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specific human spinal neural progenitor cells 
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Abstract 

Background  There are currently no effective clinical therapies to ameliorate the loss of function that occurs after spi‑
nal cord injury. Electrical stimulation of the rat spinal cord through the rat tail has previously been described by our 
laboratory. We propose combinatorial treatment with human induced pluripotent stem cell-derived spinal neural 
progenitor cells (sNPCs) along with tail nerve electrical stimulation (TANES). The purpose of this study was to examine 
the influence of TANES on the differentiation of sNPCs with the hypothesis that the addition of TANES would affect 
incorporation of sNPCs into the injured spinal cord, which is our ultimate goal.

Methods  Chronically injured athymic nude rats were allocated to one of three treatment groups: injury only, sNPC 
only, or sNPC + TANES. Rats were sacrificed at 16 weeks post-transplantation, and tissue was processed and analyzed 
utilizing standard histological and tissue clearing techniques. Functional testing was performed. All quantitative data 
were presented as mean ± standard error of the mean. Statistics were conducted using GraphPad Prism.

Results  We found that sNPCs were multi-potent and retained the ability to differentiate into mainly neurons 
or oligodendrocytes after this transplantation paradigm. The addition of TANES resulted in more transplanted cells 
differentiating into oligodendrocytes compared with no TANES treatment, and more myelin was found. TANES 
not only promoted significantly higher numbers of sNPCs migrating away from the site of injection but also influ‑
enced long-distance axonal/dendritic projections especially in the rostral direction. Further, we observed localization 
of synaptophysin on SC121-positive cells, suggesting integration with host or surrounding neurons, and this finding 
was enhanced when TANES was applied. Also, rats that were transplanted with sNPCs in combination with TANES 
resulted in an increase in serotonergic fibers in the lumbar region. This suggests that TANES contributes to integration 
of sNPCs, as well as activity-dependent oligodendrocyte and myelin remodeling of the chronically injured spinal cord.

Conclusions  Together, the data suggest that the added electrical stimulation promoted cellular integration 
and influenced the fate of human induced pluripotent stem cell-derived sNPCs transplanted into the injured spinal 
cord.
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Background
The estimated number of people with spinal cord injury 
(SCI) living in the USA is approximately 294,000, with a 
range from 250,000 to 368,000 persons [1]. Chronic SCI 
is a devastating condition that has seen few significant 
positive treatments in terms of functional recovery to 
date. It is now largely accepted that there will not be one 
“cure” for SCI, but rather a toolbox of potential therapies 
depending on the injury, that may be used alone or in 
combination.

Electrical stimulation is currently the most effective 
therapy available in humans, although mechanisms of 
action are poorly understood, and few animal models 
are available. We have developed a non-invasive method 
of tail nerve stimulation that we have shown to result 
in functional recovery after a clinically relevant contu-
sion injury in a rat model [2]. Interestingly, in our human 
clinical studies, we have also observed that some patients 
develop long-term neuroplastic changes resulting in res-
toration of volitional movement even after the stimula-
tor is turned off [3]. These neuroplastic changes remain 
unexplained.

The transplantation of human induced pluripotent 
stem cells (iPSCs) has also been a potential proposed 
therapy, especially when regionally specified to the spi-
nal cord [4]. It has been suggested, however, that without 
any type of “training” of new neurons, the appropriate 
connections may not result, and this may explain why 
even transplanted neurons that appear to integrate into 
the injured spinal cord do not result in robust functional 
recovery [5]. Therefore, here we propose combining 
our unique sNPCs with tail nerve electrical stimulation 
(TANES). Human sNPCs, developed in our laboratory 
[6], are a type of stem cell that is regionally specific to 
the human spinal cord. These cells are generated from 
iPSCs and are designed to be autologous [7].so that 
future human clinical trials will not require immunosup-
pression as with embryonic or fetal derived neural stem 
cells. There has been renewed interest in neural stem 
cells (NSCs) after recent publications have demonstrated 
that they can integrate into the injured spinal cord and 
produce functional benefit in both rodent and primate 
models [8–11]. However, some previous studies of neural 
stem cell transplantation have not produced functional 
benefit, and there are likely several reasons for this. One 
reason is that the cells have been brain-derived and not 
spinal-derived neurons, and there is now evidence that 
this does in fact play an important role [9]. Thus, regional 

specificity [12] is key in a successful transplantation para-
digm [13].

It has been suggested that the formation of a glial 
scar affects axonal growth, regeneration [14–16], and 
functional recovery and our initial hypothesis also 
included scar ablation in our chronic model in addition 
to cell transplantation and TANES. We have successfully 
ablated the scar without damaging spared spinal cord tis-
sue utilizing a rose Bengal based phototoxic approach 
[17, 18]. Hence, we first proposed to utilize this method 
in combination with cell transplantation, potentially pro-
viding a more permissive environment for cell survival, 
integration, and differentiation. The results of this first 
set of experiments laid the foundation for the second set 
of experiments, determining whether or not glial scar 
ablation therapy should be included in the second set of 
combinatorial experiments.

In the second set of experiments, we proposed to 
examine the influence of TANES on the differentiation 
of sNPCs and to further examine integration between 
the new neurons and the host spinal cord. Therefore, we 
first transplanted human iPSC-derived sNPCs in combi-
nation with glial scar ablation to determine whether our 
glial scar ablation method would improve sNPC integra-
tion into the injured chronic rat spinal cord. The results 
informed the second study, which determined the effects 
of transplanted sNPCs after chronic SCI when utilized in 
combination with TANES.

Methods
Overview of the project
The adult female athymic nude (ATN) rat model was con-
sidered for chronic contusion SCI. The contusion model 
of spinal cord injury is the most relevant form of SCI in 
humans. Female rats were preferred because their blad-
ders must be expressed in the acute period after injury 
and male rats are more difficult to express and develop 
massive hematuria in our previous experience. We uti-
lized ATN rats because they are athymic and T cell defi-
cient and thus do not require immune suppression for 
human cell transplant survival. These rats are standard-
ized at weights of 230–250 g (adult weight) and therefore 
are approximately 10 weeks of age at the time of injury. 
All the Hsd:Athymic Nude-Foxn1nu rats were supplied 
by Envigo CRS (USA) Ltd. We minimized the number 
of rats needed for our experiments to identify statisti-
cal significance. Sample size was estimated based on our 
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experience [17, 18] and power analysis as per Charan 
and Kantharia, 2013 [19]. All experiments were designed 
and reported in accordance with the Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines.

In the first aim of this project, we combined scar abla-
tion with sNPC transplantation to determine whether 
scar ablation would be included in the second aim. This 
part of the study the estimated sample size of 20 rats 
was considered. However, the sample size was adjusted 
(n = 24) for expected attrition (20%) (Additional file  1: 
Table S1). On arrival all the rats were simultaneously ran-
domized to the treatment groups. Rats were assigned a 
group designation and weighed. Each rat was assigned 
a temporary random number within the weight range 
group. For each group, a cage was selected randomly 
from the pool of all cages. All rats received a moder-
ate contusive thoracic injury (Infinite Horizons Impac-
tor), and treatment was deferred for 56 days to create a 
chronic injury. The rats received either saline or glial 
scar ablation (GSA) with rose Bengal (RB) (n = 12 rats 
per group). Seven days later all rats received injections 
of sNPCs and were sacrificed by transcardial perfusion 
under isoflurane anesthesia at two time points: 8 and 
16  weeks (w) after cell transplantation. Group 1: sNPC 
only (A and B); Group 2: GSA + sNPC (C and D). The tis-
sue was harvested, processed, and analyzed for cavitation 
analysis, transplanted cell survival and differentiation 
pattern of the transplanted cells utilizing standard histo-
logical and immunohistochemical (IHC) techniques. Five 
rats were assigned for tissue analysis. The individual rat 
was considered as an experimental unit.

In the second aim, we combined sNPC transplanta-
tion with TANES with the estimated number of rats 
equals 24 to identify statistical significance. The power 
analysis was calculated utilizing the effect size (1.0) for 
Basso, Beattie, Bresnahan (BBB) locomotor rating scale 
with a 90% power in injured rats. Also, the numbers were 
adjusted for expected attrition or death of 30% (Addi-
tional file  1: Table  S1). Therefore, the total number of 
rats required for this part of the study was 36. A total of 
36 ATN rats received a chronic injury as in the first aim. 
On arrival, all the rats were simultaneously randomized 
as described in the first aim to one of the three groups 
(n = 12 rats per group). Group 1 received culture medium 
only (injury only); Group 2 received sNPCs (sNPC only); 
Group 3 received sNPCs supplemented with TANES 
(sNPC + TANES). Rats were sacrificed by transcardial 
perfusion under isoflurane anesthesia at 16  weeks post-
transplantation, and tissue (n = 5 rats/group) was pro-
cessed and analyzed for cavitation analysis, transplanted 
cell survival, differentiation pattern of the transplanted 
cells utilizing standard histological and IHC techniques. 
Tissue clearing techniques were performed (n = 1 rat/

group). Functional testing was performed (n = 9 rats/
group). The individual rat was considered as an experi-
mental unit. In this study we were specifically interested 
in the influence of TANES on the differentiation pattern 
of the transplanted cells in the chronic SCI model of rats, 
and the effects on integration. Therefore, we excluded 
TANES-only treatment on injured rats in this current 
study.

All the experiments were conducted in a blinded fash-
ion. The first investigator (NP) was the only person aware 
of the treatment group allocation. A second investigator 
(OC and RNS) was responsible for conducting TANES, 
functional outcomes, whereas a third investigator (AHS, 
GH, RS) performed data collection and tissue analysis. 
Finally, a fourth investigator (AMP) (also unaware of 
treatment) assessed, analyzed, and interpreted overall 
data.

Human iPSC‑derived sNPC culture
Human iPSC-derived sNPCs were cultured according to 
our previously published protocol [6, 7]. Human iPSCs 
were maintained in adherent culture at 37 °C in 5% CO2 
on human vitronectin (rhVTN, AF-140-09; PeproTech, 
Rocky Hill, NJ) in Essential 8 Media (A-2858501; Thermo 
Fisher Scientific, Waltham, MA) and passaged using 
hypertonic citrate and the derivation of sNPCs. Briefly, 
cells were passaged at half the density required for main-
tenance culture (1:6 spit ratio) and cultured for 18–24 h 
before the Essential 8 media was replaced by Essential 
6 media (A1516401; Thermo Fisher Scientific) supple-
mented with 250 nM LDN-193189 (S7507; Selleckchem, 
Houston, TX). Cells were then maintained under these 
conditions with daily media changes until passage at a 
1:10 split ratio onto VTN after day 3. Following passage, 
the adherent cells were cultured in Essential 6 media sup-
plemented with 250 nM LDN-193189, 100 nM Retinoic 
acid (RA, R2625; Sigma-Aldrich, Billerica, MA) and 3 µM 
CHIR99021 (4423; Bio-Techne, Minneapolis, MN) for 8 
additional days. The medium was changed daily. By day 
11, the cells detached as spherical cell aggregates and 
were collected and resuspended into Dulbecco’s modi-
fied Eagle’s medium (DMEM) F/12 basal (11,039–047; 
Thermo Fisher Scientific), containing 1 × N2 (A13707-01; 
Thermo Fisher Scientific), 1 × B27 (17,504–044; Thermo 
Fisher Scientific), 100 nM RA and 1 µM smoothened ago-
nist (SAG, 11,914; CaymanChem, Ann Arbor, MI). Cell 
spheres were placed into suspension culture in ultralow 
attachment plates (3471; Thermo Fisher Scientific) for 
an additional 6 days with media changes every other day 
before cryopreservation. For cryopreservation, spheres 
were resuspended in day 11–17 media with 10% DMSO 
and cooled in a Mr. Frosty™ Freezing Container (5100–
0001, Thermo Scientific™) overnight at − 80  °C before 
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transferring into liquid nitrogen. The day prior to trans-
plantation, spheres were thawed in day 11–17 media in 
ultralow attachment plates. On the day of transplanta-
tion, sNPCs were dissociated with TrypLE, washed and 
resuspended at a concentration of 50,000 cells/µL. Cells 
were kept on ice prior to transplantation. Regionally spe-
cific sNPCs that were defined as mixture of immature 
caudal and ventral neurons and restricted progenitors 
based on HOX gene expression, ventral domain markers, 
motor neuron-related transcripts, and general pathways 
affiliated with stemness [13] were generated using modi-
fications to our previously described accelerated defined 
neural induction protocol.

Immunocytochemistry
Immunocytochemistry (ICC) was performed. Cultures 
were washed twice with blocking solution and incubated 
1  h with secondary antibodies. 4′, 6-diamidino-2-phe-
nylindole dilactate (DAPI, ThermoFisher D3571) was 
added for 10 min before washing three times in Dulbec-
co’s phosphate-buffered saline (DBPS). Antibodies used 
included: anti-GFAP (glial fibrillary acid protein, Z0334; 
1:500; Dako) for astrocytes, anti-APC (adenomatous 
polyposis coli, ab15270; 1:100; Abcam) for mature oligo-
dendrocytes, anti-MBP (Myelin Basic Protein, AB40390 
1:250; Abcam) was used to label terminally mature, mye-
lin-producing oligodendrocytes, βIII-tubulin (neuronal 
marker ab18207; 1:250; Abcam) and anti-NF200 (neu-
rofilament protein, ab8135; 1:250; Abcam) for neurons. 
Sections were incubated with secondary antibody con-
jugated to Alexa Fluor 488 donkey anti-mouse (1:1000, 
ThermoFisher Scientific A-21202), Alexa Fluor 555 don-
key anti-rabbit (1:500, ThermoFisher Scientific A-31572). 
Negative controls included unstained cultures, cultures 
stained with secondary only antibodies, and positively 
stained cultures known not to express the antigens of 
interest. Positive controls were also included.

Contusion injury
Adult female ATN rats were used for this study. The study 
was performed in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health (NIH) (Addi-
tional file 2: Animal Handling and Monitoring). The pro-
tocol was approved by the Institutional Animal Care and 
Use Committee at the University of Minnesota (Protocol 
Number 1810-36461A). Laminectomy was performed at 
the T8/T9 vertebral level. Adult rats were placed in an 
induction box until sufficiently anaesthetized with isoflu-
rane (1–5% inhalation with oxygen) and supplemented as 
needed during the surgery. The surgical site is then shaved 
outside the surgical area. Rats were then transferred to 
the sterile operating table in a prone position on a heating 

pad to maintain body temperature at 37  °C and a nose 
cone with a small hole for the rat’s nose was placed over 
the rat’s nose. Sterile lubrication gel was applied into the 
rat’s eyes to prevent corneal burns from the isoflurane. 
1–5  ml/kg of sterile saline was injected subcutaneously 
pre-op for hydration. The surgical site was prepped with 
betadine and draped in a sterile fashion. An incision was 
made in a longitudinal direction along the direction of 
the spine in the approximate area of T8/9 using anatomic 
landmarks. The skin and subcutaneous tissue was opened 
until the spinous processes and adjacent paraspinal mus-
cles are identified. Hemostasis was obtained using sterile 
cotton tip applicators. The T8/9 lamina are identified and 
removed. Once the spinal cord is sufficiently exposed a 
moderate contusion injury was performed with a 200Kdyn 
force using the Infinite Horizon Spinal Cord Impactor (IH 
0400) (Precision System and Instrumentation LLC, Fair-
fax Station, VA). The muscles and subcutaneous layers 
are then re-approximated and closed in layers. Rats were 
injected subcutaneously with extended-release buprenor-
phine (1.0–1.2  mg/kg) 2-4  h before the surgical proce-
dure. In addition, rats were injected subcutaneously with 
ceftiofur (1–20 mg/kg) for a period of 5 days after surgery 
to prevent infection. Rats were monitored daily post-sur-
gery for signs of infection. Potential problems related to 
surgery include loss of bladder function, infection, weight 
loss, autophagia, skin breakdown. Bladders are expressed 
twice daily until bladder recovery; the urine was exam-
ined for gross hematuria. If any signs of bladder infection 
were observed, rats were treated according to accepted 
protocols. Athymic nude rats occasionally get fur in their 
eyes and require a saline flush to remove it. Rat eyes were 
checked and cleaned weekly. We excluded the rats that 
were inconsistently injured (> 210kdyn).

Scar ablation technique
In the first study cohort, ten rats received glial scar 
ablation. The photoablation procedure utilizing RB is 
described by Zhang et  al. [20, 21] and has previously 
been reported by our group [17, 18]. Briefly, 1 μL of 2% 
(diluted in 0.9% saline) RB was injected into the cavity at 
the injury site through a 26-gauge blunt Hamilton metal 
needle connected to a Hamilton syringe. This injec-
tion was made at a depth of 0.8–1.0 mm for 1 min. Eight 
minutes after injection, the spinal cord was illuminated 
for 5 min with the full-spectrum light of a halogen bulb 
(150W, 7 cm distance). To prevent damage by the heating 
source from the halogen light, the spinal cord was bathed 
with saline during the illuminating time. Immediately 
after illumination, the wound was sutured. The sNPC-
only group (n = 12 rats) was injected with saline instead 
of RB.
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Cell transplantation
Laminectomy site at T8/T9 was reopened in chroni-
cally injured rats and these rats were either injected 
with culture media (10  μl) or sNPCs (10  μl, 500,000 
cells). Cells were transplanted in 3 equal aliquots at 
3 separate sites at the midline of the spinal cord, ros-
tral, caudal, and at the lesion site. Chronically injured 
ATN rats were anaesthetized by inhalation of isoflu-
rane, and the laminectomy site was reopened. A 10  µl 
Hamilton syringe with a 32‐gauge needle (0.5inch 
long, 30° beveled tip) was used to inject culture media 
(10  μl) or sNPCs (10  μl, 50,000cells/µl, total = 500,000 
cells) divided into three separate and equal injection 
sites at the epicenter and 1  mm rostral and caudal to 
the epicenter of the lesion. Culture media or the cells 
were injected at a rate of 1 μl/min using a microinjec-
tor (Stoelting, Wood Dale, IL, USA). The injection 
needle was left in  situ for five minutes after injection 
to minimize cellular regurgitation. The surgeon was 
not blinded to group allocation, but subsequent assess-
ments were performed by blinded examiners.

Tail nerve electrical stimulation (TANES)
TANES was started one week after cell transplantation 
treatment using a physical therapy instrument Pens Elec-
trostimulator 12c. Pro, Pentheon Research, California, 
USA. TANES was performed using modifications to a 
previously described protocol by Zhang et  al. [2, 21]. 
Electro-acupuncture stimulator, designed specifically for 
the clinical requirements performing percutaneous elec-
trical needle stimulation. The strength of stimulation can 
be adjusted according to the response of rats to the stim-
ulation. The rats were confined in a plexiglass cylindrical 
container without anesthesia such that they remained 
in a recumbent position during TANES treatment. The 
rat’s tail was then connected to the instrument with 
two electrodes clipped to copper adjustable rings. These 
rings were placed adequately apart (to avoid a short cir-
cuit) on the base of the tail. When the stimulation cur-
rent entered the rat’s tail, the two hind limbs started to 
move extensively and alternatively. The rats were able to 
stand up, step and even freely walk during the stimula-
tion. The strength of stimulation was adjusted to 1–4 mA 
at a frequency of 2–4 kHz to induce a slight vibration of 
the tail or twitch of the hind limbs for 10  min per ses-
sion, 5 sessions a week, for a total of 16 weeks. All of the 
rats at one point did not move during TANES. They were 
all similar in their amount of movement. The rats that 
did not receive TANES (sNPC-only group) did undergo 
equivalent handling such that they were free moving 
when placed in a plexiglass cylindrical container without 
anesthesia.

Functional studies
Locomotor activity was evaluated using the BBB locomo-
tor rating scale [22] by two independent blinded examin-
ers. Motor subscores were determined according to the 
method of Lankhorst and colleagues [23]. This test was 
performed before and after the initial injury, and weekly 
after cell transplantation and TANES treatment until 
sacrifice. Mechanical allodynia was tested using a modi-
fied protocol of Kostich et al. [24]. Von Frey test was per-
formed on all the rats (Additional file 2: Supplementary 
Methods).

Tissue harvesting
Rats were fully anesthetized with intraperitoneal injec-
tion of ketamine hydrochloride and transcardially 
perfused with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS), pH 7.4. Spinal cords were removed 
and post-fixed overnight in the same fixative solution, 
then immersed in sucrose (30% w/v) and washed with 
PBS. A segment of the spinal cord 1.3  cm in length 
encompassing the injury site at thoracic segment and 
lumbar segment (L1–L3) was removed and embedded 
in Tissue-Tek OCT embedding compound (VWR, Mis-
sissauga, ON, Canada). The tissue (T8–T9; L1–L3) was 
cryosectioned in the sagittal plane at 20 μm intervals. To 
analyze the percentage of proliferating endogenous NPCs 
and percentage of transplanted cell migration toward T7 
and T10, spinal cords were sectioned in the transverse 
plane at 20 μm intervals using a Leica CM3050 S cryostat 
and mounted on positively charged slides.

Cavitation analysis
Cavitation analysis was performed using five rats per 
group. Tissue was harvested in the standard fashion. 
Every eighth parasagittal section was processed for hema-
toxylin and eosin (H and E) and luxol fast blue (LFB) 
staining. Fifteen sections per rat (rostro-caudally from 
the epicenter of the cavity) were imaged on a Leica DMi8 
inverted microscope. To compare the cavity area between 
groups, a modified protocol that combines H and E 
(background) and LFB (myelin) staining was developed. 
The area of maximum cavitation (epicenter) of each sec-
tion was traced using ImageJ software from Fiji (v.1.45) 
(NIH, Bethesda, MD). The measurements obtained were 
used to generate values for the cavity volume for each of 
the cords from each treatment group. The total cavity 
volume was expressed in cubic millimeter (mm3).

Immunohistochemistry
Immunohistochemistry (IHC) analysis was performed 
(n = 5 rats per group). Every eighth parasagittal section 
was processed for fluorescence IHC, antibodies were uti-
lized to identify the transplanted cells with either HNA 
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(human nuclear antigen, MAB1281; 1:250; Millipore, 
Billerica, MA) or SC121 (human cytoplasmic marker, 
AB-121-U-050; 1:250; SC Proven, Newark, CA). Differ-
entiation was examined with dual-label immunofluores-
cence combining either HNA or SC121 co-localized with 
other IHC antibodies used in separate experiments that 
includes anti-Ki67 (ab15580; 1:250; Abcam) for dividing 
cells, anti-Nestin (ABD69; 1:250; Millipore) for neural 
stem cells, anti-GFAP (glial fibrillary acid protein, Z0334; 
1:500; Dako) for astrocytes, anti-NF200 (neurofilament 
protein, ab8135; 1:250; Abcam) for intermediate filaments 
that are found in neurons, anti-synaptophysin (1:250, 
Synaptic Systems). Anti-GAT1 (GABA transporter 1, 
AB1570; Millipore) for neurotransmitter transport-
ing involved in the termination of GABA transmission, 
and anti-VGlut1 (135316; 1:500; Synaptic Systems) for 
glutamate transporter to the membrane of synaptic 
vesicles. Also, differentiation was studied with other oli-
godendrocyte markers—that is, late markers anti-APC 
(adenomatous polyposis coli protein, ab15270; 1:100; 
Abcam) and anti-MBP (myelin basic protein, ab40390; 
1:250; Abcam) to label terminally mature, myelin-pro-
ducing oligodendrocytes. Appositions between axons 
and transplant-derived oligodendrocytes were visualized 
with the combination of antibodies against the neurofila-
ment (NF200) and the SC121 epitope as generic axonal 
and transplant-derived cell markers, respectively [25]. To 
quantify the expression of serotonergic axons at lumber 
region of the spinal cord anti-5HT (5-hydroxytrypto-
phan, 1: 75,000, ImmunoStar) was utilized. Sections were 
then incubated with secondary antibodies conjugated to 
Alexa Fluor 488, 555 or 647(A-31572, A-21206, A-21432, 
A-11055, A-31570 and A-21202; Thermo Fisher Scien-
tific). Negative controls were obtained by omission of the 
primary antibody. Positive controls were also included. 
DAPI (Thermo Fisher Scientific) was used to counter-
stain DNA. The proportion of transplanted cells that 
were double labeled was calculated for each rat spinal 
cord examined.

Tissue clearing and immunostaining
CLARITY [26] tissue clearing was performed on rat sam-
ples in the sNPC-only and sNPC + TANES groups. Tis-
sue clearing was performed with an X-CLARITY system 
(Logos Biosystems, Annandale, VA) on rat samples in 
the sNPC-only (n = 1) and sNPC + TANES groups (n = 1) 
and tissue imaged at 20 × 0.95 NA with a ribbon confo-
cal microscope (RS-G4, Caliber I.D., Andover, MA). For 
intact spinal cord tissue that underwent clearing, clearing 
solution was circulated continuously at 37  °C, 1.5A cur-
rent, and 30 rpm pump speed until tissue cleared. After 
samples underwent active electrophoretic clearing, they 
were subjected to fluorescence immunostaining with 

SC121 primary antibody and Alexa Fluor 488 secondary 
labeling before imaging [13]. Tissue clearing technique 
enables large-scale volumetric imaging within three 
dimensional (3D) structures that allows visualization of 
opaque whole spinal cord tissues. Though it is a pow-
erful tool for 3D structure and quantification, there are 
certain disadvantages that could lead to discrepancies in 
the results. The technique leads to morphological defor-
mation of the sample and affects fluorescence signals. 
While the method is compatible with immunostaining, 
the combination of long clearing times, added to the long 
incubations required for standard antibody penetration 
techniques, may set to imperfect antibody penetration. 
The preliminary data with this new technique lack suffi-
cient quantification to draw any significant conclusions; 
however, this was performed to demonstrate the possibil-
ity that axonal/dendritic extension occurs from the grafts 
using a representative sample per treatment.

Quantification
To quantify the number of surviving transplanted cells 
around the injury site in the spinal cord, 15 sections per 
rat were obtained in the parasagittal plane at 20 μm thick-
ness, 160 μm apart, and all cells in the 15 sections were 
counted. Transplanted cells expressing HNA, with typi-
cal cell morphology and clearly delineated cell borders, 
were counted using ImageJ software from Fiji (v.1.45) 
(NIH; Bethesda, MD). The cell counts were then adjusted 
using the Abercrombie method [27]. This number was 
expressed as a percentage of cells surviving with the 
number of live cells injected as the denominator (500,000 
cells per rat) in rats that were sacrificed 16  weeks after 
transplantation. To analyze the migration of transplanted 
cells toward T7 (0.6 cm rostral to the lesion site) and T10 
(0.6  cm caudal to the lesion site), three sections from 
both thoracic regions were cut from each rat spinal cord 
in the transverse plane at 20 μm thickness and the per-
cent of absolute cell migration in the three sections was 
counted in reference to DAPI and averaged for each tho-
racic region. To analyze endogenous NSCs, three trans-
verse sections of 20 μm thickness from T7 (0.5 cm rostral 
to the injection site) and T10 (0.5 cm caudal to the injec-
tion site) were considered. The percentage of Nestin-
positive cells that were co-localized with Ki67 around the 
central canal was quantified.

The quantification of the immunofluorescent signal 
for GFAP (representing glial scar surrounding the cav-
ity) was conducted using three longitudinal sections of 
20 μm centered at the middle of the cord and separated 
by 160  μm, and results were averaged per rat. Images 
of these sections were acquired on a fluorescent micro-
scope (Leica DMi8 inverted microscope) at 10 × objec-
tive. Three random fields of view per section within an 
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area of 0.3  mm2 around the cavity were considered for 
quantification. Immunoreactivity was quantified with the 
ImageJ software from Fiji (v.1.45) (NIH; Bethesda, MD) 
by measuring the integrated optical density (intensity 
of fluorescence per unit of surface area) [28]. Biological 
variation in relation to any differences in signal absorp-
tion of any individual section was accounted for by 
defining the threshold. To define the threshold (T), the 
number (n = 10) of known negative and positive regions 
was selected randomly from three different sections from 
all three treatment samples. Mean intensities (u1 and u2) 
and standard deviations (σ1 and σ2) were obtained for 
negative and positive regions. The threshold was calcu-
lated as T = u1 * σ2 + u2 * σ1/σ1 + σ2 for the GFAP anti-
body. The average integrated density of antibody signal 
was recorded for each section around the lesion cavity, 
averaged for each rat, and compared across treatment 
groups. The results were expressed in arbitrary units rep-
resented as astrocyte density [17]. Equal amounts of tis-
sue were imaged at each section from each group.

The percentage of transplanted surviving (HNA+/
SC121+) cells that co-expressed/differentiated into Ki67, 
Nestin, GFAP, APC, NF200, MBP, synaptophysin, GAT1, 
or VGlut1 was quantified for the transplanted rats. The 
HNA/SC121-positive cells and those double labeled for 
the various markers were counted in three longitudinal 
sections of 20 μm, centered at the middle of the cord and 
separated by 160 μm. In each section, three images (total 
of nine images/rat and five rats/group) containing HNA/
SC121-expressing cells were obtained at a 20 × objec-
tive Z stack using the Leica DMi8 inverted microscope. 
The results were averaged per rat and compared across 
the treatment groups [29]. To quantify the density of 
5HT fibers, images were obtained from 5 or 6 parasagit-
tal consecutive spinal cord sections from lumbar region 
(L1–L3). The results were averaged per rat and compared 
across the treatment groups.

Data analysis
All quantitative data are presented as mean ± standard 
error of the mean (SEM). Statistics were conducted using 
GraphPad Prism. Two-tailed unpaired Student t tests 
were used to compare two group data, and one-way anal-
ysis of variance (ANOVA) with Bonferroni post-test was 
used to compare three group data (*p < 0.05, **p < 0.01; ns, 
non-significance). For the BBB scores, repeated-meas-
ures ANOVA was used. Significance was set at p < 0.05.

Results
Human sNPCs express markers of neuronal differentiation 
in vitro
Human sNPCs developed in our laboratory with defined 
protocols express markers that are regionally specific to 

the human spinal cord. This cell population consists of a 
mixture of immature caudal ventral spinal neurons and 
restricted progenitors based on HOX gene expression, 
ventral domain markers, motor neuron-related tran-
scripts, and general pathways affiliated with stemness 
[13]. We confirmed that after 21 days these human iPSC-
derived sNPCs expressed markers of neuronal lineage. 
The majority of the sNPCs (Fig. 1A–E and Fig. 1F) were 
positive for neuronal markers βIII-tubulin (96.45 ± 1.19%) 
and NF200 (99.2 ± 0.73%), while few cells expressed the 
glial markers GFAP (4.0 ± 0.57%), APC (3.3 ± 0.53%), and 
MBP (2.18 ± 2.18%).

Glial scar ablation using RB was achieved in chronically 
injured rat spinal cords at 8 and 16 weeks (w) 
after transplantation
Additional file 3: Fig. S1 demonstrates the glial scar abla-
tion method. Combinatorial treatment with RB and 
human iPSC-derived sNPCs (Additional file 4: Fig. S2A–
E) showed no effect on the volume of the lesion cavity in 
chronically injured rat spinal cords at 8 w and 16 w after 
transplantation. Transplanted cell density was signifi-
cantly (p < 0.05) decreased in the 1-cm area around the 
lesion when the glial scar was ablated (Additional file 4: 
Fig. S2F) demonstrating the negative effect of RB on 
sNPC cell survival. Hence, the findings led to the deci-
sion not to include RB induced glial scar ablation in the 
remaining experiments. Additional file 5: Fig. S3 depicts 
the influence of glial scar ablation on differentiation of 
the sNPCs. Further details are included in Additional 
file 2: Supplementary Results.

Combinatorial treatment with human iPSC‑derived sNPC 
transplantation and TANES has no effect on lesion cavity 
size
After SCI, the rat spinal cords developed a lesion cavity 
as expected. Sixteen weeks’ post-transplantation, the size 
of this cavity was compared between all three groups, 
and no significant difference was noted. Cells derived 
from the transplanted sNPCs did not show evidence of 
migration into the lesion cavity in either the sNPC-only 
or sNPC + TANES groups (Additional file 6: Fig. S4). Fur-
ther, there was no additional spared tissue identified in 
any of these groups. Further details are included in Addi-
tional file 2: Supplementary Results.

The addition of TANES did not affect sNPC 
survival and demonstrated an increased number 
of oligodendrocytes
To determine the fate of human iPSC-derived sNPCs 
post-transplantation into chronically injured rat spinal 
cords, we examined SC121 or HNA-positive cells co-
labeled either with Ki67 (proliferation), Nestin (neural 
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Fig. 1  Differentiation pattern of human iPSC-derived sNPCs at 21 days in vitro. Representative images of DAPI-labeled cells with neural markers: A 
GFAP, B APC, C MBP, D βIII-tubulin, and E NF200. Scale bar: 75 μm. The arrowheads indicate the highlighted cell (Boxed) in each image. F Percentage 
of differentiated cells
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progenitors), GFAP (astrocytes), APC (mature oligoden-
drocytes), NF200 (neurons), MBP (myelination), or syn-
aptophysin (synapses), as depicted in Fig.  2A, B. Also, 

GAT1 (GABA transporter) and VGlut1 (glutamate trans-
porter) were analyzed and are depicted in Additional 
file 7: Fig. S5.

Fig. 2  Differentiation pattern of Human iPSC-derived sNPCs with or without TANES in chronically injured spinal cord of rats. Representative 
images depicting the SC121+ cells in the rostro-caudal direction to the lesion cavity of the spinal cord A sNPC only and B sNPC + TANES. 
Representative images of HNA or SC121-positive cells in green double labeled with GFAP, NF200, MBP, and synaptophysin (Syn) are represented 
in red in both C sNPC-only and D sNPCs + TANES groups. Scale bar: A, B 500 μm, C, D 75 μm. E Estimation of surviving cells utilizing cell density, F 
Quantification of the percentage of co-localization of human cells with specific markers (Ki67, Nestin, GFAP, NF200, APC, MBP, and Syn) in sNPC-only 
and sNPC + TANES groups. Data represent mean ± standard error of the mean; *p < 0.05, **p < 0.01; ns, non-significant
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To investigate the effects of TANES on transplanted 
sNPC survival in chronic SCI, we compared cell density 
of the transplanted sNPCs at 16 weeks after transplan-
tation in the sNPC-only and sNPC + TANES groups. 
We observed no statistical difference in cell survival in 
sNPC + TANES (60 ± 10.3%) when compared with the 
sNPC-only (63 ± 9.22%) group (Fig. 2C).

Further quantitative analysis of cell differentia-
tion is presented in Fig.  2D. Sixteen weeks post-
transplantation the percentage of transplanted cells 
that co-expressed Ki67 was very low and similar in 
both sNPC-only (0.9 ± 0.9%) and sNPC + TANES 
(1.09 ± 0.21%) groups with no statistically significant 
difference. These results indicated that few transplanted 
cells were still proliferating at the experimental end 
point in both treatment groups, and we also observed 
that the Ki67-positive cells were distributed uniformly 
across the engrafted area. Nestin is an indicator of cells 
that are not fully differentiated [30]. Transplanted cells 
in rats receiving TANES expressed a highly significantly 
(p < 0.01) lower percentage (17 ± 0.84%) of Nestin as 
compared to the sNPC-only group (30.02 ± 1.01%). This 
suggests that TANES encourages cell differentiation of 
sNPCs. Expression of the astrocytic marker GFAP was 
significantly (p < 0.05) reduced in the TANES group 
(13.96 ± 0.83%), as compared with the sNPC-only group 
(20.50 ± 1.01%), indicating that sNPCs were not differ-
entiating into more astrocytes.

We then determined the percentage of trans-
planted cells demonstrating either a neuronal or 
oligodendrocyte fate in both the sNPC-only and 
sNPC + TANES groups. Many of the transplanted 
cells with (46.89 ± 2.08%) or without (43.68 ± 1.61%) 
TANES treatment expressed the neuronal marker 
NF200, suggesting that a neuronal fate was the most 
common and that this was irrespective of whether 
or not TANES was administered, and not different 
between the treatment groups. We further noticed 
transplanted sNPCs expressed both GAT1 as com-
pared with VGlut1 with or without TANES. However, 
percentage of cells that expressed GAT1 under the 
influence of TANES (73.75 ± 2.08%) was significantly 
higher than sNPC-only group (61.02 ± 2.36%) (Addi-
tional file  7: Fig. S5). The percentage of transplanted 
cells that expressed oligodendrocyte markers APC and 
MBP in the sNPC-only and sNPC ± TANES groups 
was also examined. The transplanted cells that co-
expressed APC were 20.61 ± 1.23% and 31.87 ± 1.83% 
in the sNPC-only and sNPC + TANES groups, respec-
tively, whereas 16.45 ± 1.74% and 26.65 ± 2.37% of trans-
planted cells expressed MBP in the sNPC-only versus 
sNPC + TANES groups. This suggests that TANES not 

only resulted in significantly (p < 0.05) more oligoden-
drocyte differentiation, but also that these oligodendro-
cytes were producing myelin.

Further, the percentage of transplanted cells that 
expressed synaptophysin when treated with TANES was 
significantly (p < 0.05) greater at 22.6 ± 1.41% as com-
pared to the sNPC-only group at 17.3 ± 1.61%. This sug-
gests an increase in multiple presynaptic connections by 
the application of TANES. The orthogonal representa-
tive image in Fig.  3 depicts that the synaptophysin was 
located at or adjacent to transplanted cells. It was noted 
that the expression of this presynaptic marker was often 
found between transplanted cells (SC121+) and host neu-
rons (NF200+) that suggest potential synaptic connec-
tions with host neurons.

The addition of TANES resulted in increased migration 
and axonal/dendritic projections of transplanted cells 
both rostral and caudal to the lesion site
Sixteen weeks post-transplantation the majority of the 
transplanted sNPC cell bodies were located at or adjacent 
to the injection sites. Axial slices of spinal cord at 0.6 cm 
rostral and caudal to the lesion site were also examined 
to determine cell migration and axonal/dendritic exten-
sion. We observed SC121-positive transplanted cells 
in both rostral and caudal directions in both treatment 
groups. However, since SC121 is a cytoplasmic marker, it 
was unclear whether this represented cell migration ver-
sus axonal/dendritic extension. Thus, we subsequently 
used the nuclear marker HNA, which was observed at 
both rostral and caudal locations. We noted that not all 
of the SC121-positive cells were also positive for HNA, 
suggesting that there was also axonal/dendritic exten-
sion present. Overall, more reactivity to nuclear marker 
HNA antibody in these rostral and caudal locations 
was identified in those rats that were stimulated with 
TANES, compared to those that were not. Counter-
staining with DAPI suggested that some of these were 
representative of migrated cell bodies (Fig.  4A–D). The 
absolute number of transplanted cells (Fig.  4E) was sig-
nificantly (p < 0.01) higher in both rostral (175.67 ± 11.07) 
and caudal (99.0 ± 4.75) locations in the sNPC + TANES 
group as compared with rostral (63.0 ± 6.38) and cau-
dal (34 ± 2.36) directions in the sNPC-only group. Also, 
a higher number of HNA-positive cells were found ros-
trally compared to caudally in both the treatment groups. 
Further, we found that a significantly (p < 0.05) higher 
percentage (38.67 ± 0.67%) of sNPCs co-localized with 
MBP (Fig.  4F; Additional file  8: Fig. S6) in both rostral 
and caudal directions after TANES treatment when com-
pared with the sNPC-only (29 ± 2.08%) group. There was 
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no significant difference in the expression of the neuronal 
marker NF200 between the sNPC-only (35.67 ± 3.53%) 
and sNPC + TANES (35.67 ± 4.85%) groups in both the 
locations. A smaller percentage of the migrated cells were 
astrocytic, and again no significant difference was noted 
between sNPC only (17.67 ± 1.45%) and sNPC + TANES 
(17.33 ± 3.53%). Also, we investigated the effect of TANES 
on proliferating endogenous NSC (Additional file 9: Fig. 
S7). Only a small percentage of endogenous NSCs were 
proliferative. However, rats that were electrically stimu-
lated expressed a higher percentage (4.2 ± 0.38%) of pro-
liferating cells (Nestin+/Ki67+) as compared to sNPC 
only (2.8 ± 0.18%) and injury only (3.1 ± 0.35) toward the 
caudal to the injury.

To analyze the axonal/dendritic projections further 
away from injury site in both rostral and caudal direc-
tions, we performed exploratory tissue clearing using 
representative (n = 2) spinal cords from both treatment 
groups. This enabled visualization of whole spinal cord in 
3D. These were subsequently immunostained with SC121 
to identify the transplanted cells (Additional file 10: Fig. 
S8A, B). We observed that in addition to cell migration, 

in these randomly selected samples, the spinal cord that 
had been exposed to TANES demonstrated axonal/den-
dritic projections rostral (3.1 cm) and caudal (1.6 cm) to 
the injury site (Additional file 10: Fig. S8C), whereas with-
out TANES (sNPC-only group) we noticed no detectable 
SC121-positive axonal/dendritic projections both rostral 
and caudal to the injury site in this tissue cleared sample. 
While no definitive conclusions can be drawn in terms 
of comparison, given the n = 1 for each group, this dem-
onstrates that the cells have the ability to extend axonal/
dendritic projections at least this distance.

Expression of serotonin‑positive fibers (5HT) was enhanced 
in the lumbar (L1–L3) region of the spinal cord after TANES 
treatment
The serotonergic pathway plays an important role in 
mediating descending influences on locomotion [31]. 
The L1–L3 levels of the rat spinal cord were examined 
for 5HT expression because 5HT regulates the rhythm 
and coordination of movements through the central 
pattern generator (CPG) and the L1–L2 segment cor-
responds to areas known to contain elements of the 

Fig. 3  Expression of synaptophysin (Syn) around transplanted sNPCs and host neurons. Representative image of the proximity of transplanted 
cells, host neurons and synaptophysin. A SC121, B NF200, C Syn, and D orthogonal view of the z stack image of SC121 (green), NF200 (red) 
and Synaptophysin (magenta) along with the orthogonal projection. Arrowheads indicate positively labeled cells. Scale bar: 75 μm. This finding 
suggests synapse formation between the transplanted cells and host cells
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CPG for locomotion in rodents [32]. An increase in 
the expression of 5HT by 1.10 times was noted in this 
region in the sNPC group compared to the injury-only 
group, but this was not significant. However, a greater 

increase in the levels of the expression of 5HT by 1.27 
and 1.15 times was noted in the sNPC + TANES group 
compared with the injury-only and sNPC-only groups, 
respectively, and this was significant (p < 0.05) (Fig. 5).

Fig. 4  Effect of TANES on survival and migration of transplanted sNPCs both rostral and caudal to the lesion site. Spinal cords sections 
demonstrating HNA (green) and DAPI (blue) 16 weeks post-transplantation rostral to the lesion site A, a sNPC only, B, b sNPC + TANES; caudal 
to the lesion cavity C, c sNPCs only, D, d sNPCs + TANES. Scale bar: A–D 250 μm; a–d 100 μm. E Quantification of migrated cells at 0.6 cm rostrally 
and caudally to the lesion cavity, F Percentage of cells with specific markers GFAP, MBP, and NF200 in sNPC-only or sNPC + TANES groups at 0.6 cm 
rostral and caudal to the lesion cavity. Data represent mean ± standard error of the mean; *p < 0.05; **p < 0.01; ns, non-significant
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TANES in combination with human iPSC‑derived sNPCs 
trended toward improved functional recovery
Locomotor recovery of the hind limbs was assessed 
using the BBB scores (Fig. 6; Additional files 11, 12, 13: 
Video S1–S3). The rats in the sNPC + TANES group 
received TANES from week 1 through week 16 after 

transplantation. As expected, the injury-only group 
(11.41 ± 0.64) demonstrated very little improvement at 
week 16. The sNPC-only group (11.86 ± 0.48) showed 
steady, but minimal improvement as compared to the 
injury-only group that was not statistically significant. 
The sNPC + TANES group (13.78 ± 1.15) demonstrated 

Fig. 5  Effect of TANES on the expression of serotonin-positive fibers (5HT) in the lumbar (L1–L3) region. Spinal cords were examined 
for the expression of serotonin-positive fiber (5HT, red) post treatment with either A injury only, B sNPC only, or C sNPC + TANES. a–c 
Higher-magnification images of the boxed areas. Scale bars: A–C 750 μm; a–c 200 μm. D Quantitative analysis revealed that expression of 5HT 
was significantly higher when rats received sNPCs and TANES. Data represents mean ± standard error. *p < 0.05; ns, non-significant
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much greater improvement than either of the other two 
groups, however this did not reach statistical significance. 
Also, we did not observe any statistical significance in the 
BBB sub scores among all the treatment groups.

Von Frey testing was also performed at pre-injury, pre-
transplantation, 4, 8, and 16 weeks after cell transplanta-
tion to investigate the potential development of chronic 
pain as has been reported in other cell transplantation 
paradigms [33]. There was no evidence of development 
of chronic pain in any of the groups at any time point, 
regardless of treatment group (observational only).

Discussion
It is generally accepted in the SCI community that there 
will be no “one approach fits all” for the treatment of 
SCI. Instead, there will likely be several patient and 
injury specific therapeutic options, some of which will 
be combinatorial in nature. Glial scar ablation [34], cell 
transplantation [35], and neuromodulation [21] are all 
promising approaches, and here we have attempted to 
explore these in combination.

The goal of our first study was to utilize a novel method 
of glial scar ablation to determine the effect on region-
ally specific transplanted spinal neural progenitor cells 
(sNPCs) in order to determine whether to proceed with 
this intervention in the next phase of this study. There 
is a plethora of literature to support the negative effects 
of glial scarring, which impedes axonal regeneration 
and functional recovery. Spinal cord injury (SCI) results 
in scar tissue formation at the lesion site and creates 
an inhospitable environment for axonal regeneration 

[36–42]. This scar consists of both glial (mainly astro-
cytic) and fibrotic components [42] that have been sug-
gested to have inhibitory effects. However, the rationale 
for eliminating the glial scar remains controversial [43, 
44]. We utilized a novel technique for glial scar abla-
tion using the phototoxic chemical RB, which we have 
shown previously to be safe and effective with minimal 
collateral effects on functioning spared tissue. We also 
described an inflammatory reaction that resulted from 
this intervention [17, 18, 20]. We found that transplanted 
pre-OPCs survived and filled the lesion cavity in chroni-
cally injured rats after glial scar ablation. However, in 
the current study we found that glial scar ablation with 
RB had a detrimental effect on the survival of sNPCs 
(GSA + sNPC) when compared to no glial scar ablation 
(sNPC only) at 8 and 16 weeks after transplantation into 
the chronically injured rat spinal cord. The lower per-
centage of cell survival when treated with RB could be 
attributed to increased sensitivity of the transplanted 
sNPCs in comparison to the pre-OPCs to toxic media-
tors released by dead astrocytes after photoablation [45, 
46]. A further explanation is that the sNPCs were more 
sensitive to the inflammatory environment mediated by 
macrophage infiltration [17].

In this first study, we also demonstrated that trans-
planted human iPSC-derived sNPCs can survive and dif-
ferentiate 16  weeks after transplantation in this chronic 
model. The majority of our transplanted cells differenti-
ated into mature neurons in all of the treatment groups. 
Interestingly, although in  vitro almost all of the sNPCs 
expressed markers of neuronal lineage, the transplanted 
sNPC population were demonstrated to be multi-potent 
and retained the ability to differentiate into astrocytes, 
oligodendrocytes, and neurons when transplanted into 
chronically injured rats. Similar observations have been 
made by various authors, including ourselves, with differ-
ent cells types and treatment paradigms [13, 18, 47–49] 
including using different rat strains that requires injec-
tions of cyclosporine to prevent rejection of human neu-
ral cell grafts which could drive the transplanted cells 
toward glial fate. We further observed that the expression 
of NF200 was significantly higher without glial scar abla-
tion as compared with glial scar ablation at both 8 and 
16  weeks after transplantation. This is consistent with 
our hypothesis that neurons are more sensitive and are 
dying at a proportionately higher rate than glial cells. This 
observation was reported previously in a study demon-
strating that the ablation of scar-forming astrocytes could 
exacerbate neuronal cell death and demyelination fol-
lowing the injury as a result of an influx of blood-derived 
macrophages and fibrotic cells [50], which is consistent 
with our previous finding of an increase in macrophages 
post-RB scar ablation. Unlike our previous study with 

Fig. 6  Functional recovery analysis with BBB open field locomotor 
scores after combinatorial treatment with sNPC transplantation 
and TANES. There was a slight trend in the BBB scores from week 1 
to week 16 when rats transplanted with sNPCs alone were compared 
with rats with injury alone. A much greater trend was observed 
when rats were stimulated with TANES, as compared with injury only
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pre-OPCs [18], glial scar ablation with RB was detrimen-
tal to transplanted cell survival and integration into the 
injured chronic rat spinal cord. Therefore, we excluded 
glial scar ablation in the second study of combinatorial 
treatment with cell transplantation and electrical stimu-
lation with TANES.

In the second study, we combined sNPC transplanta-
tion with TANES to determine whether TANES, when 
used in combination, affected the transplanted cells, and 
specifically whether they improved their integration and 
differentiation of the transplanted cells. There are several 
papers that have reported the beneficial effects of elec-
trical stimulation [51–53]. Earlier work from our team 
has demonstrated that TANES alone can improve neu-
rological outcomes in rats, and may be associated with 
spinal plasticity, tissue repair, and/or axonal regenera-
tion. It has also been suggested that TANES can activate 
the central pattern generator (CPG) in the lumbar spinal 
cord to promote locomotor recovery in the contused rat 
spinal cord [21, 54]. Our rationale for including TANES 
in this protocol was to potentially optimize the connec-
tions of new neurons derived from the sNPCs. Cellular 
transplantation therapies alone do not always result in 
improvement of motor function in rats with chronic SCI 
[53, 54]. We therefore hypothesized that human iPSC-
derived sNPCs in combination with TANES may improve 
cellular integration, differentiation, along with functional 
recovery when compared with sNPCs alone. In this 
study, chronically injured rats were allocated to one of 
three treatment groups including injury only, sNPC only, 
and sNPC + TANES. We examined the survival and fate 
of transplanted sNPCs and whether this was affected by 
TANES, as well as effects of TANES on the lumbar spinal 
cord.

Our first observation was that the volume of the lesion 
cavity remained similar in all of the treatment groups. 
Transplanted sNPCs surprisingly did not fill the lesion 
cavity as we had previously reported in a subacute model 
of SCI [12]. Instead, they were found in the spared tis-
sue around the lesion cavity [11]. This indicates that 
transplanted sNPCs in a subacute model are either more 
attracted to the lesion site or unable to migrate in large 
numbers into the preserved tissue yet appear unable to 
survive in the cavity in a chronic model, and instead pre-
fer the spinal cord parenchyma. As observed earlier in 
this study, we found that the transplanted sNPC popula-
tion was multi-potent and retained the ability to differ-
entiate into astrocytes, oligodendrocytes, and neurons 
when transplanted into chronically injured rats, a find-
ing similar to our prior subacute study. The majority of 
our transplanted cells are differentiated into mature 
neurons with or without TANES. However, a higher 
percentage of our transplanted cells differentiated into 

oligodendrocytes when the rats were electrically stimu-
lated with TANES as compared to the sNPC-only group 
and these cells synthesized and secreted myelin basic 
protein (MBP) with TANES treatment. This is a signifi-
cant finding and supportive of the concept that myelin 
is formed preferentially on electrically active axons [55, 
56]. Disruption of oligodendrocytes or the myelin sheath 
after SCI has severe consequences on neuronal func-
tion [57, 58]. This disruption of oligodendrocytes trig-
gers rapid migration and proliferation of adjacent NG2+ 
cells to restore their density through a balance of active 
growth and self-repulsion available to replace lost oli-
godendrocytes and participate in tissue repair [59]. This 
endogenous tissue repair could be augmented by cell 
replacement therapy and restore local neuronal connec-
tivity and promote the remyelination of denuded axons. 
Other studies have shown that endogenous, neuronal 
activity-dependent myelin remodeling in the adult CNS 
is emerging as a mechanism of CNS plasticity [60]. Our 
findings support the hypothesis that electrical stimula-
tion promotes oligodendrocyte development and myeli-
nation in injured spinal cord [61–63]. This important 
finding could help to explain why electrical stimulation 
in humans can sometimes lead to permanent changes in 
motor function, even when the stimulation is no longer 
being applied [64, 65].

The formation of synapses between human iPSC-
derived neurons and host rat spinal cord neurons is cru-
cial for functional recovery given the hypothesis of relay 
system formation. Interestingly, we observed expres-
sion of presynaptic markers between transplanted cells 
(SC121+) and host neurons (NF200+) and that electri-
cal stimulation with TANES significantly increased the 
amount of synaptophysin, suggesting potential synapse 
formation was enhanced. This is supportive of other 
studies that report the combination of electro‐acupunc-
ture and the transplantation of human iPSC‐derived 
NPCs that subsequently differentiated into neurons and 
formed synaptic connections with host neurons to pro-
mote the recovery of motor function after SCI [66].

Alternatively, Li and Li [67] also noted that oligoden-
droglia regenerative responses could be mediated by 
axon-OPC synapses and electrical stimulation could 
increase the number of synapses. Similar observations 
with electro-acupuncture stimulation [66] suggest that 
mechanisms could include an improved local microen-
vironment, increased endogenous levels of NT‐3 [54], 
activating TrkC/AKT signaling resulting in the enhanced 
survival and differentiation of neurons, and promoting 
synapse‐like junction formation by transplanted NSCs, as 
well as their integration in spinal neuronal circuits.

Electrical stimulation on transplanted cells is a com-
plicated process that is regulated by various external and 
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internal factors. Studies have shown that electrical stimu-
lation directly influence PI3K/Akt, mitogen-activated 
protein kinase (MAPK)/extracellular signal-regulated 
kinase (ERK) and/or Rho-kinase signaling pathways reg-
ulating NSC migration and differentiation [68–70]. Also, 
electrical stimulation can provide artificial stimulation 
that transmits electrical charge to the cells that are elec-
trically active [56].

Interestingly we also observed that the electrical stimu-
lation with TANES significantly increased the expres-
sion of GABA transporter. Previous studies [71, 72] have 
shown that human spinal GABA neurons could mitigate 
hindlimb spasticity and improve locomotion.

Other significant findings are that 30% of the trans-
planted cells remained in an immature state as evident 
from the expression of the immature cell marker Nestin 
after 16 weeks, consistent with what has been previously 
described [30, 73]. Treatment with TANES significantly 
reduced the number of immature transplanted cells. 
Transplanted cells also retained the ability to form astro-
cytes in both groups, albeit slightly but significantly less 
when electrically stimulated with TANES. Finally, a small 
percentage of transplanted cells expressed Ki67, which 
indicated that few of the cells were still in a proliferative 
state 16 weeks’ post-transplantation in all groups; this is 
also consistent with previous studies [11, 74].

We observed migration of the transplanted human 
iPSC-derived sNPCs in chronically injured rats in both of 
the treatment groups. The neuronal cell bodies were gen-
erally localized around the lesion site [11]. A higher num-
ber of transplanted cell bodies were found rostrally to the 
lesion as compared to caudally in both treatment groups. 
Application of TANES not only promoted a significantly 
higher number of sNPCs found remotely from the site 
of injection but also influenced long-distance axonal/
dendritic projections especially rostrally (3.1  cm) to the 
lesion site as compared to treatment without TANES. As 
Salazar et al. [11] has suggested, this preferential rostral 
extension might be due to the rostral cord still receiving 
connections from the brain potentially contributing to a 
more trophic environment for transplanted cells. Other 
studies have found evidence for enhanced cell migration 
toward the source of current, known as electrotaxis [75], 
but we did not find this in our current study.

To further explore the effects of TANES, we examined 
the expression of serotonergic neurons at the lumbar 
(L1–L3) region. Endogenous plasticity by axon growth/ 
sprouting of serotonergic axons has been observed in dif-
ferent SCI models in mice and rats by various research-
ers [76–78] but with severe injuries there has been a 
failure to restore locomotor function without the use 
of additional therapeutic interventions. It has been 
demonstrated that the descending serotonergic tracts 

directly modulate locomotion function and SCI affects 
activation of the CPG which can result in subsequent 
depletion of 5HT [79, 80]. Perrin et al. [81] suggest that 
functional consequences of SCI at the thoracic level can 
be improved by a substitutive transplantation of 5HT 
neurons or regeneration under the trophic influence of 
grafted stem cells that are capable of activating both TrkB 
and C receptors in a rodent model. We found that rats 
transplanted with human iPSC-derived sNPCs, when 
treated with sNPCs in combination with TANES resulted 
in an increased expression of serotonergic neurons.

While there were no significant differences between 
treatment groups, there were trends that suggested a 
likely underpowered study for functional improvement, 
and this will be further investigated with larger studies. 
Trends toward improvement in BBB scores to consist-
ent coordinated stepping in the sNPC + TANES group is 
notable.

In summary, the focus of this study was firstly to deter-
mine whether the glial scar ablation that we were explor-
ing was a positive addition to our combinatorial therapy, 
and these results were negative as increased cell death 
resulted. The second focus was to determine whether the 
addition of electrical stimulation to sNPC transplanta-
tion had significant effects, and these results were more 
positive.

Conclusions
Together, the data suggest that combinatorial treatment 
with human iPSC-derived sNPCs and electrical stimula-
tion with TANES may provide a novel platform to pro-
mote cellular integration in chronically injured rats. The 
microenvironment that was created by electrical stimu-
lation influenced the fate of human iPSC-derived sNPCs 
transplanted into the injured spinal cord. These sNPCs 
were shown to be multi-potent and were more likely to 
differentiate into cells of the oligodendrocyte lineage and 
increase both myelination and synapse formation when 
rats were electrically stimulated with TANES. We sug-
gest that activity-dependent oligodendrocyte and myelin 
remodeling from the transplanted cells along with the 
neuroplasticity induced by TANES increases connectiv-
ity and indicates a potential mechanism for functional 
recovery.
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non-significant.

Additional file 5. Supplementary Figure 3. Differentiation of Human 
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mean± standard error of the mean; *p<0.05; **p<0.01; ns, non-significant.
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subjected to (A) Injury only, (B) sNPC only and (C) sNPC+TANES. Scale bar: 
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with GFAP, MBP and NF200 are represented in red. (A-C) sNPC only rostral 
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Additional file 9. Supplementary Figure 7. Effect of TANES on the 
proliferation of endogenous NPCs residing in the central canal rostral 
and caudal to the lesion site. Spinal cord sections demonstrating merged 
images of Nestin (green), Ki67 (red) and DAPI (blue) rostral to the lesion 
cavity (A) Injury only, (B) sNPC only and (C) sNPC+TANES. Caudal to 
lesion cavity (D) Injury only, (E) sNPC only and (F) sNPC+TANES. Scale 
bar: 75μm. Higher magnification images are depicted in the boxes of the 
respective image with (i) Nestin, (ii) Ki67 and (iii) Merged. (G) Percentage 
of Nestin positive cells co-localized with Ki67 in Injury only, sNPC only or 
sNPC+TANES groups at 0.6cm rostrl and caudal to the lesion cavity. Data 
represent mean± standard error of the mean; *p<0.05.

Additional file 10. Supplementary Figure 8. Visualization of axonal/
dendritic projections in the spinal cord using tissue clearing. Expression 
of SC121 represented in green in the whole spinal cord (A) rostral; (a-d) 
Higher magnification images at 1.6cm-3.1cm rostral to the injury site, (B) 
Caudal; (e-f ) Higher magnification images at 1.6cm-2.1cm caudal to the 
injury site, 16 weeks after sNPC transplantation and TANES. Scale bar: (A, 
B) 100μm, (a-f ) 50μm. (C) Quantification of relative integrated density per 
area of SC121 positive projections over the distance.

Additional file 11. Supplementary Video 1. Representative video of 
open field locomotor testing for the Injury only group taken at 16 weeks 
post-transplantation. This animal received a BBB score of 11.

Additional file 12. Supplementary Video 2. Representative video of 
open field locomotor testing for the sNPC only group taken at 16 weeks 
post-transplantation. This animal received a BBB score of 11.
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