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Abstract

The transplantation of stem cells from human exfoliated deciduous teeth (SHED) has been studied as a possible treatment strategy for
spinal cord injuries (SCIs) due to its potential for promoting tissue protection and functional recovery. The aim of the present study was
to investigate the effects of the early transplantation of SHED on glial scar formation and astrocytic reaction after an experimental
model of SCI. Wistar rats were spinalized using the NYU Impactor. Animals were randomly distributed into three groups: control
(naive) (animal with no manipulation); SCI (receiving laminectomy followed by SCI and treated with vehicle), and SHED (SCI rat
treated with intraspinal SHED transplantation, 1 h after SCI). In vitro investigation demonstrated that SHED were able to express
mesenchymal stem cells, vimentin and S100B markers, related with neural progenitor and glial cells, respectively. The acute SHED
transplantation promoted functional recovery, measured as from the first week after spinal cord contusion by Basso, Beattie, and
Bresnahan scale. Twenty-four and 48 h after lesion, flow cytometry revealed a spinal cord vimentin® cells increment in the SHED
group. The increase of vimentin® cells was confirmed by immunofluorescence. Moreover, the bioavailability of astrocytic proteins such
as S100B and Kir4.1 shown to be increased in the spinal cord of SHED group, whereas there was a glial scar reduction, as indicated by
ELISA and Western blot techniques. The presented results support that SHED act as a neuroprotector agent after transplantation,
probably through paracrine signaling to reduce glial scar formation, inducing tissue plasticity and functional recovery.
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such as the loss of voluntary movements and sensation; its
worldwide incidence is 10 to 49 individuals per million [1].
The primary injury is caused by traumatic spinal cord damage,
which is difficult to be prevented or treated [2]; after this, a
cascade of events known as secondary injury will destroy neu-
rons that were not damaged in the primary event [3]. Cell death
caused by spinal cord injury involves neurons, glial cells, and
progenitor cells present in the spinal cord [4-6]. These events
are mediated mainly by microglial cells, which regulate inflam-
mation and phagocyte debris, and by astrocytes, which prolif-
erate and act in the formation of the glial scar [7, 8]. The natural
replacement of progenitor cells after spinal cord lesion leads to
the production of new glial cells, which can be considered a
potential therapeutic target [6].

Astrocyte proliferation and migration can be seen as from
72 h after the injury [5] and the characteristic astrocyte hyper-
trophy is a consequence of the increased expression of interme-
diate filaments, such as the glial fibrillary acidic protein (GFAP),
a process called reactive astrocytosis or astrogliosis [9, 10].
Astrocytes bear unique and dynamic cytoarchitecture and phe-
notypic features activated by changes in the microenvironment.
They express a wide range of receptors and ion channels that,
interconnected with glial cells and neurons, regulate the water
transport across membranes in response to osmotic gradients by
the water aquaporin 4 channel [11-13], or by buffering the po-
tassium ion through Kir 4.1, an inward rectifying potassium
channel (Kir), which removes potassium from extracellular me-
dium [14—17]. Along with this, astrocytes can also stimulate cell
proliferation, migration, and differentiation via the production
and release of calcium-binding protein B (S100B) [18, 19].

Stem cells from human exfoliated deciduous teeth (SHED)
are self-renewing mesenchymal stem cells (MSCs), found
within the perivascular niche of the dental pulp [20, 21], have
been shown to reduce the secondary damage and the early
neuronal death [5, 22] and to promote functional recovery
after engrafting into lesioned spinal cord [23-25]. Such effects
have been suggested to involve paracrine mechanisms that
activate endogenous tissue repairing pathways [24-26].
Previous reports show the involvement of SHED in the secre-
tion of proteins which regulate the phenotype of macrophage
cells [26], as well as the reduction of early inflammatory re-
sponse and apoptosis, resulting in long-term motor neurons
survival/preservation [5].

The present study was designed to verify the effects of
SHED transplantation, 1 h after spinal cord contusion, on
tissue astrocyte reaction and on precursor cell proliferation
in the acute phase of lesion; in addition, the potential of
SHED to express neural, glial, and precursor proteins in the
in vitro phase was studied. The working hypothesis is that
SHED will express glial and precursor cell proteins in vitro
and that, after transplantation, they will reduce the early hy-
pertrophy of astrocytes and stimulate the presence of progen-
itor cells in the spinal cord of injured rats.

Experimental Procedure
Isolation and Cultivation of SHED

Stem cells from human exfoliated deciduous teeth (SHED)
were collected, isolated, and cultivated in accordance with
the protocol of Bernardi and colleagues [27]. The donor gave
written informed consent to participate in the study, which was
approved by the Ethics Committee of the Universidade
Federal do Rio Grande do Sul (#296/08).

The dental pulp was removed and incubated at 37 °C for
60 min in buffer with 300,000 U/mg of type 1 colagenase
(Gibco, USA). Dental pulp cells were removed from the den-
tal parenchyma and cultivated, as previously described [28].
All the pulp tissue was removed (crown and root) from the
dentin and the resulting cell suspension was seeded with a
density of 5 x 10° cells/cm®. The culture medium used was
DMEM (Dulbecco’s modified Eagle’s medium) low glucose,
supplemented with 10% fetal bovine serum (Cultilab, Brazil)
and 1% penicilin/estreptomicin (Sigma-Aldrich®, USA). The
medium was changed and repeated every 3 or 4 days, there-
after. A passage using trypsin-EDTA 0.05% (Sigma-Aldrich,
USA) was performed when confluence was reached to loosen
the cells from the plate. Cells between the 4th and 10th pas-
sage were utilized for culture characterization analysis and for
cell transplantation.

Characterization of SHED

The cells were suspended in PBS at 10° cells from human
exfoliated teeth (n=3) and incubated for 30 min with the
following conjugated antibodies against human cell surface
molecules: CD29, CD34, CD90, and CD105 (hematopoietic
stem/progenitor cells/endothelium), CD44, CD45, CD73
(common leukocyte antigens), CD14 (monocyte/macro-
phage), and CD184 (stromal cell surface marker), conjugated
with fluorescein isothiocyanate (FITC), phycoerythrin (PE),
or allophycocyanin (APC) from BD (Becton Dickinson,
USA) as previously reported (Nicola et al., 2016; Maurmann
et al. 2017). Data acquisition was performed using the
FACSAria III flow cytometer (BD Biosciences, USA), and
10,000 events were analyzed using FACS Diva 6.1.3 software
(BD Biosciences, USA) (Bemardi et al., 2011; Nicola et al.,
2016; Maurmann et al. 2017).

SHED differentiation in mesenchymal cell types was tested
to confirm the identity of the population obtained. Assays for
osteogenic, adipogenic, and chondrogenic differentiation
were performed following protocols already described [29].
For osteogenic differentiation, cell cultivation was carried out
for about 21 days in a medium containing SFB (15%), dexa-
methasone (0.1 uM), ascorbic acid 2-phosphate (50 uM), and
[3-glycerophosphate (15 mM). The deposition of mineralized
matrix was observed by staining with Alizarin Red S at
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pH 4.2. For adipogenic differentiation, cell cultivation was
carried out for about 30 days in DMEM medium containing
10% of SFB, 3-isobutyl-1-methylxanthine IBMX) (0.5 mM),
dexamethasone (1 uM), insulin (1.74 uM), indomethacin
(50 uM), and rosiglitazone (1 pM). Adipocytes were identi-
fied by observation of fat droplets under phase contrast mi-
croscopy and staining with Oil Red O. For chondrogenic dif-
ferentiation, the adherent cells were cultivated in differentia-
tion medium for 30 days. The medium was comprised of
DMEM supplemented with SFB (10%), dexamethasone
(0.1 uM), 1x ITS (0.01 mg/mL recombinant human insulin,
5.5 pug/mL human transferrin, and 5 ng/mL sodium), TGF-«1
(10 ng/mL), and AsAP (50 uM). Chondrogenesis was dem-
onstrated by Alcian Blue staining.

All culture media were changed every 3—4 days and when
differentiated, the cells were washed with phosphate buffer,
fixed with 4% paraformaldehyde, and washed with Milli-Q
water, and finally, the specific staining was performed.

Experimental Design

Male Wistar rats aged 2 months (200-250 g body weight)
were obtained from the Animal House of the Instituto de
Ciéncias Basicas da Satde of the Universidade Federal do
Rio Grande do Sul. They were maintained in a temperature-
controlled room (21 +2 °C) on a 12/12 h light/dark cycle, with
food and water available ad libitum. All procedures were in
accordance with the Guide for the Care and Use of Laboratory
Animals adopted by the National Institute of Health (USA)
and with the Federation of Brazilian Socicties for
Experimental Biology. The study was approved by the
Research Ethics Committee of the University (#26116). The
animals were randomly divided into three experimental
groups: naive (without any manipulation), SCI (laminectomy
followed by SCI and treated with vehicle), and SHEDs (SCI
treated with SHEDs). Three experiments were run: (1) in vitro
phase, for the SHED characterization (n =3 cultures); (2) in
vivo, for the functional evaluation of hind limbs by BBB scale
(n =5-7 per group); (3) in vivo, spinal cord samples were
collected 6, 24, and 48 h after lesion in order to perform
ELISA for GFAP and S100B and flow cytometry to quantify
the vimentin® cells and Western blot analysis of AQP4 and
Kir4.1 (n = 7-8 per group). Naive rats were used as controls,
aiming to reduce the number of experimental animals. There
was a 10% death rate after the surgical procedure. Animal care
was in accordance with the Multicenter Animal Spinal Cord
Injury Study (MASCIS) protocols (Fig. 1) [30].

Spinal Cord Injury and SHED Transplantation
The animals were previously anesthetized with a mixture

of xylasine (100-150 mg/kg) and ketamine (60-90 mg/
kg). Laminectomy was performed at the 9th thoracic
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vertebra (T9) level, and injury was induced through the
drop of a 10 g weight from 25 mm height by the use of
New York University Impactor device (NYU-Impactor®;
W.M. Keck Center for Collaborative Neuroscience, USA)
[23, 31]. The SHED group received the administration of
3x10° cells diluted in 0.9% NaCl. Cell suspension
(10 puL) was added at the lesion site, 1 h after the injury
with a 25-uL sterile Hamilton syringe and carried out
without immunosuppression [32]. The animals were su-
tured following the surgical procedure and housed in in-
dividual cages; bladder evacuation was performed daily
until function was restored. Antibiotic (Enrofloxacino,
Bayer, Brazil; 6 mg/kg) was administered for 7 days after
the procedure to prevent infection.

Motor Function Assessment

The Basso, Beatie, and Bresnahan scale (BBB) was used
to evaluate the motor function of rats’ hind limbs after
their spontaneous behavior in an open field has been re-
corded. The BBB assesses the hind limb motor function
with scores ranging from 0, complete paralysis, to 21,
normal locomotion [33]. Evaluation began 2 days before
the surgery and was repeated 2 days after, and then week-
ly until the sixth week after SCI. Two examiners who
were blind to the animal’s treatments observed the video
recording for scale scoring [33].

ELISA for GFAP

The spinal cords were homogenized in PBS (50 mM NacCl,
18 mM Na,HPO,, 83 mM NaH,PO,4-H,O, pH 7.4), con-
taining 1 mM of EGTA and 1 mM of phenylmethyl-
sulphonyl fluoride (PMSF). Microtiter plates (96-well
flat-bottom) were coated overnight at 4 °C with 100 uL
of Tris-buffered saline (TBS) containing 70 pg of protein.
The plates were then washed three times with Tween-20/
TBS (0.05%) and blocked with bovine serum albumin (2%)
for 2 h at room temperature. After blocking, anti-GFAP
antibody (polyclonal anti-GFAP rabbit antibody, diluted
1:1000) was incubated for 2 h at room temperature in
albumin/TBS (0.5%). After washing with Tween-20/TBS
(0.05%), a second incubation with peroxidase-conjugated
anti-rabbit, diluted 1:1000, was carried out for 1 h at room
temperature. Peroxidase substrate (Sigma Fast OPD) was
added and incubated for 30 min in the dark after washing
twice with Tween-20/TBS (0.05%) and once with TBS.
The reaction was stopped by the addition of 3NHCI
(50 uL), and the absorbance was read at 492 nm on a
Microtiter plate reader (Tecan-Spectra, Japan). The stan-
dard GFAP curve ranged from 0.1 to 10 ng/mL [34].
Results were expressed as % of naive.
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Fig. 1 Experimental design of in vivo experiments. The spinal cord
injury was performed in two groups: SCI and SHED. The SHED group
received cell administration 1 h after lesion. In the first experiment, the
animals were functionally evaluated 48 h and weekly after SCI. In the
second experiment, samples of the spinal cords were collected 6, 24, and

ELISA for S100B

The spinal cords were homogenized in PBS (50 mM NaCl,
18 mM Na,HPO,, 83 mM NaH,PO,4-H,O, pH 7.4), contain-
ing 1 mM of EGTA and 1 mM of phenylmethyl-sulphonyl
fluoride (PMSF). The plates were previously coated overnight
at 4 °C with 100 pL of a fresh 1/1000 dilution of monoclonal
anti-S100B in 50 mM of carbonate—bicarbonate buffer
(pH 9.5). The plates were washed three times with 200 uL
of washing buffer (0.1% BSA in PBS containing 0.05%
Tween-20). The samples were incubated with blocking solu-
tion (2% BSA, 150 uL) for 1 h at room temperature, and then,
the plates were washed once with 200 uL of washing buffer.
Following this, 50 mM of Tris buffer (pH 8.6) containing
50 uL of samples (diluted with PBS containing 0.2% BSA)
or standard curve (range from 0.0019 to 1 ng/mL) were incu-
bated for 2 h at 37 °C on a warming plate. The plates were
washed three times with 200 puL of washing buffer. Polyclonal
anti-S100B antibody (diluted 1/5000 in 0.5% BSA - 100 uL)
was incubated for 30 min at 37 °C. The plates were washed
three times with washing buffer (200 nL), and after, 100 uL of
anti-rabbit peroxidase-conjugated diluted 1/5000 in 0.5%
BSA were incubated for 30 min at 37 °C. The plates were
washed three times with 200 pL of washing buffer and once
with PBS (200 pL). The samples were incubated with 200 pL
of a fresh solution of Sigma Fast OPD in the dark, for 30 min
at room temperature. A quantity of 50 uL of 3 M HCI was
added, and the microplates were read at 492 nm. The standard
S100B curve ranged from 0.02 to 1 ng/ml. Results were
expressed as % of naive [35].

Flow Cytometry Analysis

The spinal cords were dissociated with Trypsin/PBS (0.006 g/
mL) (Sigma-Aldrich - T2600000), and the cells were then

&\ Spinal cord Injury \ SHEDs Transplant

48 h after lesion to evaluate the number of vimentin®* cells and the
expression of GFAP and S100B proteins. Six hours after contusion,
Western blot was performed to AQP4 and Kir 4.1, and 48 h after injury,
immunofluorescence to GFAP and vimentin was run in the samples of
spinal cords

permeabilized with 0.1% PBS Triton X-100 (Tx) for 10 min
at room temperature and blocked for 15 min with 3% normal
goat serum (Sigma-Aldrich - G9023). After blocking, the cells
were incubated with the primary antibody against vimentin
(Mouse, Sigma Aldrich — V2258), at a final concentration of
1:100, at room temperature for 2 h. The cells were washed
twice with PBS and incubated for 1 h with IgG antibody
Alexa-fluor 488 anti-mouse at a final concentration of 1:200.
Negative controls were included for setting up the machine
voltages and to determine the negative region of dot plot. The
emission of fluorochrome was recorded through a specific
band-pass fluorescence filter: green (FL-1; 488 nm long pass).
Fluorescence emission was collected using logarithmic ampli-
fication. Data from 10,000 events (intact cells) were acquired
and the number of cells was determined after exclusion of
debris events from the dataset. The number of cells in each
quadrant was computed, and cells stained separately were
expressed as the percentage of positive immune labeled cells
[36]. All flow cytometric acquisitions and analyses were per-
formed using FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ, USA) and Flow Jo software v10.1 [5, 37].

Immunofluorescence

In vitro, plates with SHED were washed with PBS and perme-
abilized with PBS-Tx (0.25%), and then blocked with albu-
min (1%) for 30 min. The following primary antibodies
against neuronal microtubule 3III-tubulin protein (rabbit
IgG, 1:200, Abcam - ab18207); glial fibrillary acidic protein
GFAP (mouse IgG, 1:200, Sigma Aldrich - G3893); progen-
itor neural cells vimentin (mouse, 1:100, Abcam - ab8978),
and calcium-binding protein S100B (mouse, 1:200 Sigma
Aldrich - AMAB91038) were used. This procedure was car-
ried out in PBS-Tx containing 1% of albumin at 4 °C for 24 h.
Following the PBS washes, sections were incubated with
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secondary antibody anti-mouse Alexa 488 (1:500, Molecular
Probes, Invitrogen, USA) or secondary antibody anti-rabbit
Alexa 555 (1:500, Molecular Probes, Invitrogen, USA). A
laser scanning confocal microscope (Olympus FV 1000,
Japan) was used for the visualization of fluorescent labeling.

In vivo, the animals were anesthetized with pentobarbital
(100 mg/kg, i.p.; Cristalia, Brazil) followed by transcardiac
perfusion with 0.9% saline and then with 4% paraformalde-
hyde (Reagen, Brazil) in 0.1 M phosphate buffer (PBS,
pH 7.4). The spinal cord was removed from C5 to LS5 in the
thoracic region, post-fixed in the same fixative solution and
cryoprotected with 15 and 30% sucrose diluted in phosphate
buffer saline (PBS). After cryoprotection, the samples were
frozen and cooled in liquid nitrogen until slicing [5]. The
thoracic region of the spinal cord was transversally cut into
20 um sections in cryostat (Leica, Germany). The slices were
washed with PBS, permeabilized in PBS-Tx (0.25%) and then
blocked with albumin (1%) for 30 min. Primary antibodies
against glial fibrillary acidic protein GFAP (rabbit IgG,
1:200, Sigma Aldrich - SAB4300647) and against progenitor
neural cells vimentin (mouse, 1:100, Abcam - ab8978) were
used. This procedure was carried out in PBS-Tx containing
1% of albumin at 4 °C for 24 h. Following the PBS washes,
the sections were incubated with secondary antibody anti-
mouse Alexa 555 (1:500, Molecular Probes, Invitrogen,
USA) or secondary antibody anti-rabbit Alexa 488 (1:500,
Molecular Probes, Invitrogen, USA). The slices were covered
in aqueous mounting medium (FluorSave, Calbiochem,
Germany) and coverslipped. Laser scanning confocal micro-
scope (Olympus FV 1000, Japan) was used for the visualiza-
tion of fluorescent labeling.

Quantitative image analysis of GFAP staining intensities
was performed in transversal slices, where the larger cavity
area (epicenter) was found and five slices above and five slices
below the epicenter (10 slices per animal) were assessed, for
six animals per group. To reduce the variability between the
interest areas, the GFAP intensity was always quantified in the
ventral white matter (VWM); all analyses were made using
high magnification images (x 20). An area of interest (AOI)
was determined (8.460 um?) to assess the staining intensity.
The integrated density value per unit of area was obtained
through the capture and analysis of images in the software
Image J v. 1.46. Data are reported as the mean of integrated
densities/mm?, as previously described [23].

Western Blotting

Tissue was homogenized in lysis buffer containing
50 mM of Tris-HCI, 4% of SDS, and 2 mM of EDTA; it
was boiled and received 25% of a solution containing (3-
mercaptoethanol (5%), glycerol (40%), and bromophenol
blue (0.02%). The proteins were analyzed, using equal
amounts of 20 pg, through 4-12% SDS-PAGE (Mini-
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PROTEAN, Bio-Rad — 1658004) and subsequently trans-
ferred to nitrocellulose membrane (Trans-blot SD semi-
dry transfer cell, Bio-Rad — 1703940) for 1 h in transfer
buffer (48 mM Trizma, 39 mM glycine, 20% methanol).
The nitrocellulose membranes were washed for 10 min in
TBS (0.5 M NaCl, 30 mM Trizma, pH 7.5), followed by
incubation overnight at 4 °C in a blocking solution (TBS
plus 2% bovine serum albumin and 0.05% Tween 20).
After incubation, the blot was washed three times for
5 min with TBS plus 0.05% Tween-20 (T-TBS) and then
incubated overnight at 4 °C in blocking solution contain-
ing the primary antibodies at a final dilution of 1:1000.
The primary antibodies used were as follows: AQP4
(Rabbit, Millipore - AB3594) and Kir4.1 (Goat, Santa
Cruz - sc-23637). The blot was then washed three times
for 5 min with T-TBS and incubated for 1 h in a solution
containing peroxidase conjugated with anti-rabbit IgG
(GE Life Sciences - RPN4301) or anti-goat IgG (Abcam
- AB6741) diluted 1:10000. The blot was washed again
three times for 10 min with T-TBS and once for 10 min
with TBS. The chemiluminescence signal was detected
using an ECL Kit (GE Life Sciences - RPN2109).
Immunoblots were quantified by scanning the membranes
in ImageQuant LAS4000 (GE Healthcare Life Sciences,
UK) and determining optical densities through Image
Studio Lite V5.0 (LI-COR Biosciences, USA). The results
were expressed as the ratio of intensity of the protein of
interest to that of anti-f3-actin from the same membrane.

Statistical Analysis

Data are presented as mean =+ standard error of the mean
(SEM). One-way ANOVA was used to analyze quantitative
data, followed by Duncan post hoc test to reveal differences
between the groups whenever indicated. The Student’s ¢ test
was used for comparison between two groups. Significance
was assumed at P < 0.05. All analyses were carried out using
IBM SPSS Statistics software v.19.

Results
In Vitro SHED Characteristics

The SHED showed the ability to adhere to the plastic their
morphology was similar to that of fibroblasts.
Furthermore, they also demonstrated comparable tri-
lineage differentiation into chondrocytes, osteocytes, and
adipocytes when exposed to appropriate differentiation
media. After the differentiation period, the cells produced
fat droplets, stained red in the interior of the cells, char-
acterizing adipocytes (Fig. 2a, b); glycosaminoglycans,
stained in blue, accompanied by a change in cell
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Fig. 2 Characterization of SHED. Microphotographs of cell
differentiation. a Adipogenic control. b Chondrogenic control. ¢
Osteogenic control. d Adipogenic differentiation. e Chondrogenic
differentiation. f Osteogenic differentiation. The scale corresponds to

100 pm. Immunophenotypic characterization of SHED by flow
cytometry. They were positive (>99.5%) for CD44 and CD73 (g),
CD90 and CD29 (h), CD105 (i). There was low expression (<2%) for
CD34 (j) and CD184 (k)

@ Springer



754

Mol Neurobiol (2019) 56:748-760

morphology, showing chondrocytes characteristics (Fig.
2b, e); and bone matrix, stained red on the outside of
the cells (Fig. 2c¢, f). The immunophenotypic analysis of
the primary culture of SHED showed positivity for CD29
(99.8%), CD90 (99.7%), CD105 (99.7%), CD44 (99.8%),
and CD73 (99.8%) (Fig. 2g—i). On the other hand, SHED
showed low expression to hematopoietic markers CD14
(0.1%), CD34 (<0.1%), CD184 (0.1%), and CD45 (<
0.1%) (Fig. 2j, k).

Immunofluorescence analysis was run to verify the pheno-
type of SHED for specific proteins in the culture phase. As
depicted in Fig. 3, SHED did not express neuronal protein
[III-tubulin nor astrocyte’s GFAP; however, they expressed
vimentin, a protein of quiescent neural progenitors and astro-
cytes, as well as S100B, which is found in astrocytes and
oligodendrocytes.

Functional Response

Behavioral assessment by the use of the BBB Locomotor
Rating Scale was conducted 2 days before, 2 days after
and weekly until the sixth week post-contusion. In the
preoperative assessment, all animals showed normal loco-
motor function; however, hind limb function of SCI and
SHED was greatly impaired 2 days after the injury, as

Fig. 3 Immunofluorescence of
SHED primary culture.
Microphotographs of SHED for
the mature neuronal marker (3111I-
tubulin), the astrocyte marker
(GFAP), the precursor neural
marker (vimentin), and the
calcium-binding protein marker
(S100B). The scale corresponds
to 100 pm

B-III Tub
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compared to the control group (Fig. 4). Spontaneous mo-
tor function recovery was observed in both lesioned
groups (P<0.05, Fig. 4) as from 7 days after injury. In
the SHED group, a further significant increment of hind
limb function was seen as early as one-week post lesion;
such effect, remained until the sixth week. The control
group remained with maximum scores in all assessments,
i.e., presented normal motor function.

Spinal Cord Vimentin™ Cells

Vimentin® cells were quantified six, 24 and 48 h after
spinal cord lesion to quantify the progenitor cells. There
was an increase of vimentin® cells in the spinal cord 6 h
after the injury in the SCI group (2.35+0.17% of
vimentin® cells) and in the SHED group (1.85+0.17%
of vimentin® cells), as compared to the naive rats (0.86
+0.08% of vimentin® cells) (Fig. 5) [F(2.16)=23.31, P<
0.05]. SHED presented an increase in the number of
vimentin®* cells in the spinal cord tissue (2.64+0.15% of
vimentin® cells and 2.26£0.12% of vimentin* cells) 24
and 48 h after lesion. It is suggested that SHED either
increased the cell proliferation of the vimentin® cells or
induced the vimentin protein expression in the cells that
were not expressing it before, or both.
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GFAP and S100B Expression

The ELISA analysis to evaluate the GFAP and S100B ex-
pression in spinal cord tissue was run 6, 24, and 48 h after
lesion. Six hours after lesion, the SCI (32 + 11.76% of GFAP
expression) and the SHED groups (49.92 +7.10% of GFAP
expression) had reduced expression of GFAP in comparison
to the naive group (100+13.71% of GFAP expression)
(Fig. 6a) [F(2.19)=5.00, P <0.05]. A further loss of GFAP
was evidenced 24 h in both spinalized groups, SCI (50.55 +

8.21% of GFAP expression) and SHED (60.74 £8.21% of
GFAP expression) (Fig. 6a) [F(2.19)=4.10, P<0.05].

Interestingly, SCI caused an increase of GFAP expression
48 hafterlesion, reaching 264.04 + 37.38% of GFAP expres-

sion, while the SHED group (170.04 £+ 15.20% of GFAP ex-

pression) did not differ from the naive rats (100.00 + 28.28%

of GFAP expression) (Fig. 6a) [F(2.19)=8.27, P<0.05].

The early over expression of this protein was reduced by

SHED, suggesting that the transplanted cells were able to
prevent, or reduce, astrocytic hypertrophy.

S100B expression was reduced only 24 hafter lesion in
the SCI group (76.16+1.55% of S100B expression)
[F(2.18)=3.60, P<0.05] and 48 h in the SHED group
(69.35+5.28% of S100B expression) (Fig. 6b) [F(2.18) =
6.68, P <0.05]. This result suggests that SHED was able to
delay the reduction of S100B as evidenced 24 h after SCI.

Fig. 5 Flow cytometry of 3.0
vimentin® cells at 6, 24, and 48 h
after spinal cord lesion to naive,
SCI, and SHED experimental
groups. Data expressed as mean +
SE. *Difference from the naive
group, p < 0.05. *Difference from
the SCI group, P<0.05 (n=7-8
per group)

% of vimentin+ cells

6h

Time (week)

Immunofluorescence of GFAP and Vimentin

The immunofluorescence was performed in the ventral white
matter of the SCI and SHED groups to confirm the presence of
vimentin* and GFAP" cells 48 h after lesion. As evidenced by
ELISA, in the immunofluorescence, there was a reduction of
GFAP expression in the SHED group (85.62+9.81 intensity/
mm?) when compared with the SCI (144.12 + 12.38 intensity/
mm?) [#(11) =3.70, P < 0.05] (Fig. 7). The SHED group present-
ed vimentin® cells without GFAP co-expression, vimentin® cells
co-expressing GFAP and GFAP* cells only (Fig. 8). In the SCI
group, the number of vimentin®™ cells were lower than in the

SHED group, and all vimentin® cells were co-expressed with
GFAP.

Astrocyte AQP4 and Kir4.1 Expression

The contents of AQP4 and Kir4.1 were studied 6 h after spinal
cord injury by Western blot (Fig. 9a). The AQP4 expression was
significantly reduced in both SCI (82.72 +12.89% of control)
and SHED (82.52+1.67% of control) groups (Fig. 9b)
[F(2.12)=3.90, P<0.05]. Interestingly, the Kir4.1 expression
remained at the control levels in the SCI group (104.33 +
34.27% of control) while SHED transplantation caused an in-
crease of expression (158.37£30.12% of control) (Fig. 9¢c)
[F(2.13)=5.48, P <0.05]. These results indicate that SHED
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24h 48h
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Fig. 6 ELISA of GFAP (a) and S100B (b) expression in naive, SCI, and SHED groups, run 6, 24, and 48 h after spinal cord lesion. Data expressed as
mean + SE. *Difference from the naive group, P <0.05. *Difference from the SCI group, P <0.05 (n="7-8 per group)

transplantation, although not affecting AQP4, the main brain
water channel, caused an increase in the expression of the inward
rectifier potassium channel Kir4.1.

Discussion

The effects of SHED transplantation on tissue astrocytic cells
in the acute phase of spinal cord injury were assessed, begin-
ning just 7 h after the injury. Before transplantation, the pri-
mary cultivated SHED demonstrated mesenchymal stem cell
characteristics and expressed proteins related with autocrine
and paracrine signaling (S100B) and neural progenitor cells
(vimentin). It is the first description of early parenchyma pro-
tection against the astrocytic hypertrophy as from 48 h after
SHED transplantation, which could be regulated by the reduc-
tion delay of calcium-binding protein S100B between 24 and
48 h. Interestingly, it also favored the increment of progenitor
cells in the spinal cord of treated animals, evidenced by the
increment of vimentin® cells that remained at least until 48 h.
Astrocytic cells were shown to be modified after SHED

Fig. 7 Representative GFAP A
immunostaining in the ventral
white matter of spinal cord, 48 h
after the spinal cord injury (SCI),
in SCI and SHED groups (a).
Densitometry of GFAP (b). Data
are expressed as mean + SE.
"Difference from the SCI group,
P <0.05 (n="7-8 per group). The
scale corresponds to 100 pm
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transplantation, by an increase of inward rectifying potassium
channel Kir4.1 expression. Along with these molecular ef-
fects, the SHED promoted a long-lasting functional recovery
that started in the first week after transplantation.

In the in vitro phase, SHED express proteins related to
neuroprotection, axonal elongation and neural progenitor cells
[24-26]. The expression of vimentin, a cytoskeletal compo-
nent found in immature neural cells [38], by SHED, shows
that these cells may be capable of differentiating into
neuronal-like cells. Another protein found by immunofluores-
cence was S100B, corroborating with previous report which
confirmed the presence of S100B in the SHED by flow cy-
tometry [24]. S100B is secreted or released from astrocytes
and has double trophic and toxic effects on neurons, astrocytes
and microglia, depending on the levels of concentration pres-
ent in the analyzed tissue [18, 39]. More studies are needed to
support the idea that transplanted SHED produces and re-
leases acceptable levels of S100B to promote positive tissue
modifications in the environmental conditions of lesion.
Although the cells expressed a progenitor (vimentin) and a
signaling protein (S100B), they were not able to express
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Vimentin

Vimentin

Fig. 8 Immunofluorescence of GFAP and vimentin in the ventral white matter of SCI and SHED groups. The arrows highlight vimentin* cells without
double labeling with GFAP. The scale corresponds to 100 pm

GFAP and 1II-tubulin, proteins related with the mature neu- Adult spinal cord presents multiple populations of progeni-
ronal cells; however, there is controversy in the literature  tor cells in the ependymal region and in the parenchyma [6, 41,
concerning this result [24, 40]. 42]. In response to a cord lesion, these progenitor cells are
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Fig. 9 Western blot analysis of AQP 4 and Kir 4.1 run 6 h after spinal 4.1 (c). Data expressed as mean + SE. *Difference from the Naive group,
cord injury; naive, SCI, and SHED experimental groups. Representative P <0.05 (n="7-8 per group)
images of AQP 4 and Kir 4.1 (a). Quantification of AQP 4 (b) and of Kir
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rapidly replaced by a second quiescent stem/progenitor popu-
lation [6], which are suggested as a therapeutic target to stimu-
late the proliferation [43], aiming to improve the tissue response
and functional recovery after spinal contusion [41]. Vimentin is
a protein present in quiescent neural progenitor cells and astro-
cytes [38, 42], which is upregulated after spinal cord injury, and
this increase in the adult rodent spinal cord may signify a rever-
sion to an earlier developmental state of these cells, possibly
facilitating the axonal growth and plasticity [42]. The number
of vimentin* cells was naturally increased 6 h after lesion, re-
maining in a high number up to 48 h in the SCI group; however,
the SHED transplantation showed an increment, besides that
verified in the SCI group, from 24 h, which was maintained
up to 48 h, which may mean an increase of tissue plasticity.

Spinal cord injury leads to astrocyte proliferation and hyper-
trophy by GFAP upregulation [5, 44]. Tightly interweaving of
astrocytic processes helps in the glial scar formation, which
inhibits the neurite outgrowth and restricts axonal regeneration
[44-47]. For decades, the reduction of the glial scar has been a
goal for SCI treatment [48]; however, their ablation leads to an
increase in neurons and oligodendrocyte loss, with reduction of
hind limbs motor performance [49]. A reduction of GFAP ex-
pression was seen 24 h after lesion, as expected by the natural
astrocyte loss at this time [4, 5]. Interestingly, there was an
increase of GFAP expression 48 h after lesion, which the trans-
plantation of SHED was able to maintain the GFAP at normal
levels. The reduction of GFAP expression after SHED engraft
was confirmed in a later phase of spinal cord contusion; it
promoted neuronal survival and functional recovery [23, 24].
Therefore, the reduced GFAP expression suggests an early in-
hibitory action of the SHED on glial scar formation after SCIL.

As GFAP, calcium-binding protein (S100B) has been sug-
gested as a good marker for central nervous system damage and
SCI [50, 51]. There was a reduction of S100B expression 24 h
after lesion, returning to normal levels at 48 h, while in the rats
that received SHED transplantation, this SI00B decline was
reduced within 24 h. The drop in levels was only confirmed
at 48 h, when it was observed that they were different from the
naive group. A raise of S100B levels occurs only after 72 h
[52]; therefore, this reduced decline in S100B levels may sig-
nify a tissue signaling contribution or an attempt to reduce the
early glial death [5].

Along with GFAP and S100B, key astrocyte proteins, such
as the water channel protein aquaporin-4, related to edema
[11, 53] and the inward rectifying potassium channel Kir4.1,
related to the withdrawal of potassium from the extracellular
medium [14, 54], were analyzed 6 h after lesion. The lesion
size grows as from 5 min after lesion because the secondary
injury, the cystic cavity and edema formation [55]. The cord
injury reduces the AQP4 levels in the spinal tissue in the acute
phase [56], corroborating with the results here presented. At
6 h, SHED were not able to prevent the loss of AQP4 in the
spinal tissue, suggesting no influence of SHED on AQP4, i.e.,

@ Springer

no interference in the edema formation. Both AQP4 and
Kir4.1 may be co-expressed in the central nervous system
[57], and a widespread loss of Kir4.1 is expected 7 days after
the spinal cord injury [58]. Six hours after injury, the SCI
group kept normal levels of Kir4.1 in the spinal cord while
SHED provided an increase, i.e., there was probably an in-
ward increase of potassium from the extracellular medium to
the intracellular medium of the astrocyte, which favors neuro-
protection, as described previously [5, 24] by reducing the
neuronal excitability [14].

All tissue modulations previously discussed may have con-
tributed to the main result, which is the functional recovery.
As expected, the spinal cord injury produced functional defi-
cits when assessed by the BBB scale [5, 31, 59, 60]. The
SHED transplantation accelerated functional recovery as from
the first week [23, 26], as depicted in Fig. 4; an improvement
which remained significant until the sixth week. This early
functional recovery shows the potential of early tissue modi-
fications after SHED transplantation [5, 24, 25, 61].

Conclusion

SHED transplantation in the acute phase after spinal cord con-
tusion promoted an increase of progenitor cells as from 24 h,
suggesting an influence in the tissue plasticity after the lesion.
Grafted SHED reduced the increase of GFAP expression after
48 h, promoting an early inhibition of glial scar formation;
modulating astrocytic proteins, such as S100B, delaying the
decrease of levels of this protein; and promoting an increase
of Kir4.1, a key protein related to potassium buffering, essential
for reducing neuronal excitability. As expected, SHED im-
proved the functional recovery. Taken together, presented re-
sults support the idea that SHED act as a neuroprotector agent
after transplantation, probably through paracrine signaling and
tissue plasticity mechanisms.
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