with 1% pentobarbital so-
dium (40 mg/kg, intraperitoneally). A laminectomy was carried
out to expose the T10 spinal segments and completely transect
the spinal cord, and then a 2-mm T10 segment of spinal cord
was removed. The rats underwent transplantation with the GS or
the NN constructed with overexpressing NT-3 NSCs or overex-
pressing TRKC NSCs. Then, the animals were divided into four
groups (n = 10 for each group): the GS group received only GS
without cells, the GS + EA group received the GS with EA treat-
ment, the NN group received only the NN graft, and the NN +
EA group received the NN graft with EA treatment. After the surgi-
cal incisions were sutured, the rats received post-operative care,
including intramuscular injection of penicillin (50,000 U/kg/day)
for 3 days and manual emiction two times daily until their auto-
matic micturition function was reestablished. Cyclosporin A
(1 mg/100 g) was administered once daily for 2 months.

Electroacupuncture

EA stimulation was applied at two pairs of GV acupoints, (1) GV9
(Zhiyang) and GV6 (Jizhong) and (2) GV2 (Yaoshu) and GV1
(Changgqiang), as described previously (Ding et al., 2009). EA treat-
ment is a pattern of sparse to dense wave alternating stimulation
pulses. The pattern of stimulus frequency and duration is repeats
of 2 Hz for 2.85 s and 60 Hz for 1.05 s as a repeating cycle. During
the process of EA, the current intensity in the animal’s body
between the pair of acupoints across the grafts was tested, and
the current intensity cycle was ~5 pA. Each EA treatment lasted
for 20 min. EA treatment was given every other day for 8 weeks,
starting from the third day post-surgery.

Assessment of Locomotor Performance

Hindlimb function of the rats was assessed weekly after surgery,
using the BBB open-field locomotor test (Basso et al., 1995) and in-
clined-grid climbing test (Ramon-Cueto et al., 2000). The former
quantitatively evaluates voluntary movement and body weight
support. The latter assesses the percentage of rats that recovered
the contact placing and proprioceptive responses of hindlimbs.
All behavior tests were videotaped, and two investigators blind
to the different experimental treatments evaluated the functional
outcome of each animal by reviewing the videotapes. Each foot
was assessed independently, and a positive score for each hindlimb
was given only if there were at least two clear responses during at
least two consecutive sessions.

Electrophysiological Analysis

At the end of the experiment, evoked potentials were recorded as
described previously to assess functional status of motor and
sensory axonal conduction (Guo et al., 2007; Wang et al., 2011).
Basically, following general anesthesia and exposure of the
sensorimotor cortex (SMC) and sciatic nerves, the electrodes
(NeuroExam M-800 Data Acquisition Analysis System, MEDCOM,

Zhuhai, China) were connected to the SMC and sciatic nerve,
respectively. When detecting the CMEP, the stimulating elec-
trodes (active silver midline epidural electrodes) were placed in
the SMC (located 2 mm lateral to midline and 2 mm caudal to
bregma) and the recording electrodes were connected with the
sciatic nerve according to our previous study (Lai et al., 2018).
Fifty response waveforms of CMEP and SSEP were collected
and averaged for each rat with stimulation of the right and left
sensorimotor cortex and sciatic nerve, respectively. The averages
of amplitude and latency of recorded CMEP and SSEP were
analyzed.

Statistical Analysis

All statistical analyses were performed using the statistical software
SPSS 22.0. Data were expressed as mean =+ standard deviation. The
data were analyzed using one-way ANOVA with least significant
difference test applied. When two groups were compared, Stu-
dent’s t test or Fisher’s exact test was used. A statistically significant
difference was accepted at p < 0.05.
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Supplemental Experimental Procedures

Whole-cell Patch Clamp

NSC-derived cells in the neural network (NN) were transferred into a recording chamber.
Artificial cerebrospinal fluid bubbled with 95% O and 5% CO: was perfused into the
recording chamber using a peristaltic pump (HEKA Inc., Germany) with a constant speed 3-4
ml/min. Cells were held in the current-clamp mode and their firing properties were assessed
by delivering 600 ms depolarizing current steps. The internal solution for current-clamp
recordings contained 130 mM K-gluconate, 10 mM KClI, 0.2 mM EGTA, 10 mM HEPES, 4
mM ATP, 0.5 mM GTP, and 10 mM Na-Phosphocreatine, pH 7.2-7.4, and the osmolarity was
270-290 mOsm. To record the miniature EPSC, cells were held on voltage-clamp mode and
patch pipettes (2-4 MQ) were filled with the internal solution consisting of the following: 120
mM Cs-methylsulfonate, 10 mM HEPES, 10 mM Na-phosphocreatine, 5 mM lidocaine
N-ethyl bromide (QX-314), 4 mM ATP, 0.5 mM GTP, pH 7.2-7.3, and the osmolarity of the
solution was 270-290 mOsm. mEPSCs were recorded in the presence of 1 uM TTX, 100 uM
DL-APV and 50 pM picrotoxin. Cells were held at -70 mV to record mEPSCs. All
electrophysiological recordings were performed at room temperature (22-24 C). All data
were filtered at 3 kHz and digitized at 10 kHz using Igor Pro (Wave Metrics, Lake Oswego,
OR).

Scanning Electron Microscopy

The surface morphology of NSC-derived neurons within the scaffolds cultured for 14 days
was examined by scanning electron microscopy (SEM). For SEM examination, scaffolds
were firstly washed 3 times with PBS, fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer
pH 7.4 overnight, dehydrated in a graded series of ethanol and then dried for 2 days. The
dried samples were sputtered coated with gold and examined under a scanning electron

microscope (Philips XL30 FEG, Holland).



Electron Microscopy

For electron microscopy (EM), the scaffolds were fixed with 2.5% glutaraldehyde in 0.1M
phosphate buffer pH 7.4 at 4°C for 1 h and post-fixed with 1% osmic acid for 1 h. The
scaffolds were dehydrated through graded ethanol and embedded in Epon812 overnight,
followed by polymerization at 60°C for 48 h. Ultrathin sections were cut with an
ultramicrotome (Reichert E, Co., Vienna, Austria) and examined under a transmission

electron microscope (Philips CM 10, Eindhoven, Holland).

Pseudorabies Virus Retrograde Tracing

Eight weeks after surgery, the rats were anesthetized with 1% pentobarbital sodium (40
mg/kg, 1.p.). A longitudinal incision was made in the skin over the upper posterior part of the
thigh and the gluteal region. The gluteus maximus muscle was then separated with a pair of
iris scissors along the direction of its muscle fibres to expose the sciatic nerve as much as
possible. To minimize animal suffering, 2% lidocaine was applied with a cotton-tipped stick.
With the aid of a dissecting stereomicroscope (Leica Microsystems, Inc., Wetzlar, Germany),
the needle tip of a 30g needle Hamilton syringe (Hamilton Co., Reno) was inserted into
sciatic nerve along its longitude axis for 10 mm, and then withdrawn 2 mm to make a
potential space for injection. Then, 1ul of pseudorabies virus (PRV-CMV-mRFP, red, 2.5 x
10° PFU/ml) was slowly injected and the needle was held in place for 5 min. The sciatic
nerve was lightly crushed with a pair of blunt forceps on the top of the injection site to
maximize PRV contact with nerve fibers. This was followed by a thorough rinsing of the
injection site with sterile saline soaked cotton-tipped stick, and then the wound was sutured.

Animals were sacrificed 5 days after injection.

Immunoelectron Microscopy
For immunoelectron microscopy (IEM), rats were perfused transcardially with 0.1 mol/L of
sodium phosphate buffer containing 187.5 units/100 ml of heparin, followed by perfusion

with 4% paraformaldehyde (PFA) containing 0.1% glutaraldehyde and 15% saturated picric
2



acid. The spinal cord segment containing injury/graft site was postfixed overnight at 4°C in
fresh 4% PFA and subsequently cut into 50 pm sagittal sections on a vibratome. To improve
the penetration of antibodies, vibratome sections were transferred into cryprotectant solution
containing 25% sucrose and 10% glycerol in 0.1 M PBS overnight at 4°C, followed by a
quick freeze-thaw in liquid nitrogen three times. After washing with PBS, the sections were
treated for 1 h with 20% goat serum (Tris buffer, pH 7.4) to block nonspecific binding of the
antibody. Sections were first incubated with anti-GFP primary antibody in 2% normal goat
serum solution at 4°C for 24 h, then incubated with secondary antibodies overnight at 4°C,
and postfixed in 1% glutaraldehyde for 10 min. The sections were incubated with ABC kit
(Laboratories, CA, USA,) and detected by 3,3-diaminobenzidine (DAB, Sigma, USA), and
then osmicated, dehydrated, and embedded in Epon812. The Epon blocks were sectioned and

examined under the electron microscope (Philips CM 10, Eindhoven, Holland).

Western Blot

Eight weeks after surgery, 20 rats (n = 5 for each group) were sacrificed. The spinal cord was
immediately removed and the injured spinal segments (0.5 cm) containing the injury/graft
sites were dissected and readily homogenized on ice in Western lysis buffer (Beyotime
Institute of Biotechnology, China) containing 1% protease inhibitor (Sigma, USA) and 1%
phosphatase inhibitor (Sigma, USA) using homogenizers. Homogenates were centrifuged at
12,000 g for 15 min at 4°C, and the supernatant liquid was collected and stored at -80°C for
Western blot analysis. Equal amounts of the protein suspension were loaded on a 10%
polyacrylamide gel, separated by gel electrophoresis, and transferred onto a polyvinylidene
fluoride (PVDF) membrane. The membranes were incubated with the following antibodies
(see Table 1): mouse anti-B-actin (1:1000), rabbit anti-NT-3 (1:500), rabbit anti-TRKC
(1:1000), rabbit anti-AKT  (1:1000), rabbit anti-Phospho-AKT (Ser473) (1:1000), rabbit
anti-SYN (1:1000) and rabbit anti-PSD95 (1:1000) overnight at 4°C, respectively. After
washing, the wvarious biomarkers were revealed with a horseradish peroxidase
(HRP)-conjugated secondary antibody (goat anti-mouse or goat anti-rabbit 1:5000, Jackson,

USA) for 2 h at room temperature. The protein bands were visualized by using an ECL

3



(enhanced chemiluminescence) Western Blot Kit (Kangwei, Beijing, China).

Morphological Quantification

For in vitro quantification of immunopositive cells, 10 separate sections from each scaffold
were selected (n = 5 for each group). After IFS with respective antibodies, five areas (four
corners and one center) at 200x magnification for each of the sections were scrutinized. The
percentage of immunopositive cells was obtained by the total number of immunopositive and
Hoechst33342 double positive cells divided by the total number of all Hoechst33342 positive
cells.

To observe the area of the injury/graft site of spinal cord, one in every nine of the whole
series of longitudinal sections from each animal (a total of 10 sections per rats, n = 5 for each
group) was stained with anti-GFP antibodies and imaged at 100x magnification, and the areas
emitting detectable GFP positive signal at this magnification were outlined and measured
using ImageJ software. Volume estimations were calculated using the formula: V. = YA x T,
in which V = volume, A = area of GFP positive, T = distance between each sampled region
(0.18 mm).

For the quantification of regenerating axons in vivo, NF or GAP43 positive axons were
quantified. Briefly, two 0.32 mm x 0.32 mm (800 x 800 pixels) areas were selected
respectively at three regions of the rostral site, graft site and caudal site to the injury site at
200x magnification for each section of spinal cord (a total of 10 sections per rats, n = 5 for
each group). The area of GAP43 or NF positive axons signal in the unit area was
automatically calculated by using Image J according to the procedure described earlier (Qiu
et al., 2015). Following this, we calculated the ratio of GAP43 or NF positive signal area in
unit area in three regions, respectively. Thresholding values on stained images were chosen to
make sure that only immunolabeled axons were included. Weak non-specific background
labeling was excluded.

To analyze the PRV labeled cells in the T9 (2 mm rostral to injury/graft site), T10
(injury/graft site), and T11 (2 mm caudal to injury/graft site) segments, one in every nine of

the whole series of longitudinal sections from each animal (a total of 10 sections per rats, n =

4



3 for each group) was stained with anti-MAP2 antibodies and imaged at 100x magnification

and counted using ImageJ software.
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Figure S1. Analysis of Adenovirus (Ad) Vector-mediated Transgene Expression in
NSC-derived Neural Network Scaffold and the differentiation of NSCs after 14-day
co-culture in vitro.

(A) NT-3 and TRKC expression was detected by Western blot (1.the NSCs group, 2.the
NT-3-NSCs group, 3.the TRKC-NSCs group, 4.the NT-3-NSCs+TRKC-NSCs group). Bar

charts showing semi-quantitative comparison of NT-3 and TRKC in each group (n = 5 per
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group; data presented as mean + S.D.) * indicates significant difference from NSCs group (*p
< 0.05); * indicates significant difference from the NT-3-NSCs (p < 0.05); & indicates
significant difference from the TRKC-NSCs group (%P < 0.05) by one-way ANOVA followed
by LSD-t. (B) GFP" NSCs-derived cells (arrows) were respectively labeled by the neuron
marker MAP2, oligodendrocyte marker APC, astrocyte marker GFAP and neural precursors
marker NESTIN in the NSCs, NT-3-NSCs, TRKC-NSCs and NT-3-NSCs+TRKC-NSCs

groups. The cell nuclei were labeled by Hoechst33342 (Hoe). Scale bars, 20 pum.
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Figure S2. Neurotransmitters were expressed and Action Potentials were Recorded
in the NSCs-derived Neurons in Neural Network Scaffold in 14 Day Culture in vitro.
(A) GFP positive cells (arrows) were respectively labeled by ChAT, GLUT or GADG67 in the
NSCs, NT3-NSCs, TRKC-NSCs and NT-3-NSCs+TRKC-NSCs groups. The cell nuclei were
counterstained by Hoechst33342 (Hoe). Scale bars, 20 um. (B) In the
NT-3-NSCs+TRKC-NSCs group, consecutive action potentials (APs) were recorded in

NSC-derived neurons.
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Figure S3. Electroacupuncture Promoted the Cell Survival of Transplanted Neural

Network Scaffold in the Injury/graft Site of Spinal Cord.
Representative photomicrographs of horizontal longitudinal spinal cord sections showing the

survival of grafted GFP-positive cells in the NN and NN+EA groups (n = 5 per group). Scale

bars, 1 mm.
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Figure S4. Assessment of Axonal Regeneration in the Injury/Graft Site of Spinal Cord.

(A-D) Representative images showing regenerating NF positive axons (arrows) in the GS (A),
GS+EA (B), NN (C) and NN+EA (D) groups. The enlarged images from the rostral and
caudal areas to/in the injury/graft site of spinal cord are showed in (A1-A3), (B1-B3), (C1-C3)
and (D1-D3). (E) Bar chart showing NF positive axon relative density in the rostral and
caudal areas to/in the injury/graft site in 4 groups (n = 5 per group; data presented as mean +
S.D.). * indicates significant difference from the GS group (“p < 0.05); # indicates significant
difference from the GS+EA (*p < 0.05); € indicates significant difference from the NN group
(%p < 0.05) by one-way ANOVA followed by LSD-t. Scale bars, 1 mm in (A)-(D); 100 um in
(A1)-(A3), (B1)-(B3), (C1)-(C3) and (D1)-(D3).
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Figure S5. NT-3 Level of Three Segment Tissue of Injured Spinal Cord in Four
Groups.

The concentration of NT-3 in the spinal cord tissue was measured by ELISA. The 5 mm long
spinal cord tissue were collected from rostral and caudal areas to/in the injury/graft site of
spinal cord at 8 weeks after injury, and were processed separately for ELISA analysis. *
indicates significant difference from GS group (*p < 0.05); # indicates significant difference
from the GS+EA group (*p < 0.05); & indicates significant difference from the NN group (%p
< 0.05); ® indicates significant difference from the NN+EA group (3p < 0.05) by one-way
ANOVA followed by LSD-t.
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Figure S6. Latency and Amplitude of SSEPs.

(A) SSEPs were obtained by electrophysiological analysis in the GS, GS+EA, NN and
NN+EA Groups. (B and C) Bar charts of the latency (B) and amplitude (C) of SSEP showing
that shorter latency and higher amplitude of SSEPs were exhibited in the NN+EA group as
compared with the GS ("p < 0.05), GS+EA (*p < 0.05) and NN (¥p < 0.05) groups. * indicates
significant difference from the GS group (*p < 0.05); # indicates significant difference from
the GS+EA group (*p < 0.05); & indicates significant difference from the NN group (%p <
0.05); ¥ indicates significant difference from the NN+EA group (®p < 0.05) by one-way
ANOVA followed by LSD-t.
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Table S1 Primary and secondary antibodies infromation

Antibodies Species Type Dilution Source(Catlog)

NESTIN Rabbit Polyclonal 1gG 1:500 Sigma, St. Louis, USA(SAB5500150)
Neurotrophin-3 (NT-3) Rabbit Polyclonal 1gG 1:200 Abcam, London, UK (ab53685)

TRKC Mouse Monoclonal IgG 1:400 R&D System, Minneapolis, USA(75219)
Microtubule-associated protein 2 (MAP2) Rabbit Polyclonal 1gG 1:300 Sigma, St. Louis, USA(M4403)
Microtubule-associated protein 2 (MAP2) Mouse Monoclonal 1gG 1:300 Sigma, St. Louis, USA(M3698)

APC (clone CC-1) Mouse Monoclonal IgG 1:200 Merck Millipore, Billerica, USA(OP80)
Glial fibrillary acidic protein (GFAP) Rabbit Polyclonal IgG 1:200 Abcam, London, UK(ab7260)

Choline acetyltransferase (ChAT) Rabbit Polyclonal IgG 1:200 Abcam, London, UK(ab6168)
Glutamate Decarboxylase 67(GAD67) Rabbit Polyclonal 1gG 1:500 Abcam, London, UK(ab26116)
Glutaminase (GLUT) Rabbit Polyclonal IgG 1:300 Abcam, London, UK (ab93434)
Synapsin 1(SYN) Rabbit Polyclonal 1gG 1:200 Merck Millipore, Billerica, USA(ab1543)
Postsynaptic density protein 95 (PSD95) Rabbit Polyclonal 1gG 1:500 Abcam, London, UK (ab18258)
Neurofilament 200 (NF) Rabbit Polyclonal 1gG 1:500 Sigma, St. Louis, USA(N4142)

GAP43 Rabbit Polyclonal 1gG 1:500 Abcam, London, UK (ab16053)

AKT Rabbit Polyclonal 1gG 1:300 Cell Signaling Technology,USA(4685)
Phospho-AKT (Ser473) Rabbit Polyclonal 1gG 1:300 Cell Signaling Technology,USA(4060)
Green fluorescent protein (GFP) Chicken Polyclonal IgY 1:1000 Thermo Fisher Scientific, USA(A10262)
Alexa 488 conjuncted anti chicken secondary antibody Goat Polyclonal 1gG 1:1000 Thermo Fisher Scientific, USA(A11039)
Alexa 555 conjuncted anti mouse secondary antibody Goat Polyclonal 1gG 1:1000 Thermo Fisher Scientific, USA(A21422)
Alexa 555 conjuncted anti rabbit secondary antibody Goat Polyclonal 1gG 1:1000 Thermo Fisher Scientific, USA(A21428)
Alexa 647 conjuncted anti mouse secondary antibody Goat Polyclonal 1gG 1:1000 Thermo Fisher Scientific, USA(A21236)
Alexa 647 conjuncted anti rabbit secondary antibody Goat Polyclonal 1gG 1:1000 Thermo Fisher Scientific, USA(A21244)
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