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Abstract

Neuropathic pain after spinal cord injury (SCI) is a complex condition that responds poorly to usual treat-
ments. Cell transplantation represents a promising therapy; nevertheless, the ideal cell type in terms of
neurogenic potential and effectiveness against pain remains largely controversial. Here, we evaluated the
ability of fetal neural stem cells (fNSC) to relieve chronic pain and, secondarily, their effects on motor re-
covery. Adult Wistar rats with traumatic SCI were treated, 10 days after injury, with intra-spinal injections
of culture medium (sham) or fNSCs extracted from telencephalic vesicles (TV group) or the ventral medul-
la (VM group) of E/14 embryos. Sensory (von Frey filaments and hot plate) and motor (the Basso, Beattie,
Bresnahan locomotor rating scale and inclined plane test) assessments were performed during 8 weeks.
Thereafter, spinal cords were processed for immunofluorescence and transplanted cells were quantified by
stereology. The results showed improvement of thermal hyperalgesia in the TV and VM groups at 4 and 5
weeks after transplantation, respectively. Moreover, mechanical allodynia improved in both the TV and VM
groups at 8 weeks. No significant motor recovery was observed in the TV or VM groups compared with
sham. Stereological analyses showed that ~70% of TV and VM cells differentiated into NeuN" neurons,
with a high proportion of enkephalinergic and GABAergic cells in the TV group and enkephalinergic and
serotoninergic cells in the VM group. Our study suggests that neuronal precursors from TV and VM, once
implanted into the injured spinal cord, maturate into different neuronal subtypes, mainly GABAergic, sero-
toninergic, and enkephalinergic, and all subtypes alleviate pain, despite no significant motor recovery. The
study was approved by the Animal Ethics Committee of the Medical School of the University of Sdo Paulo
(protocol number 033/14) on March 4, 2016.
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et al., 2016; Kramer et al., 2017).

The main cause of neuropathic pain after SCI is the hyper-
excitability of wide range neurons located in the dorsal horn
of the spinal cord (Kramer et al., 2017; Gwak et al., 2017).
The mechanisms involved in this process include structural
plasticity (e.g., dendritic spine remodeling), glutamatergic
dysregulation (release, uptake and receptor expression),

Introduction

Spinal cord injury (SCI) is a devastating neurological disease
and the greatest cause of long-term physical impairment
(Kumar et al., 2018). Together with motor deficits, pain is
one of the most common and disabling complications ex-
perienced by individuals with SCI (Andresen et al., 2016;
Muller et al., 2017; Burke et al., 2018). About 94% of patients

with SCI report some kind of pain following injury, and
70% of these evolve to chronic pain (Teixeira et al., 2013).
Chronic pain can be classified as nociceptive, inflammatory,
dysfunctional or neuropathic (Vardeh et al., 2016). The term
“neuropathic pain” refers to pain caused by a lesion or dis-
ease of the somatosensory nervous system (IASP, 2012), and
is characterized by spontaneous pain, allodynia and hyperal-
gesia (Gilron et al., 2015; Nagoshi et al., 2015; Boadas-Vaello

loss of local inhibitory tone (GABAergic), dysfunctions of
descending modulatory pathways (especially serotonergic),
and increased calcium channel expression, among others
(Meisner et al., 2010; Boroujerdi et al., 2011; Putatunda et
al., 2014; Falnikar et al., 2016; Zhao et al., 2016; Gwak et al.,
2017).

Several pharmacological and non-pharmacological treat-
ments are available, including antidepressants, antiepileptic,
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analgesics, intrathecal pump implantation, dorsal root entry
zone lesion, spinal cord stimulation and deep brain stimu-
lation (Baastrup and Finnerup, 2008; Previnaire et al., 2009;
Ruiz-Juretschke et al,, 2011; Mehta et al., 2015; Yaksh et al,,
2017; Hatch et al., 2018). Nonetheless, proper treatment of
neuropathic pain after SCI remains a challenge, highlighting
the need for new strategies to improve the prognosis and
quality of life of these patients.

While cell transplantation represents a promising option,
which cell types offer the best neurogenic potential and anal-
gesic effectiveness remains largely controversial. In previous
studies with fetal neural stem cells (fNSCs) extracted from
telencephalic vesicles of E14 rat embryos, our group showed
neuronal differentiation in vitro even after long periods (Ma-
ciaczyk et al., 2008; Maciaczyk et al., 2009); moreover, about
60% of the mature neuronal cells obtained by in vitro differ-
entiation presented a GABAergic phenotype in immunocy-
tochemical stainings (Maciaczyk et al., 2008). Additionally,
all immature neuroblasts in vitro presented GABAergic syn-
aptic currents in patch clamp recordings (Lepski et al., 2013).
Thus, we hypothesized that GABAergic precursor cells
would eventually cause post-synaptic inhibitory potentials
and consequently reverse the hyperexcitability established in
the dorsal horn of the injured spinal cord.

In addition, it is known that the descending inhibitory
pathways from the nucleus raphe magnus and locus coeru-
leus reach the dorsal horn of the spinal cord and inhibit pain
transmission, as part of the pain suppressor system (Basbaum
and Fields, 1978; Terman et al., 1984; Morgan et al., 1992).
Thus, based on region-specific phenotype determinism
(Fuentealba et al., 2015) we hypothesized that {NSCs from
ventral medulla would have better analgesic effects than fN-
SCs harvested from other brain regions.

The purpose of this study was to evaluate the ability of
transplanted NSCs derived from telencephalic vesicles and
ventral medulla to relieve chronic pain in a traumatic SCI
model.

Materials and Methods

Neural progenitor/stem cell isolation and culture

All surgical procedures and handling methods with the an-
imals were previously approved by the Animal Ethics Com-
mittee of the Medical School of the University of Sao Paulo
(protocol number 033/14) on March 4, 2016. NSCs were
isolated from E14 (gestational age: 14 days postconceptional)
Wistar rat embryos. In brief, 4 time-pregnant animals were
euthanized by intraperitoneal lethal injection of ketamine
(200 mg/kg; Cristalia Ltda) and xylazine (20 mg/kg; Syntec).
After the abdominal cavity was opened and the uterus was
removed, the embryos were extracted and the neural tissue
was isolated from its wraps. Cells were extracted from two
different regions, the telencephalic vesicles and the ventral
medulla. The tissues isolated were incubated with 0.1% tryp-
sin (Worthington, Lakewood, NJ, USA) for 12 minutes at
37°C followed by 0.05% DNase (Worthington) for 12 minutes
at 37°C. Cells were plated in a proliferation medium con-
sisting of Dulbecco’s modified eagle medium and Ham’s F12
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supplement (DMEM/F12, 3:1, Sigma-Aldrich, Brazil), pen-
icillin G/streptomycin and amphotericin (PSA 1%, Gibco),
B27 supplement (2%, Gibco), basic fibroblast growth factor
(bFGE, 20 ng/mL, Sigma-Aldrich), epithelial growth factor
(EGE 20 ng/mL, Sigma-Aldrich) and heparin (5 pg/mL, Sig-
ma-Aldrich). Cells were incubated at 37°C, 5% CO,, and 20%
O,. The medium was changed every 2 days and passages were
performed once a week by light mechanical dissociation of
the formed spheres (Lepski et al., 2011a).

BrdU labeling

5-Bromo 3'-deoxyuridine (BrdU, 10 pM; Sigma-Aldrich)
was added to the culture medium after three passages and
maintained for 48 hour before the transplantation sessions.

Surgical procedure

Traumatic spinal cord injury

Forty-five male Wistar rats from the University of Sdo Paulo
School of Medicine, weighing 250 to 300 g, were subjected
to intraperitoneal anesthesia with ketamine (100 mg/kg) and
xylazine (10 mg/kg). After hair removal and antisepsis of the
surgical area, a median longitudinal skin incision was per-
formed at levels T7—12; then, the paravertebral musculature
was carefully separated from the vertebra laminae. Lami-
nectomy was performed at levels T9 and T10, exposing the
spinal cord and the intact dura mater. The SCI was applied
using NYU Impactor equipment (New York University, New
York, NY, USA). Animals were fixed by the upper and lower
vertebrae and a moderate injury was inflicted by dropping
a weight of 10 g from a 25-mm height (Gruner, 1992). A
group of control animals did not undergo surgery. During
the surgical procedure, saline was replaced intraperitoneally
to avoid hemodynamic instability. The ideal weight to cause
sustained pain throughout the experiment was determined
in a pilot study (Batista et al., 2019).

At the end of the procedure, the muscle planes, subcuta-
neous tissue and skin were sutured in multiple layers. Imme-
diately post-operatively, animals were warmed under bright
light. The animals were housed in a temperature-controlled
environment under a 12-hour light-dark cycle, with access
to food and water ad libitum. All animals received subcuta-
neous injection of antibiotic (Flotril, 1 mg/kg) during 3 days
and dipyrone (1 mg/kg) during 5 days and bladder emptying
was performed twice daily until the return of function.

Immunosuppression

All animals (including controls) were immunosuppressed,
starting 7 days after SCI (3 days before cell transplantation),
by daily intraperitoneal injections of cyclosporine A (San-
dimmun, 10 mg/kg, Novartis Pharma, Stein, Sweden) (Van-
ecek et al., 2012). Immunosuppression was combined with
prophylactic oral administration of antibiotics (sulfamethox-
azole/trimethoprim, Teuto, Anépolis, Brazil) in the drinking
water.

Cell transplantation
Ten days after SCI, the animals had their spinal cord re-ex-
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posed for transplantation, which was performed by stereotac-
tic injection of the culture medium (DMEM/F12) or fNSCs.
Prior to transplantation, the expanded cells were detached
from the culture flask with Trypsin-EDTA (trypsin-eth-
ylenediamine tetraacetic acid solution, Sigma Aldrich) for 2
minutes, and then mechanically dissociated by using a 1 mL
pipette to obtain a single cell suspension. Viability and cell
number were controlled by trypan blue staining and count-
ing. To minimize the trauma associated with stereotactic im-
plantation of the cell solution, the intra-spinal injections were
made with glass micropipettes (~80 pm of external diameter)
obtained by a pipette puller (P-97 Flaming/Brown micropi-
pette puller, Sutter Instrument, Novato, CA, USA). The mi-
cropipettes were coupled to a 25 pL. Hamilton syringe, which
in turn was connected to the infusion pump attached to the
arm of the stereotaxic device. The animals received 12 pL of
cells in suspension (5 x 10" cells/uL), divided into four spi-
nal cord regions, two injections at the lesion site (bilaterally)
and two injections ~3 mm above (bilaterally; Figure 1). The
injection speed was 1 pL/min and after the volume injection
(3 uL/point), the micropipette remained in the spinal cord
for another 20 seconds before being withdrawn. The viability
of telencephalic vesicle cells was ~90.36% and that of ventral
medulla cells was ~74%.

Experimental groups

Rats were randomized into four groups: control group (with-
out SCI, n = 14), sham group (traumatic SCI and transplan-
tation of culture medium [DMEM/F12], n = 11); TV group
(traumatic SCI and transplantation of fNSCs from telen-
cephalic vesicles, n = 12), and VM group (traumatic SCI and
transplantation of NSCs from ventral medulla, n = 12).

Due to weakness caused by immunosuppression, some an-
imals died during the surgical cell transplantation procedure.
Thus, the number of animals per lesion group ranged from
11 to 12 (instead of 15). This complication was computed
initially and considered in the sample size calculation of the
proposed study.

Vegetative function/bladder recovery index

The bladder recovery index was calculated by conducting
daily latero-lateral measurements of the bladder before
emptying (in the morning period). The size of the bladder
indicates the percentage index of recovery: 2 cm = 0, 1.5 cm
=25%, 1.0 cm = 50%, 0.5 cm = 75% and 0 cm = 100% of re-
covery (Batista et al., 2019).

Mechanical allodynia/von Frey filaments

All behavioral analyses were performed 1 day before SCI, 1
day before {NSC transplantation and then weekly until the
end of 8 weeks. Mechanical allodynia was assessed using von
Frey filaments (Chaplan et al., 1994). For this, the rats were
placed in a plastic cage with a wire mesh grid which allowed
full access to the paws from below. The animals were kept for
approximately 15 minutes in the cage before the experiment
started, to ensure better adaptation. The forepaws and hind
paws were tested. Each paw was touched with a series of 8

von Frey filaments (0.41-15.10 g). The von Frey filament
was introduced perpendicular to the plantar surface with
sufficient force to cause a slight deformation against the paw
and held for 6-8 seconds. Stimuli were performed at random
intervals lasting a few seconds. Paw withdrawal (or attempt-
ed withdrawal) after the stimulus and flinching immediately
upon filament removal were considered positive responses.

Hot plate test

In the hot plate test, rats were placed on a metal surface kept
at 50 + 0.5°C. Latency to response, such as lifting or lick-
ing a hind paw, jumping, or vocalization, was recorded. A
30-second cut-off was used to minimize tissue damage. Two
measurements were performed per animal with a 30-minute
interval between them (Dale et al., 2006).

Motricity/Basso, Beattie, Bresnahan (BBB) locomotor
rating scale

Locomotor evaluation was measured with the BBB scale
(Basso et al., 1996), whose scores represent the sequential
stages of recovery after SCI. The scale ranges from 0 to 21,
where 0 represents no spontaneous movement of the hind
paws and a score of 21 indicates normal locomotion.

Inclined plane

Muscle strength and endurance was evaluated using the in-
clined plane test. For this test, animals are placed face down
on an adjustable inclined plane and the angle is increased
from 0° to the point where the rat cannot maintain its posi-
tion for 5 seconds. Two measurements were performed for
each rat (Rivlin and Tator, 1977).

Immunofluorescence staining

After 8 weeks, the animals were euthanized by intraperito-
neal lethal injection of ketamine (200 mg/kg), followed by
transcardiac perfusion. Their spinal cords were extracted
and a 2 cm segment, including the entire area of lesion (1.0
cm above and below the lesion epicenter), was frozen using
isopentane and dry ice. Serial 60 um sections were obtained
from all spinal cord segments using a cryostat (CM3000,
Leica, Nussloch, Germany).

The staining procedure was performed on free-floating sec-
tions (Lepski et al., 2010). In brief, the sections were washed
many times with Tween 0.05% diluted in PBS and incubated
in a blocking solution containing 5% of goat serum and 0.3%
of Triton X-100 diluted in PBS during one hour at room
temperature over a shaker. Next, the sections were incubated
with the primary antibodies anti-neuronal nuclei (NeuN, a
neuronal marker) (monoclonal, mouse, 1:1000, Millipore,
Temecula, CA, USA), anti-glial fibrillary acidic protein
antibody (GFAP, an astrocyte marker) (polyclonal, rabbit,
1:500, Millipore), anti-oligodendrocyte (monoclonal, mouse,
1:500, Millipore), anti-gamma aminobutyric acid (GABA)
(polyclonal, rabbit, 1:300, Sigma, St. Louis, MO, USA), an-
ti-serotonin (5HT) (polyclonal, rabbit, 1:500, Millipore)
and anti-enkephalin (monoclonal, mouse, 1:100, Millipore),
doubly labeled with anti-BrdU (polyclonal, rabbit, 1:100,
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Abcam, Cambridge, MA, USA; or monoclonal, mouse, 1:800,
Millipore), diluted in blocking solution and maintained at
4°C for 24 hours. After this period, the sections were rinsed
again in PBS-Tween and incubated for a further 2 hours at
room temperature with anti-mouse and anti-rabbit Alexa
Fluor 488 and Alexa Fluor 594 (Abcam) and DAPI (1:10,000,
Sigma) diluted in 0.3% TritonX-100 in PBS. After another
series of washes, the coverslips were mounted on slides using
fluorescent mounting medium (Dako, Glostrup, Denmark)
to preserve immunofluorescence.

Stereological quantification

Transplanted cell counts were performed in all sections
above, below and in the lesion area, using a Zeiss Axio Imag-
er A2 microscope (Carl Zeiss, Gottingen, Germany) and the
Zen blue software (Carl Zeiss). The total number of positive
BrdU cells was estimated using Abercrombie’s correction
formula, as follows: P = M/(D + M)A x N, where P = total
cell number, M = section thickness, D = average diameter
of the positive cells, A = number of counted cells, and N =
number of cut series (Furlanetti et al., 2015).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software (GraphPad software, Inc, San Diego, CA, USA).
We first measured means, medians, standard deviations and
standard error. Mean profile graphs are shown to illustrate
the differences among groups, and the bars represent the
standard error, highlighting the accuracy of the measure-
ments. Since Shapiro-Wilk and D’Agostino-Pearson tests
showed that the data did not obey a normal distribution, we
used the Mann-Whitney U test for two sample comparisons
and the Kruskal-Wallis test followed by Dunn’s post hoc test
to compare among three or more samples. Significance was
set at P equal to or less than 0.05.

Results

Bladder function

Animals showed spontaneous bladder function recovery
over time, with full recovery 2 weeks after surgery. No dif-
ferences were observed between either of the treated groups
and the sham group.

Mechanical allodynia and thermal hyperalgesia

The evaluation of mechanical allodynia in the forepaws by
von Frey filaments showed no difference between experi-
mental groups. On the other hand, mechanical sensitivity of
the hind paws was greater in all SCI groups relative to con-
trols (Figure 2A), which was measured as a drop of 75% in
the threshold at 1 week after injury (P < 0.001 for all groups
against controls), and persisted throughout the experiment.
However, TV and VM groups showed an improvement rel-
ative to sham (P < 0.05 and P < 0.01) at 8 weeks. In terms
of thermal hyperalgesia measured with the hot plate test
(Figure 2B), an increase in thermal sensitivity was observed
in all SCI groups at the magnitude of 50% of reduction in
the sensory threshold at 1 week after injury, which persisted
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throughout the experiment (P < 0.001 for all groups against
control); however, from 4 weeks after transplantation, the
TV and VM groups started to differ from sham (P < 0.05,
TV vs. sham at 5 and 7 weeks, and P < 0.01, VM vs. sham at
4, 5 and 7 weeks) and the maximal difference was found at 8
weeks (P < 0.001, TV and VM groups vs. sham).

Motor function

The BBB scale showed that 1 week after SCI, all animals pre-
sented severe motor deficits (approximately 26% of normal
function in the sham and VM groups and 30% in the TV
group). During the evaluation period, a slight spontaneous
improvement was observed in all the SCI groups, with a
significant difference at 8 weeks compared to 1 week after
the injury (approximately 54% of normal function in the
sham group, P < 0.05; 59% in TV group, P < 0.01; and 65%
in VM group, P < 0.01). However, no significant differences
were observed between the treated groups and sham group
(Figure 3A). Similarly, the inclined plane test showed a sig-
nificant loss of strength and muscular endurance in animals
with traumatic SCI at 1 week after injury (approximately
54% of normal function in the sham group, 63% in the TV
group and 61% in the VM group) with a partial recovery
over the assessed period and an improvement in the eighth
week compared to 1 week after injury (approximately 85%
of normal function in the sham group, P < 0.001; 86% in the
TV group, P < 0.05; and 91% in the VM group, P < 0.01),
with no differences between the treated groups and the sham
group (Figure 3B).

Stereological quantification

Stereological quantification showed that 69% of TV cells
and 72% of VM cells differentiated into mature neurons,
positively stained for NeuN. Moreover, a lower percentage
of cells were immune positive to GFAP (9.7% of TV cells
and 22.5% of VM cells) and to oligodendrocyte markers
(23.2% of TV cells and 25.9% of VM cells). The counting
also revealed a higher proportion of GABAergic cells in the
TV group as compared with the VM group (29% of VT cells
and 19% of VM cells, which comprised 42% and 26% of all
neuronal cells, respectively, P < 0.05) and a high proportion
of serotonergic cells in the VM group as compared with
the T'V group (34% of VM cells and 10% of TV cells, which
comprised 47% and 14% of all neuronal cells, respectively,
P < 0.001). A yield of cells in both groups differentiated into
enkephalinergic cells (31% of TV cells and 36% of VM cells,
which comprised 44% and 50% of all neuronal cells, respec-
tively), but no statistically significant difference was seen
between the groups (graph in Figure 4 and representative
photomicrographs in Figure 5).

Discussion

Cell therapy has emerged as a potential strategy to promote
repair following SCI. Several studies have reported that
stem cell transplantation promotes axon regeneration and
functional recovery (Tashiro et al., 2016; Assinck et al., 2017;
Abbaszadeh et al., 2018; Bao et al., 2018; Miazga et al., 2018;
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Nori et al., 2018). However, the benefit of these cells for
treating SCI-induced motor deficits is limited, and their role
in controlling neuropathic pain is even less clear.

Stem cell transplantation can promote functional bene-
fits after SCI through a variety of mechanisms, including
neuroprotection, immunomodulation, axon regeneration,
neuronal relay formation and myelin regeneration (Assinck
et al,, 2017). In this context, each candidate cell has partic-
ular characteristics that must be considered to obtain better
results.

Mesenchymal stem cells (MSCs) have been shown to mi-
grate to the injury site and have a strong ability to modulate
the immune/inflammatory response (Kim and Park, 2017;
Yousefifard and Nasirinezhad, 2017), which could have ben-
eficial effects on neuropathic pain after SCI. Roh et al. (2013)
investigated the therapeutic effect of human umbilical cord
blood-derived MSCs (hUCB-MSCs) and amniotic epithelial
stem cell (hAESCs) transplantation on central chronic pain.
The cells were transplanted around the lesion site 2 weeks
after SCI and only hAESC transplantation resulted in signifi-
cant reduction of mechanical allodynia, while neither hUCB-
MSCs or hAESCs had effects on thermal hyperalgesia.
Furthermore, Watanabe et al. (2015) analyzed the effects of
bone marrow-derived MSC (BMSC) transplantation on pain
hypersensitivity in mice subjected to SCI. Transplantation
of BMSCs three days after SCI resulted in motor function
improvement and relieved mechanical and thermal hyper-
sensitivities. Similarly, Yousefifard et al. (2016) observed me-
chanical allodynia and thermal hyperalgesia improvement,
as well as locomotor recovery, in animals submitted to SCI
and treated with bone marrow and umbilical cord-derived
stem cells. Both cell types survived in the tissue for at least 8
weeks and prevented cavity formation. However, the survival
rate of umbilical cord-derived stem cells was significantly
higher and electrophysiological evaluations showed better
results in wind up of wide dynamic range neurons compared
with BMSCs.

Another alternative is the transplantation of neural stem
cells (NSC). These cells have the capacity to differentiate into
the three neural lineages astrocytes, oligodendrocytes and
neurons, and can be found in the embryonic, neonatal and
adult central nervous system. Potential uses of NSC transplan-
tation in SCI include restitution of missing cells and activa-
tion of endogenous cells to provide “self-repair” (Gage, 2000).

Yao et al. (2015) showed that transplanting NSCs from
hippocampal tissue of embryonic mice after SCI improved
animals’ thermal and mechanical sensitivity. Furthermore,
Luo et al. (2013) investigated the analgesic effect of the
co-transplantation of NSCs with olfactory ensheathing cells
(OECs) in rats submitted to complete spinal cord transec-
tion. NSC grafts recovered sensory function while OECs led
to hyperalgesia and the co-transplantation reversed the hy-
peralgesia triggered by OECs and promoted NSC survival.

One of the challenges of using NSCs is that in severe SCI,
most exogenous NSCs differentiate into astrocytes and only
a small fraction differentiate into neurons (Setoguchi et al.,
2004; Abematsu et al., 2006; Martino and Pluchino, 2006).

Differentiation of NSCs into astrocytes has been associated
with increased thermal hyperalgesia and mechanical allo-
dynia after SCI (Macias et al., 2006). Hofstetter et al. (2005)
reported that grafting adult NSCs after SCI improved motor
recovery but also caused aberrant axonal sprouting asso-
ciated with allodynia-like hypersensitivity in the forepaws.
However, transduction of NSCs with neurogenin-2 before
transplantation suppressed astrocytic differentiation and
prevented graft-induced sprouting and allodynia. On the
other hand, Davies et al. (2008) showed that different types
of astrocytes have different effects on chronic pain after SCL
Transplantation of astrocytes derived from glial-restricted
precursor cells treated with bone morphogenetic protein-4
promoted axon regeneration and functional recovery and
the transplanted rats did not develop pain. In contrast, when
glial-restricted precursor cell-derived astrocytes were gen-
erated by exposure to gp130 agonist ciliary neurotrophic
factor, the transplantation blocked axonal regeneration and
functional recovery and promoted mechanical allodynia and
thermal hyperalgesia.

Considering the SCI-induced changes that contribute to
the onset of neuropathic pain, GABAergic stem/progenitor
cells are a strong candidate for the reversal of painful re-
sponses. As mentioned above, several mechanisms are relat-
ed to the onset of SCI-induced neuropathic pain, including
the downregulation of GABA-synthesizing enzymes, which,
together with other alterations, can result in the disinhibi-
tion of excitatory impulses and contribute to the effect of
hyperexcitability (Berrocal et al., 2014).

Fandel et al. (2016) evaluated the transplantation effects of
medial ganglionic eminence-like cells derived from human
embryonic stem cells. Two weeks after mice were injured
at segmental level T13, the cells were transplanted into the
lumbar enlargement. Six months after transplantation, cells
were broadly dispersed in the injured spinal cord, extending
~10 mm rostro-caudal; furthermore, they differentiated into
GABAergic neurons and the animals showed improvement
in pain-related symptoms.

Similarly, Hwang et al. (2016) investigated the therapeutic
potential of ESC-derived spinal GABAergic neurons to treat
neuropathic pain after SCI. He observed that low doses of
sonic hedgehog and retinoic acid in the culture medium in-
duced medial ganglionic eminence-like progenitors and that
cell transplantation attenuated post-injury neuropathic pain
without motor recovery.

Our cell extraction protocol (fNSCs from TV of E14 em-
bryo) and cellular culture method favored differentiation of
GABAergic neurons. In fact, in a previous study we showed
that 60% of the mature neuronal cells obtained from fNSCs
from TV of E14 rats adopt a GABAergic phenotype (Maci-
aczyk et al., 2008). Additionally, patch clamp recordings re-
vealed that 100% of cells matured according to our protocol
presented GABAergic synaptic currents after 2 weeks in vitro
(Lepski et al., 2013). These results led us to question whether
GABAergic cells would show any potential to treat pain after
SCL. In the present study we observed that these cells sur-
vived 8 weeks after transplantation, were found mainly in the
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Figure 1 Representative picture of fetal neural stem cells (fNSC) transplantation after spinal cord injury.

(A) Animal positioned in the NYU Impactor to promote traumatic spinal cord injury at level T9-10. (B) {NSC extraction from E14 embryos. (C)
fNSC culture and neurosphere formation after 1 week of extraction. (D) Animal positioned in the stereotaxic device to receive fNSC injection from
telencephalic vesicles (T'V) or ventral medulla (VM). Note that the infusion pump is attached to the movable arm of the stereotaxic device. (E) Rep-
resentation of the injury site and the location where the transplants were performed (3 pL/point, concentration 1 x 10" cells/pL).
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Figure 2 Improvement of mechanical allodynia and thermal hyperalgesia in SCI rats after fetal neural stem cell transplantation.

(A) An increase in the threshold for von Frey filament stimulation in the hind paws was observed in the animals of the telencephalic vesicles (TV)
group (eP < 0.05, Mann-Whitney U test) and ventral medulla (VM) group (V¥ ¥ P < 0.01, Mann-Whitney U test) compared with the sham at 8
weeks. (B) An improvement of thermal hyperalgesia in the hot plate test was observed at 5, 7 and 8 weeks in the TV group (eP < 0.05, eeeP < 0.001,
Mann-Whitney U test) and at 4, 5, 7 and 8 weeks in the VM group (¥ ¥ P < 0.01, ¥ ¥V VP < 0.001, Mann-Whitney U test) compared with sham.
#P < 0.05, control vs. sham, TV and VM groups (Kruskal-Wallis test followed by Dunn’s post hoc test). Error bars represent SEM.
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Figure 3 Motor functions in spinal cord injury rats after fetal neural stem cell transplantation.

Motor function was assessed using the Basso, Beattie, Bresnahan (BBB) locomotor rating scale (A) and inclined plane test (B). In both tests, there
was a small spontaneous motor recovery after spinal cord injury. However, no statistical differences were observed between the treated and sham
groups. #P < 0.05, control vs. sham, telencephalic vesicles (TV) or the ventral medulla (VM) groups (Kruskal-Wallis test followed by Dunn’s post

hoc test). Error bars represent SEM.
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Figure 4 Stereological analysis of transplanted cells in spinal cord
injury rats after fetal neural stem cell transplantation.

The cells were double labeled with BrdU and NeuN, GFAP, oligoden-
drocyte, GABA, 5HT or encephalin (Enkep). Most cells differentiated
into neurons. Moreover, a higher proportion of GABAergic cells were
seen in the telencephalic vesicles (TV) group and a higher proportion
of serotonergic cells in the ventral medulla (VM) group. Enkephalin-
ergic differentiation was similar between groups. *P < 0.05 and *#*P
< 0.001 (Mann-Whitney U test). Error bars represent SEM. BrdU:
5-Bromo 3'-deoxyuridine; NeuN: neuronal nuclei; GFAP: glial fibrillary
acidic protein; GABA: gamma aminobutyric acid; 5HT: serotonin.

periphery of lesions (no cells were found in sections above
or below the lesion area), and 42% of all neuronal cells from
the TV region differentiated into GABAergic neurons, as
observed by stereological analyses. Moreover, animals who
received intra-spinal injections of fNSCs from the TV region
showed improvements in mechanical allodynia and thermal
hyperalgesia after SCI.

It is known that descending monoaminergic pathways
regulate the transmission of nociceptive information in the
spinal cord. Descending serotoninergic pathways from the
raphe nucleus and descending noradrenergic pathways from
the locus coeruleus reach the spinal cord and inhibit the 2nd
order neurons from the pain pathways, either through direct
connections or interneurons, in the substantia gelatinosa of
Rolando (Kandel et al., 2012). Thus, we hypothesized that
transplanting cells from the ventral region of the metencepha-
lon and myelencephalon, which will later give rise to the pons
and medulla, could inhibit painful transmissions after SCL

The fNSCs from the VM also survived 8 weeks after trans-
plantation and were found mainly in the border of lesion.
However, a higher proportion of serotonergic cells were
observed in the VM group (i.e., 47% of all neuronal cells,
as shown by stereological analyses). The sensory and motor
analyses for the two groups were very similar: animals from
the VM group also had mechanical allodynia and thermal
hyperalgesia improvement after SCI. However, the statistical
difference between that group and sham was higher than that
observed in the TV group. Furthermore, no significant motor
recovery was observed in either the TV or VM groups.

Based on previous studies (Lepski et al., 2011a, b), we con-
sidered 8 weeks of analysis time to be sufficient for the trans-
planted cells to differentiate and integrate and to be able to
determine the effectiveness of this intervention. Moreover, as
shown by the stereological analysis, the extraction of fNSCs

Figure 5 Photomicrographs showing differentiation of transplanted

fetal neural stem cells into mature neurons within the injured spinal
cord.

(A-C) GABA (red) and BrdU (green) in the telencephalic vesicles (TV)
group. (D-F) GABA (red) and BrdU (green) in the ventral medulla
(VM) group. (G-I) 5HT (red) and BrdU (green) in the TV group. (J-
L) 5HT (red) and BrdU (green) in the VM group. (M—O) Enkephalin
(green) and BrdU (red) in the TV group. (P-R) Enkephalin (green)
and BrdU (red) in the VM group. Arrows indicate the co-localizations.
Scale bars: 50 um. BrdU: 5-Bromo 3'-deoxyuridine; GABA: gamma
aminobutyric acid; 5SHT: serotonin.

from different brain regions of E14 yielded mature neurons
with different phenotypes. These events can be explained
by the theory of early embryonic regional specification of
postnatal NSC, as proposed by Fuentealba et al. (2015). As
showed in his study, most adult neural stem/progenitor cells
produced between embryonic days 13.5 and 15.5 remained
largely quiescent until reactivated in the postnatal period.
Despite the observed effects in pain control, some lim-
itations of cell transplantation should be considered: only
a low rate of transplanted cells survived and were able to
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differentiate and integrate into the system. Moreover, we
did not observe any improvement in the motor pattern of
the transplanted animals. This likely reflects the fact that
system complexity affects transplant success, and since our
transplants were focal, they may not have reached the motor
system. An efficient cell manipulation from the regenerative
point of view should perhaps address each of these process-
ing segments and in an interconnected way. However, the
cellular intervention against pain proposed here is based
only on the local inhibition of second-order neurons in
deafferentated spinal cord segments. Although the sensory
system is no less complex than the motor system, the cellular
intervention proposed here is non-physiological (since that
the transplanted cells are not found naturally in that region),
local and restricted, aiming to restore the balance between
excitation and inhibition in a specific part of the hyper-excit-
ed neural tissue after injury.

In terms of clinical perspectives, a realistic scenario would
be to combine stem cell transplantation with electrical stim-
ulation, since recent studies have shown the beneficial effects
of electric current on synaptic plasticity induction and cell
maturation.

Taken together, our results suggest that neuronal pre-
cursors from TV and VM generate distinct populations of
mature neuron phenotypes (mainly GABA, 5HT and en-
kephalin), and both of them reduce pain after SCI without
significant motor recovery.
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