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Injection of bone marrow mesenchymal stem cells
by intravenous or intraperitoneal routes is a viable
alternative to spinal cord injury treatment in mice

Bruna dos Santos Ramalho, Fernanda Martins de Almeida, Conrado Mendonga Sales, Silmara de Lima, Ana Maria Blanco Martinez"
Laboratério de Neurodegeneragao e Reparo, Departamento de Patologia — Faculdade de Medicina, HUCFEF, Universidade Federal do Rio de

Janeiro, Rio de Janeiro, Brazil

Abstract

In spite of advances in surgical care and rehabilitation, the consequences of spinal cord injury (SCI) are
still challenging. Several experimental therapeutic strategies have been studied in the SCI field, and recent
advances have led to the development of therapies that may act on the inhibitory microenvironment. As-
sorted lineages of stem cells are considered a good treatment for SCI. This study investigated the effect of
systemic transplantation of mesenchymal stem cells (MSCs) in a compressive SCI model. Here we present
results of the intraperitoneal route, which has not been used previously for MSC administration after com-
pressive SCI. We used adult female C57BL/6 mice that underwent laminectomy at the T, level, followed by
spinal cord compression for 1 minute with a 30-g vascular clip. The animals were divided into five groups:
sham (anesthesia and laminectomy but without compression injury induction), MSC i.p. (intraperitoneal
injection of 8 x 10° MSCs in 500 uL of DMEM at 7 days after SCI), MSC i.v. (intravenous injection of 8
x 10° MSCs in 500 pL of DMEM at 7 days after SCI), DMEM 1i.p. (intraperitoneal injection of 500 uL of
DMEM at 7 days after SCI), DMEM i.v. (intravenous injection of 500 uL of DMEM at 7 days after SCI).
The effects of MSCs transplantation in white matter sparing were analyzed by luxol fast blue staining. The
number of preserved fibers was counted in semithin sections stained with toluidine blue and the presence
of trophic factors was analyzed by immunohistochemistry. In addition, we analyzed the locomotor perfor-
mance with Basso Mouse Scale and Global Mobility Test. Our results showed white matter preservation
and a larger number of preserved fibers in the MSC groups than in the DMEM groups. Furthermore, the
MSC groups had higher levels of trophic factors (brain-derived neurotrophic factor, nerve growth factor,
neurotrophin-3 and neurotrophin-4) in the spinal cord and improved locomotor performance. Our results
indicate that injection of MSCs by either intraperitoneal or intravenous routes results in beneficial out-
comes and can be elected as a choice for SCI treatment.
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Introduction

Spinal cord injury (SCI) is a devastating condition. Patients
with SCI exhibit functional, sensory, and autonomic deficits
due to neuronal and glial cell death, axonal degeneration,
and demyelination. These deficits impact the patient’s qual-
ity of life and life expectancy (Ahuja et al., 2017), with great
economic loss to society (Varma et al., 2013). There is an
urgent need for effective treatments to attenuate these con-
sequences.

In general, a central nervous system injury leads to nerve
fiber transection and surrounding tissue damage. Dystrophic
growth cones formed at the distal ends of damaged axons
are exposed to a hostile glial microenvironment created by
inhibitory molecules (Martinez et al., 2014). The presence of
myelin inhibitory proteins and glial scar formation, usually
accompanied by cavities filled with chondroitin sulfate pro-
teoglycans, restricts axon growth (Mietto et al., 2015). Also,
the expression of trophic factors is reduced in the lesion
milieu, due to neuronal atrophy and cell death after axonal
injury (Yiu and He, 2006; Wright et al,, 2011).

Several experimental therapeutic strategies have been
studied in the SCI field, and recent advances have led to the
development of therapies that may act on the inhibitory mi-
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croenvironment. Assorted lineages of stem cells are consid-
ered a good treatment for SCI (Liu et al., 2013; Zhou et al.,
2013; Vismara et al., 2017). Previous studies by our group
using pre-differentiated embryonic stem cells (Marques et
al., 2010), human dental-pulp stem cells (de Almeida et al.,
2011) and mesenchymal stem cells (de Almeida et al., 2015)
in a mouse model of compressive SCI showed that these
therapies led to similar favorable results. Among different
stem cells, MSCs are strong candidates for transplantation,
because they can be easily extracted and cultured, do not
involve ethical issues, and have the ability to self-renew.
In addition, MSCs show a high potential for multilineage
differentiation (Azari et al., 2010; Dasari et al., 2014). It is
currently accepted that MSCs have an immunomodulatory
effect and exert a neuroprotective function through para-
crine production of anti-apoptotic molecules and trophic
factors, which promote neuronal plasticity and lead adult
neural stem cells to differentiate toward the oligodendroglial
lineage in the spared spinal cord (Tetzlaff et al., 2011; Jadasz
et al., 2013; Dooley et al., 2016; Chen et al., 2018; Lindsay et
al., 2017; Jadasz et al., 2018).

Although several studies have used different models of
spinal cord injury, with various types of cell therapy, one of
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many unanswered questions is the best route of administra-
tion to benefit the patient. The protocols available for stem
cell injections vary considerably in the literature on SCI. The
administration route is highly important for clinical applica-
tion, because injections directly into the injured spinal cord
may cause further damage. MSCs show a tropism for the in-
jury site (Spaeth et al., 2008), which supports the possibility
of systemic injection. Therefore, we used two routes of ad-
ministration of MSCs, intravenous and intraperitoneal, and
evaluated the tissue and functional improvement following a
compressive SCI.

Materials and Methods

Ethics statement

Surgical procedures and animal handling were carried out in
accordance with the approved guidelines of the Committee
on Animal Care of the Health Science Center of the Federal
University of Rio de Janeiro. All experimental procedures
were approved by the same committee (Protocol number
DHEICBO003). All animals used in this study were obtained
from the Laboratory of Transgenic Animals of the Institute
of Biophysics Carlos Chagas Filho (LAT/BioRio - Federal
University of Rio de Janeiro).

MSCs culture

MSCs were harvested from the bone marrow of GFP-ex-
pressing C57BL/6 female and male mice, aged 8-12 weeks,
weighing 20-25 g, as described previously (de Almeida et al.,
2015). In summary, the bone marrow from the femurs and
tibias of donor mice was flushed with Hank’s buffered saline
solution (HBSS) and centrifuged at 700 x g for 5 minutes.
Cells were seeded in 25-cm” culture flasks containing Dul-
becco’s Modified Eagle’s medium (DMEM; Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 20% fetal bovine
serum (FBS) and 100 U/mL penicillin and incubated for 3
days at 37°C in 5% CO,. Non-adherent cells were removed
from the flasks, and adherent cells were washed once with
HBSS, then fed with the supplemented medium; they were
cultured and passaged three times, after which they were
ready for use in the animals.

Spinal cord injury

Young adult female (8-10 weeks old) C57BL/6 mice (n =
24), weighing 20-25 g, were anesthetized by intraperitoneal
(i.p.) injection of a solution containing ketamine and xyla-
zine (15 mg/kg and 100 mg/kg, respectively) and subjected
to laminectomy followed by a compressive SCI, as described
by Marques and colleagues (Marques et al., 2009). Extradu-
ral temporary closure of a 30-g vascular clip (Kent Scientific
Corporation, INS 14120, USA) was performed around the
exposed spinal cord, at T, level, for 1 minute, to cause the
injury. Muscles and skin were sutured in layers. Animals
were left to recover on a warm pad, received 1 mL of saline
solution to compensate for dehydration and loss of blood,
and were returned to their home cages with free access to
food and water. Bladder emptying was performed manually
twice a day until recovery of spontaneous urinary function.

Cell transplantation

Cells were injected seven days after injury, because at this
time, the lesion is characterized as subacute. Animals were
randomly divided into four groups (n = 6 per group):
DMEM i.p. and DMEM i.v., where mice received intra-
peritoneal or intravenous injections of DMEM (500 uL),
respectively; and MSC i.p and MSC i.v., where mice received
intraperitoneal or intravenous injections of 8 x 10° MSCs
in a final volume of 500 pL, respectively. The intravenous
injection was made via the tail vein. An additional sham-op-
erated group of mice (n = 6) underwent basic surgical proce-
dures (anesthesia and laminectomy) but did not receive the
compression injury.

Immunohistochemistry for trophic factors
The animals were anesthetized and perfused transcardially
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). A length of spinal cord was dissected out and post-
fixed with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4), then divided into two segments: one rostral and
one caudal to the lesion center. Tissue samples were cryo-
protected in gradually increasing concentrations of sucrose
solution at 10%, 20%, 30% in PBS. The samples were left in
30% solution overnight, cold-embedded in OCT (Tissue
Tek), and frozen. Serial cross sections (10 um thick) were
cut on a cryostat (Leica CM 1850, Wetzlar, Germany) and
collected on gelatin-coated glass slides. To evaluate the
presence of transplanted cells, spinal cord tissue was ana-
lyzed at two different time points, 7 days and 8 weeks after
transplantation. The slides were counterstained with 4',6-di-
amidino-2-phenylindole (DAPI) alone, and GFP MSCs
were tracked in the host tissue. All the other immunohisto-
chemistry analyses were conducted 8 weeks after injection.
The host tissue was stained immunohistochemically for glial
fibrillary acidic protein (GFAP; an astrocyte marker), S-100
(a Schwann cell marker), and Gal-C (an oligodendrocyte
marker) to evaluate the fate of transplanted cells. The slides
were incubated for 15 minutes in 0.06% potassium perman-
ganate (to reduce tissue autofluorescence), washed in PBS,
incubated for 1 hour in a blocking solution (10% NGS in
0.3% PBS Triton) at room temperature, washed in 0.3% PBS
Triton, and then incubated overnight in one of the following
primary antibodies: rabbit anti-GFAP (1:100, Sigma-Al-
drich); rabbit anti-S-100 (1:100, Sigma-Aldrich), or rabbit
anti-Gal-C (1:100, Chemicon-Millipore Corporation, Te-
mecula, CA, USA). Slides were then washed for 30 minutes
and incubated for 2 hours with the appropriate secondary
antibody (Alexa 546 goat anti-rabbit; 1:800; Sigma-Al-
drich) followed by three PBS washes, counterstained with
DAPI nuclear label, and coverslipped with Fluoromount
(Sigma-Aldrich). Primary antibodies were omitted for the
negative controls. Sections were analyzed under confocal
microscopy (Disk scanning unit; Olympus, Tokyo, Japan).
To evaluate the levels of expression of trophic factors in
spinal cord tissue, we performed immunohistochemistry
(n = 3 per group) in the sections, as described above, for
neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), brain-de-
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rived neurotrophic factor (BDNF) and nerve growth factor
(NGF). Primary antibodies used were: goat anti-mouse
NT-3 (1:100, Preprotech, INC., Rocky Hill, NJ, USA), goat
anti-mouse NT-4 (1:100, PeproTech, Inc., Rocky Hill, NJ,
USA), rabbit anti-human BDNF (1:100, PeproTech, Inc),
or rabbit anti-human NGF (1:100, PeproTech, Inc). The
secondary antibodies used were Alexa 546 goat anti-rabbit
(1:800, Sigma-Aldrich) and Alexa 546 rabbit anti-goat (1:800,
Sigma-Aldrich). The immunohistochemistry reactions of
samples from the DMEM and MSC groups were performed
together to allow direct comparison. All sections were pho-
tographed with the use of a 20x objective. The expressions
of NT-3, NT-4, BDNF and NGF were quantified from these
fluorescent images (Image-Pro Plus program, Rockville,
MD, USA - version 6.0) by evaluating the ratio between the
stained area and total field area.

White matter sparing analysis

White matter sparing was analyzed from serial sections
that were collected in six parallel series of eight slides each,
so that the first slide of each series contained six sections
spaced 50 um apart; a total of 2.4 mm of each tissue segment
was sectioned. Tissue sections were stained with luxol fast
blue (LFB; Harleco-Millipore Corporation, Temecula, CA,
USA), which stains myelin. The spared white matter was
calculated as the total cross-sectional area minus LFB non-
stained area, which was reported as a percentage of total
area; for this, we used the Image free software (Java — Oracle
Corporation, Redwood, CA, USA).

Morphometric evaluation and ultrastructure analysis

Eight weeks after treatment, animals (n = 3 per group) were
anesthetized with ketamine and xylazine as above, and per-
fused transcardially with 4% paraformaldehyde and 2% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.4). The lesion
epicenter (about 1 mm thick) was extracted and post-fixed
by immersion at room temperature for 6 hours in a solution
of 1% osmium tetroxide and 0.9% potassium ferrocyanide
in 0.1 M cacodylate buffer. Samples were washed three times
with 0.1 M phosphate buffer (pH 7.4), dehydrated in a grad-
ed acetone series (30%, 50%, 70%, 80%, 90% and 100%),
embedded in resin (Embed-812, EMS), and polymerized for
48 hours at 60°C. Semithin (500 nm) and ultrathin (70 nm)
sections from each group were cut on an RMC ultramicro-
tome. The semithin sections were stained with toluidine blue
and imaged under a Zeiss microscope (Axioscop 2 Plus) us-
ing the Axiovision Program version 4.5 (Zeiss, Oberkochen,
Germany). Our sample consisted of six images (1000x mag-
nification) of a cross section of the spinal cord; and three
images from the right side, showing the anterior, lateral,
and posterior funiculi. The same procedure was repeated for
the left side, as described previously (Marques et al., 2010).
The number of myelinated nerve fibers was counted by two
observers who were blinded to the experimental groups.
Image free software (Java — Oracle Corporation) was used
to quantify the number of fibers and to calculate the g-ratio
values in all groups. The g-ratio was calculated by dividing
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the inner axonal diameter by the outer fiber diameter. The
results were expressed as ranges of 0.1-0.2, 0.2-0.3, 0.3-0.4,
0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.9, and 0.9-1.0. The
lowest portions of the ranges were always included and the
highest portions were excluded (e.g., the 0.2-0.3 range in-
cluded 0.2 through 0.299, excluding 0.3). Ultrathin sections
(60-80 um) were collected on copper grids, stained with 5%
uranyl acetate (30 minutes) and lead citrate (10 minutes),
and imaged on a Zeiss 900 Transmission Electron Micro-
scope (Zeiss, Oberkochen, Germany).

Behavioral tests

To assess the locomotor performance, we performed two
tests: Global Mobility Test (Marques et al., 2009) and Bas-
so Mouse Scale (Basso et al., 2006). The animals (n = 6 per
group) were acclimated in the open field for 7 days before
injury. Behavioral analyses were performed 1 day before
injury, 1 day after injury, and then weekly up to 8 weeks
after injection. The Global Mobility Test was assessed us-
ing a webcam (5 frames per second) to record animals for
1 minute in an open field, and the average speed (cm/s) of
these animals was measured with Image Java free software.
The Basso Mouse Scale is a 9-point scale of the animal’s
locomotor ability, assessed by monitoring specific locomo-
tion features such as ankle movement, paw position, weight
support, plantar steps, hindlimb and forelimb coordination,
and trunk stability. For this, the animals were placed in an
open field and observed by two raters (blinded to the treat-
ment) for 4 minutes to assess their performance using this
scale.

Statistical analysis

All statistical analyses were performed in GraphPad Prism
4.0 (GraphPad software, San Diego, CA, USA) using one-
way analysis of variance and Tukey’s post hoc test. Results
were expressed as the mean + SEM, and P values < 0.05 were
considered significant.

RESULTS

MSCs migrated to the injury site, survived up to 8 weeks
after transplantation, and did not express any glial markers
The survival of transplanted GFP* MSCs was evaluated 7
days and 8 weeks post-transplantation. Analysis of the sam-
ples by confocal microscopy revealed that both intravenous-
ly and intraperitoneally injected MSCs were present in the
host tissue from 7 days (Figure 1A, B) up to 8 weeks (Figure
1C, D) after transplantation, suggesting that these cells were
able to migrate to the injury site and survive in the new mi-
lieu. We also investigated whether these transplanted cells
were able to differentiate in the host tissue. We performed
immunostaining for several glial cell markers, GFAP (Fig-
ure 2A-D), Gal-C (Figure 2B-E) and S-100 (Figure 2C-
F). Analyses of merged images showed that GFP* MSCs did
not express any of the glial markers, indicating that MSCs
injected by both routes did not differentiate into astrocytes,
oligodendrocytes or Schwann cells in vivo, and that all glial
cells present in the spinal cord were host-derived.
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MSC groups showed higher expression of trophic factors
compared to DMEM groups, and the injection route did
not affect these results

To evaluate the expression of trophic factors, we performed
immunohistochemistry for BDNF, NGF, NT-3 and NT-4 in
the spinal cord of mice from each experimental group. Eight
weeks after cell transplantation, spinal cord tissue showed
low immunoreactivity for all trophic factors, perhaps be-
cause they are soluble and diffuse rapidly within the tissue.
Both groups that received the MSC injection showed a larger
immunostained area than groups that received DMEM in-
jection (P < 0.05 or P < 0.01), for all trophic factors analyzed
(Figure 3A-D). However, there was no significant differ-
ence between the groups treated with MSC, indicating that
the injection route did not affect the expression of trophic
factors.

MSC groups showed better white matter preservation
compared to DMEM groups, and there was no difference
between the injection routes

Analysis of spinal cord sections stained with LFB revealed
that both MSCs-treated groups (Figure 4B and D) showed
better white matter preservation than those of the DMEM
groups (Figure 4A and C). Quantitative analysis of LFB-
stained sections showed higher values for percentage of
spared white matter in MSC (51.8 + 1.3% and 51.6 + 1.8%
in the MSC i.p. and MSC i.v. groups respectively) than
DMEM (42.5 + 0.9% and 43.7 + 0.4% in the DMEM i.p. and
DMEM 1i.v. groups respectively) treated mice in all the an-
alyzed regions (P < 0.01), as illustrated in Figure 4F. How-
ever, there was no significant difference between the groups
treated with MSCs, indicating that the injection route did
not affect the preservation of white matter. Staining with
LFB also revealed the normal white matter distribution in
sham-operated animals (Figure 4E).

MSC therapy, by both routes, increased the total number
of myelinated fibers and g-ratio values

Analysis of spinal cord morphology in semithin cross sec-
tions stained with toluidine blue in all groups showed different
patterns of tissue organization. The mice that received DMEM
showed a less-organized tissue structure, with dispersed
groups of fibers; while the groups that received MSCs showed
better tissue cytoarchitecture (Figure 5A and A’) and a larger
number of myelinated fibers. However, all groups showed
fibers undergoing degeneration (Figure 5A’). Quantitatively,
the MSC treatment resulted in a significant increase in the
number of myelinated fibers (969 + 140 and 991 + 141 for
MSC i.p. and MSC i.v. groups, respectively) compared to the
DMEM group (450 + 82 and 441 + 57 for DMEM 1i.p. and
DMEM i.v. groups, respectively) (P < 0.05; Figure 5B). We
also used semithin cross sections stained with toluidine blue
to quantify the area of axons, myelin thickness and area of the
fiber as additional parameters. As seen in Figure 5C-E, the
mice that received MSCs showed significant improvements
in the parameters studied compared to those that received
DMEM, such as axon area (69.4 + 9.3 um’*and 97.5 + 8.2 um’

for MSC i.p. and MSC i.v. groups, respectively; and 37.8 +
5.4 um’ and 30.0 + 1.2 um’ for DEMM i.p. and DMEM i.v.
groups, respectively (P < 0.01), myelin area (114.8 + 14.5 um”
and 139.8 + 25.8 um’ for MSC i.p. and MSC i.v. groups, re-
spectively; and 35.9 + 3.9 um’ and 25.8 + 4.0 um’ for DEMEM
i.p. and DMEM i.v. groups, respectively (P < 0.05 or P < 0.01),
and fiber area (184.3 + 24.3 um” and 237.3 + 32.0 um’ for MSC
i.p. and MSC i.v. groups, respectively; and 73.6 + 6.3 um” and
55.8 + 3.7 um’ for DEMEM i.p. and DMEM i.v. groups, re-
spectively (P < 0.05 or P < 0.01). Analyses of the g-ratio (Figure
5F; P < 0.01) showed that MSC animals had more fibers in the
optimal range for spinal cord (0.7-0.8 range) (Chomiak and
Hu, 2009). The ultrastructural analysis of spinal cords from
DMEM and MSC groups revealed marked tissue disorgani-
zation, the presence of astrocyte processes, and few preserved
fibers in the DMEM groups (Figure 6A and C); whereas the
MSC groups showed better tissue preservation and the pres-
ence of regenerating axon sprouts, some of them in the pro-
cess of myelination (Figure 6B and D). Both groups showed
spared axons being remyelinated by oligodendrocytes.

Intraperitoneal and intravenous MSC injection enhanced

the locomotor performance after SCI

To evaluate the effect of MSC transplantation on motor
function, we performed the global mobility test (GMT) and
monitored the BMS score up to 8 weeks after injection, in
an open field. Analysis of GMT showed that the animals
that received MSC (Figure 7B and D) transplants were able
to walk for longer distances than the animals that received
DMEM (Figure 7A and C). MSC-treated animals injected
by both routes also achieved higher locomotor speed (5.5 +
1.0 cm/s for MSC i.p. and 5.9 + 1.1 cm/s for MSC i.v.) than
DMEM-treated animals (3.0 £ 1.3 cm/s for DMEM i.p. and
3.8 £ 1.2 cm/s for DMEM i.v.) (Figure 7E; P < 0.05). With
respect to the BMS, the sham-operated animals showed nor-
mal scores during the entire assessment period. All injured
animals showed paralysis (BMS score = 0) immediately after
lesion, which continued for 1 or 2 days post-surgery. After
that, the DMEM animals improved to an initial phase of
recovery, reaching 2 as a maximum score in both routes of
injection. The MSC-treated animals showed better results,
reaching an intermediate phase of recovery, with a maxi-
mum score of 4 for MSC i.p., meaning that these animals
were able to perform occasional plantar steps; and a max-
imum score of 5 for MSC i.v., meaning that these animals
were able to perform frequent or constant plantar steps, with
or without some coordination, which is a very good sign in
terms of functional recovery. These animals began to im-
prove their BMS scores at about 28 days after cell transplan-
tation, and this locomotor improvement increased until 49
days after treatment. After that, the scores remained steady
(Figure 7F; P < 0.05).

Discussion

The development of treatments that can increase the regen-
eration of an injured spinal cord and reduce the side effects
that occur after trauma is essential, because no treatment yet
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Figure 1 Tracking of mesenchymal stem cells in the lesion epicenter
of the spinal cord at 1 and 8 weeks after injection.

Merge images with co-localization of GFP" (green) and DAPI" (blue, ar-
rows) MSC at the lesion epicenter in the cross sections of spinal cord at 1
week (A and B) and 8 weeks (C and D) after injection. Scale bars: 20 pm
(A and B) and 10 pm (C and D). Sections were analyzed under confocal
microscopy (Disk scanning unit). GFP: Green fluorescent protein; MSC:
mesenchymal stem cells; DAPI: 4',6-diamidino-2-phenylindole.
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Figure 3 Immunoreactivities of trophic factors in the injured spinal

cord at 8 weeks after spinal cord injury.

The higher levels of BDNF (A), NGF (B), NT-3 (C) and NT-4 (D)
in groups that received MSC injection in comparison to the DMEM
group, for both routes. n = 3 per group. Results were expressed as the
mean + SEM. *P < 0.05, **P < 0.01, kP < 0.001 (one-way analysis
of variance followed by Tukey’s post hoc test). BDNF: Brain-derived
neurotrophic factor; NGF: nerve growth factor; NT-3: neurotrophin-3;
NT-4: neurotrophin-4; DMEM: Dulbecco’s Modified Eagle’s medium.

exists that can lead to full functional restoration. These poor
clinical outcomes have motivated this pre-clinical study using
systemic injection of mesenchymal stem cells as a therapeutic
strategy. Our results showed that the MSCs administered by
systemic routes were able to migrate to the injury site, pro-
moting an increase in local expression of trophic factors and
enhancing fiber sparing and/or regeneration, accompanied by
substantial improvement in locomotor performance.
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Figure 2 Expression of glial cell markers in the injured spinal cord at
8 weeks after MSC injection.

The lack of co-localization at merge images for GFAP (A and D), Gal-C
(B and E) and S100 (C and F). Arrows indicate GFP" MSC (green) and
arrowheads indicate glial markers (red). DAPI nuclear label is in blue.
Note the star-shaped GFAP staining in the figure D insert. Scale bars:
50 um. Sections were analyzed under confocal microscopy (disk scan-
ning unit). GFAP: Glial fibrillary acidic protein; GFP: green fluorescent
protein; MSC: mesenchymal stem cells.
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Figure 4 White matter sparing in the injured spinal cord at 8 weeks
after cell transplantation.

(A-D) Cross sections of spinal cord stained with luxol fast blue (LFB),
a stain commonly used to observe myelin under light microscopy. Note
tissue disorganization and less-intensely stained area in animals injected
with DMEM (A - DMEM i.p. and C - DMEM i.v.) compared to animals
that received MSCs (B - MSC i.p. and D - MSC i.v.). Staining with LFB
also revealed the normal white matter distribution in sham-operated
animals (E). Scale bars: 50 pm. Quantitative analysis showed higher val-
ues for areas of spared white matter for MSC-treated animals compared
to the DMEM-treated ones (F). n = 3 per group. Results are expressed
as the mean + SEM (P < 0.01). Sections were analyzed under optic
microscope (Axioscop 2 Plus - Zeiss). One-way analysis of variance fol-
lowed by Tukey’s post hoc test was used. MSC: Mesenchymal stem cells;
DMEM: Dulbecco’s Modified Eagle’s medium.
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Figure 5 Morphometry of myelinated nerve fibers in toluidine
blue-stained semithin sections of the injured spinal cord.

The increased tissue disorganization in groups that received only the
injection of DMEM compared to groups that received the injection
of MSCs (A and A’). Scale bars: 20 um. A larger number of myelin-
ated fibers are observed in animals that received transplants of cells
(B). MSC-transplanted animals also showed larger area of axons (C),
myelin (D) and fiber (E). In F, MSC animals had more fibers in the
optimal range for spinal cord g-ratio, which is correlated with better
conduction velocity (0.7-0.8 range). n = 3 per group. Results were
expressed as the mean + SEM. *P < 0.05, %P < 0.01, kP < 0.001. Sec-
tions were analyzed under optic microscope (Axioscop 2 Plus - Zeiss).
One-way analysis of variance followed by Tukey’s post hoc test was
used. DMEM: Dulbecco’s Modified Eagle’s medium; MSC: Mesenchy-
mal stem cells.

Previous studies have established that MSC can be de-
livered to the injured spinal cord by several routes, such as
intralesional (Zhou et al., 2013; de Almeida et al., 2015),
lumbar puncture (Paul et al., 2009), and intravenous (Osaka
et al,, 2010; Kim et al., 2013a; Morita et al., 2016), among
others. However, to the best of our knowledge, the intra-
peritoneal route has never been used to treat SCI. Injections
directly into the parenchyma may further damage the tissue,
a consequence to be avoided. Less invasive methods, such as
intravenous or intraperitoneal injection, are a better choice
for clinical use since they are safer and allow the use of
multiple injections, a strategy tested with success in several
experimental studies (Kim et al., 2013b; Richardson et al.,
2014; Wei et al., 2014; Badner et al., 2016).

The intraperitoneal route has been used before for MSCs
injection in inflammatory diseases, with positive results.
Yousefi and coworkers (Yousefi et al., 2013) have shown
that intraperitoneal injection of MSCs was able to reduce

Intraperitoneal

Intravenous

Figure 6 Ultrastructural observation of spinal cord parenchyma of
mice.

The presence of astrocyte processes (asterisks) and degeneration fibers
(arrowhead) in groups that received DMEM (A, C), while groups that
received MSCs show regenerating axon sprouts with evidence of my-
elination (arrows) (B, D). Arrow in A indicates an axon being remye-
linated. Scale bars: 1 um. Sections were analyzed under transmission
electron microscope (Zeiss 900 Transmission Electron Microscope -
Zeiss). DMEM: Dulbecco’s Modified Eagle’s medium.

Figure 7 Behavioral tests of mice.
At 63 days after spinal cord injury, the mice that re-
ceived stem cell injection (B and D) show better explo-

B Global Mobility Test

ration of the open field compared to animals injected
with DMEM (A and C). In E, the average speed of ani-
mals that received a transplant of stem cells was signifi-
cantly higher than animals that received only medium.
The BMS score (F) was similar between the groups that

© 7 1a 21 2t

35 42 45 Ss 63
v

received stem cells and the groups that received the

B BMS

vehicle up to 28 days after injury. From this period, the
animals that were transplanted with mesenchymal stem

Intraveneus!
Score
T s

cells (MSCs) had a significantly greater improvement.
n = 6 per group. Results were expressed as the mean
+ SEM (*P < 0.05: MSC i.v. vs. DMEM 1i.v.; #P < 0.05:

7 14 21 28 35 42 49 86 63
Days after surgery

MSC i.p. vs. DMEM i.p.). One-way analysis of vari-
ance followed by Tukey’s post hoc test was used. MSC:

Mesenchymal stem cells; DMEM: Dulbecco’s Modified
Eagle’s medium; BMS: Basso Mouse Scale.
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the number of aggressor inflammatory cells in the brain and
ameliorated the severity of clinical scores in mice with ex-
perimental autoimmune encephalomyelitis (EAE) (Yousefi
et al., 2013). More recently, Kim et al. (2014) showed that
intraperitoneal injection of MSCs was able to suppress peri-
toneal inflammation by restoring the mesothelial layer and
decreasing complement activation in fungal or yeast perito-
nitis in rats. Also, Oh et al. (2014) showed that i.p. injection
of MSCs almost completely prevented the development of
experimental autoimmune uveitis (EAU) in mice by sup-
pressing Th1/Th7 immune responses, and protected the
retina from immune-mediated damage. The peritoneum is
highly vascularized and therefore allows more cells to access
the lymphatic and blood circulatory systems simultaneously
(Wilson et al., 2010); afterwards, these cells are able to en-
graft to sites of tissue injury and inflammation. Our results
showed that both routes of administration, intraperitoneal
and intravenous, resulted in important improvements, with
no significant statistical difference between them. Both the
intravenous and intraperitoneal routes had no negative effects
on the animals that received MSCs or DMEM injection.

An important issue regarding the use of cell therapy by
systemic injection is the viability of the cells and their fate
and differentiation after being transplanted. In this study, we
located the GFP* MSCs at the injury site, in both routes, 7
days after injection, and these cells remained in the tissue for
as long as 8 weeks after administration. These findings accord
with other studies that identified the presence of cells injected
intravenously, 4 and 6 weeks after transplantation (Osaka et
al., 2010; Kang et al., 2012; Kim et al,, 2013a). With respect
to MSC in vivo differentiation, we were unable to find any
GFP" MSCs double-labeled for any neural lineage cell mark-
er. However, previous studies by other groups (Zhou et al.,
2013) found evidence that MSCs can differentiate into either
neuronal or glial cells. Our present findings support the idea
that these cells do not replace damaged spinal cord cells, but
rather work through local paracrine effects.

The most obvious application for the use of MSCs is to
recruit their trophic potential, because under normal in vitro
conditions, these cells secrete a variety of trophic factors and
cytokines (Majumdar et al., 1998). Although the labeling for
trophic factors has been diffuse, as reported elsewhere even
in in vitro expression (de Almeida et al., 2015), we observed
a larger marked area for all trophic factors analyzed in the
groups treated with MSCs. Pisati et al. (2007) reported that
when human mesenchymal stem cells are cultured with brain
slices, they begin to express receptors for trophic factors,
and secrete trophic factors such as NGF and NT-3. They also
demonstrated the in vivo expression of these neurotrophins
45 days after the stem cells were transplanted into the mouse
brain. Sasaki et al. (2009) reported that the combination of
BDNF and human MSCs is capable of promoting axonal
sprouting, protection of corticospinal neurons, and better-
ing functional recovery after thoracic spinal cord injury in
adult mice, suggesting that this neurotrophin can play an
important role in nerve fiber regeneration. In addition, He et
al. (2013) demonstrated that the functional improvement in
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rats with thoracic spinal cord injury after treatment with stem
cells was related to BDNF expression. A recent study (Jadasz
et al., 2018) showed that in vitro treatment of adult neural
stem cells with adult rat bone marrow-derived mesenchymal
stem cell-conditioned medium promoted the differentiation
of oligodendrocytes. In agreement with these studies, our
results showed higher expressions of BDNF, NGF, NT-3 and
NT-4 in groups that received the MSC injection, which was
accompanied by higher levels of white matter sparing and in-
creased numbers of myelinated fibers. These results can be at-
tributed to secretion of trophic factors by the injected cells, as
described elsewhere (Osaka et al., 2010; Hawryluk et al., 2011;
He et al., 2013; Kim et al., 2013a; de Almeida et al., 2015).

Together with the beneficial morphological results, we
found better functional outcomes in our MSCs-treated ani-
mals. A larger number of myelinated fibers were in the opti-
mal spinal cord g-ratio range (Chomiak and Hu, 2009). The
g-ratio is a functional and structural index of optimal axonal
myelination that is correlated with better conduction velocity.
Animals that received the MSC transplant, by either route,
showed better locomotor performance, with higher mean lo-
comotor speeds in GMT and higher scores on the BMS scale,
reaching the intermediate phase of functional recovery. These
results are consistent with previous reports from our group of
better locomotor performance by these two functional tests in
embryonic stem cells locally transplanted into mice (Marques
et al,, 2010), human dental pulp stem cells locally transplant-
ed into mice (de Almeida et al., 2011), and mesenchymal stem
cells locally transplanted into mice (de Almeida et al., 2015)
after compressive spinal cord injury. Our findings agree with
those of other groups that also reported functional recovery
after SCI and MSC transplantation (Cizkova et al., 2011; Kang
et al., 2012; Kim et al., 2013a; Morita et al., 2016). These func-
tional improvements are probably correlated with the better
white matter preservation and axon myelination observed in
the MSCs-treated animals.

In conclusion, we present evidence that systemic transplan-
tation of MSCs, by either the intraperitoneal or intravenous
route, has the potential to improve axonal myelination, white
matter sparing, and motor function after SCI, through the lo-
cal release of trophic factors. This study provides new insight
into the benefits of systemic administration of stem cells and
encourages the clinical application of this treatment.
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