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Abstract
Spinal cord injury (SCI) is a common pathological condition that leads to permanent or temporal loss of motor and autonomic
functions. Kainic acid (KA), an agonist of kainate receptors, a type of ionotropic glutamate receptor, is widely used to induce
experimental neurodegeneration models of CNS. Mesenchymal Stem Cells (MSC) therapy applied at the injured nervous tissue
have emerged as a promising therapeutic treatment. Here we used a validated SCI experimental model in which an
intraparenchymal injection of KA into the C5 segment of rat spinal cord induced an excitotoxic lesion. Three days later,
experimental animals were treated with an intracerebroventricular injection of human umbilical cord (hUC) MSC whereas
control group only received saline solution. Sensory and motor skills as well as neuronal and glial reaction of both groups were
recorded. Differences in motor behavior, neuronal counting and glial responses were observed between hUC-MSC-treated and
untreated rats. According to the obtained results, we suggest that hUC-MSC therapy delivered into the fourth ventricle using the
intracerebroventricular via can exert a neuroprotective or neurorestorative effect on KA-injected animals.
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Introduction

Spinal cord injury (SCI) is a common pathological condition
that leads to permanent or temporal loss of motor and auto-
nomic functions as well as of sensory capacity of tissues and
organs innervated by the injured spinal cord segment [1].

Most SCI have two stages of damage: (1) the primary injury,
which consists in an acute damage produced by mechanical
forces or compression/displacement that can disrupt blood
vessels and destroy neurons and glial cells, followed by (2)
the secondary injury, that includes a wide range of events,
such as oxidative damage by activated radical oxygen,
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calcium-mediated damage by calcium ion influx, glutamate
excitotoxicity, apoptosis, hemorrhage, inflammation and ede-
ma that lead to axonal degeneration, demyelination and cavi-
tation at the site of injury [2, 3]. Therefore, the microenviron-
ment of the spinal cord changes considerably after injury.

There are several ways to experimentally induce SCI.
Thus, ischemia and induced traumatisms are two different
models of injury of the organ. The mechanisms underlying
the pathogenesis of spinal cord ischemia-reperfusion as well
as traumatic injury involve intracellular calcium overload, ox-
ygen free radical-mediated lipid peroxidation, inflammation,
leukocyte activation, and neuronal apoptosis [4, 5]. The major
mediator in the excitotoxic processes is glutamate either re-
leased by breakage of the plasmamembrane of necrotic neural
cells or by massive synaptic release due to unbalance of the
membrane potential and increase in intracellular sodium and
calcium concentration [5]. However, following trauma to the
central nervous system, including SCI, large amounts of ATP
and other nucleotides are also released by the damaged tissue.
Released ATP acts as an excitotoxin inducing the activation of
the purinergic system and leading to a direct calcium-
dependent excitotoxic cell death of neurons and oligodendro-
cytes, or indirectly, favoring glutamate release from neurons
and glia [5].

Injection of Kainic acid (KA), an agonist of kainate recep-
tors, a type of ionotropic glutamate receptor, is widely used to
induce an in vivo and in vitro experimental neurodegeneration
models of CNS [6–10]. In this sense, we have validated the
use of KA to induce an in vivo experimental model of neuro-
toxicity when the drug is injected by intraparenchymal via at
the cervical C5 segment of the rat spinal cord [11]. In this
model, KA-injected rats showed several motor and sensory
impairments of the ipsilateral forelimb correlated with a sig-
nificant neuronal loss at the corresponding spinal cord seg-
ment. We also showed that KA injection alters the intermedi-
ate filament expression of neurons at the injection site [12] and
induces glial reactivity [13].

The use of Mesenchymal Stem Cells (MSC) therapy ap-
plied at the injured nervous tissue has emerged as a promising
therapeutic treatment due to their ability to release multiple
beneficial factors at the damaged site. Many authors have
shown that treatments using MSC were able to reduce inflam-
matory effects, modulate the response of the immune system,
avoid cell apoptosis and reduce scar formation [3, 14–17]. As
recently reported by Teng [18], multifunctionality of stem
cells allows them to migrate, differentiate and integrate into
the tissue allowing them to influence and repair their neighbor
cells thus preparing an environment towards the re-
establishment of the physiology of organs and system.

Even though some works dealing with the effect of MSC
therapy to treat neurodegenerative diseases were published
[19–23], in vivo studies for SCI treatment using the intra-
cerebroventricular (icv) via are still limited. The goal of the

current study was to evaluate the potential therapeutic effect of
human umbilical cord (hUC) MSC delivered by icv via on
sensory and motor skills of KA-injured animals as well as
on their neuron and glial reaction at the injured spinal cord
region.

Materials and Methods

hUC-MSC Handling

MSC were isolated from hUC perivascular tissue obtained
from healthy donors at the Hospital Universitario Austral
(Pilar, Buenos Aires, Argentina) as previously described
[24]. Briefly, umbilical cords were dissected and vessels with
their surrounding Warthon’s Jelly were pulled out. The
perivascular Wharton’s Jelly was removed from the vessels
and mechanically disrupted. Minced fragments were plated
in complete DMEM low glucose/20% FBS (Internegocios
S.A., Argentina). After 7 days incubation, non-adherent cells
and minced fragments were removed and adherent hUC-MSC
were cultured and used for different experiments at passages 4
to 6. hUC-MSC were characterized according to the
International Society for Cellular Therapy guidelines [25], as
previously described [26].

Fluorescent Labeling of hUC-MSC

hUC-MSC cultures were grown in Petri dishes to 90% con-
fluence. Suspended hUC-MSC were labeled with 1,10-
dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlo-
rate (Dil, Sigma Chem Co.) fluorescent dye (stock solution:
0.25 μg Dil/μl dimethylsulfoxide). Briefly, 106 cells/ml
trypsinized MSC were suspended in PBS in the presence of
Dil (final concentration 1 μg/ml) and incubated for 5 min at
37 °C followed by 15 min at 4 °C and finally washed 3 times
with PBS. An appropriate dilution (6 × 103 hUC-MSC/μl) for
the icv injection was prepared.

Animals and Experimental Design

Young (3 mo. old, 250-350 g) (n = 12) male Sprague-Dawley
rats, raised in a temperature-controlled room (22 ± 2 °C) on a
12:12 h light/dark cycle were used. Food and water were
available ad libitum. All experiments with animals were per-
formed according to the recommendations of the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was also approved by the School of
Veterinary Sciences, National University of Plata Institutional
Committee for Care and Use of Laboratory Animals
(CICUAL), code n° 49-8-15 P.

Rats were randomly divided into three groups, four animals
each: I-Control, rats that did not receive any treatment; II-
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KA, each rat was injected with KA and then received saline,
and III-KA+MSC, each rat was injected with KA solution
and then was injected with MSC.

The day of KA injection was defined as the experimental day
(ED) 0. On ED 0 (baseline), 3, 7 and 14, all rats were submitted
to a set of motor and sensory tests as described in 2.6. On ED 3,
Dil-labeled hUC-MSC or saline (10μl) were icv injected into the
fourth ventricle (4V) as described in 2.5. On ED 14, all rats were
euthanized as described later (2.7) (Fig. 1a).

KA Solution Administration

Before surgery, KA (Sigma-Aldrich, Inc., St. Louis, MO,
USA) was dissolved in 0.9% saline and kept at 4 °C until
use. On ED 0 and after the behavioral test, rats were anesthe-
tized with ketamine hydrochloride (80 mg/kg; intraperitoneal)

plus xylazine (10 mg/kg; intramuscular) and placed in prone
position. Animals were injected by intraparenchymal route
into the C5 cervical segment with 5 μl of 1 mM KA. The
selected concentration induced loss of motor activity of the
ipsilateral forelimb as well as loss of neurons, as previously
reported [11].

Injections were performed following the protocol described
by Nishida et al. [27]. Briefly, trepanation at the C4–C5 fi-
brous joint 1 mm lateral from the midline (dorsal spinal pro-
cess) was performed to gain access to the C5 segment. Then, a
10 μl Hamilton® syringe was hand-held and the 26G needle
was vertically introduced 1.5 mm down on the right side of the
spinal cord to reach the Lamina-VI of that side (ipsilateral).
The needle was left in place for 2 min before 5 μl of the KA
solution was discharged at a rate of 1 μl/min. Before with-
drawal, the needle was held in place for additional 2 min to

Fig. 1 Experimental design and histological and immunofluorescent
aspect of the medulla. Panel a illustrates the experimental design of the
study. KA and KA+MSC animals were injected with KA on ED 0.MSC
were stereotaxically injected into the 4V of KA + MSC rats on
experimental day 3. Control group remained intact. On ED 0, 3, 7 and
14 sensory and motor skills were analyzed in all the groups. On ED 14
rats were euthanized by perfusion with a fixative and the spinal cord and
brain removed for morphological analysis. Panel b shows the cresyl violet

staining of the medulla showing an intact parenchyma and 4Vependyma.
Left: overview. Bar = 0.5 mm; right: magnification showing part of the
parenchyma of the medulla and the ependyma that covers the 4V. Bar =
20 μm. Panel c shows confocal microscopy images of 4V brain sections
after Dil-labeled hUC-MSC icv injection. Most of the Dil-labeled hUC-
MSC cells remained in contact with the ependymal cell layer (empty
arrow) while a few of them travelled the medulla parenchyma (white
arrows). Abbreviation: 4V, fourth ventricle. Bar = 5 μm
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avoid leaking of the solution. After surgery animals were kept
on a heating pad and checked periodically until they woke up.
Thereafter, they were returned to their cages. In no case ani-
mals required manual emptying of the bladder.

hUC-MSC Stereotaxic Injection

On ED 3, rats were anesthetized with ketamine hydrochloride
(40 mg/kg; intraperitoneal) plus xylazine (8 mg/kg; intramus-
cular) and placed in a stereotaxic apparatus. To gain access
into the 4V, the tip of a 26 G needle fitted to a 50 μl syringe
was brought to the following coordinates relative to the breg-
ma: −13.3 mm anteroposterior, −7.5 mm dorsoventral and
0 mm mediolateral [28]. The animals were injected with
10 μl of saline (KA group) of a suspension containing 6 ×
104 MSC (KA +MSC group).

Behavioral Tests

Heat Sensitivity Test

The hot-plate test was carried out according to the method
previously described [29]. In these experiments, the hot-
plate apparatus was set at 55 ± 1 °C. Animals were placed
on a 15 cm diameter heated surface surrounded by four acrylic
walls, and the time (sec) between placement (time zero) and
licking of their forepaws or jumping (whichever occurred
first), was recorded and considered as the response latency.
A 20 s cut-off was used to prevent tissue damage. Three mea-
surements at 2-min-intervals were taken on each ED.

Suspension from a Horizontal Wire Mesh Pole

The time duringwhich rats could sustain their ownweight was
determined by placing the animals on a horizontal wire mesh
pole. An 8 cm diameter pole was covered by a nylon mesh
(pore size: 0.5 cm). The pole was immediately rotated so as
the animals were left suspended from the wire mesh 70 cm
over a water tank [30]. The latency taken by the animals to fall
was recorded as the average of 3 trials with 10 min interval on
each ED.

Ladder Rung Walking Test

This test was carried out to examine forelimb coordination
during skilled walking in rats according to Metz and
Whishaw [31]. Rats were trained to walk across the ladder
rung walking apparatus 1 week before the experiment. The
rung pattern (1–3 cm apart between rungs) was not altered
during all ED. For the evaluation, three trials were video re-
corded per session per animal and presented as an average
performance per group. Limb coordination and skilled walk-
ing patterns were analyzed according to a scoring system

published by Metz and Whishaw [31] ranging from 0
(abnormal) to 6 (perfect). For this work, the total score per
group and experimental day for ipsilateral and contralateral
forelimb were considered. The video recording was taken
from a lateral view with a digital video camera (Panasonic
DMC-FH1, China), and the shutter speed was set at 30 f/s.
The recordings were analyzed frame-by-frame to classify all
the steps per group.

Spinal Cord Collection and Processing

Immediately before euthanasia rats were placed under general
anesthesia by injection of ketamine hydrochloride (80 mg/kg,
i.p.) plus xylazine (10 mg/kg; i.m.) and then intracardiacally
perfused with a 4% buffered saline-paraformaldehyde solu-
tion. The skull and the vertebral column were removed and
post-fixed in 10% buffered formaldehyde for 24 h. Brain and
spinal cord were then dissected, immersed in cryopreservation
buffer (30% sucrose, 1% polyvinylpyrrolidone, 30% ethylene
glycol, 1% 1 M phosphate buffer and distillated water to
100 ml) and stored at −20 °C until use.

Medulla and the C5 segment were cut into 0.5 cm thick
coronal sections under a magnifying glass and then placed at
the center of a well in a 48-well plate. The well was then filled
with 0.5 ml jellifying solution (10% sucrose in 1 M phosphate
buffer and 4% low melting point agarose [Sigma Chemical
Co., St. Louis, MO]) and stored at 4 °C until a jelly block was
formed. Then, blocks of tissue were serially cut into 20 μm
thick coronal sections using a vibratome (Leica VT 1000S,
Germany). From each block, three to five sections, 120 μm
apart, were mounted on jellified slides (6 g unflavored gelatin,
0.5 g KCr(SO4)2.12 H2O and distillated water to 300 ml), and
stained with the cresyl violet technique for histopathological
analysis.

Immunohistochemistry (IHC)
and Immunofluorescence (IF) Techniques

Immunohistochemistry technique was used to evaluate chang-
es in neurons, astrocytes and microglia cell population. For
these purposes spinal cord sections were immersed in PBS
with 0.03% H2O2 for 30 min at room temperature to block
endogenous peroxidase. Sections were then rinsed twice in
PBS. Then, sections were exposed to microwave antigen re-
trieval using a citrate buffer solution, pH 6.0 and then washed
twice with PBS. Later, all sections were incubated with 1%
bovine serum albumin (BSA) for 30 min, followed by over-
night incubation either with the anti-NeuN (Neuronal Nuclear
Antigen) monoclonal antibody (Clone A60 Biotinylated, lot
LV1770323, Millipore, CA, USA; diluted 1:200) for identify-
ing neurons, anti-GFAP (Glial Fibrillary Acidic Protein) poly-
clonal antibody (Ref Code IR524, DakoCytomation,
Carpinteria, CA, USA; ready to use) to identify intermediate
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filaments in astrocytes or anti-IBA-1 (Ionized Calcium-
Binding Adapter molecule 1, encoded by the AIF-1 gene)
polyclonal antibody (AIF-1, lot A106554, Sigma-Aldrich, St
Louis, MO, USA; diluted 1:500) to label microglial cells.
Sections were then rinsed with PBS and incubated with the
EnVision© detection system + HRP system labeled anti-
mouse or anti-rabbit polymer (DakoCytomation, Carpinteria,
CA, USA) for 45 min. Finally, sections were rinsed in PBS
and the reaction was revealed with the liquid chromogen 3,3-
diaminobenzidine tetrahydrochloride (Vector Laboratories
Inc., CA, USA). Hill’s hematoxylin was used for
counterstaining. Control negative sections were prepared by
omitting primary antibody.

To confirm the presence of Dil-labeled hUC-MSC at the
injection site the immunofluorescence technique was applied
on medulla sections including the fourth ventricle (4V)
ependyma. Sections were rehydrated with PBS containing
0.05% Tween-20 for 10 min at room temperature and then
exposed to microwave antigen retrieval using a buffer citrate
solution, pH 6.0. Then, sections were incubated with 1%BSA
in PBS for 30 min, followed by overnight incubation with
anti-human mitochondrial marker (hMit, Cat# MBS438169,
monoclonal, MyBioSource, San Diego, California, USA; di-
luted 1:400). Sections were then rinsed threefold in PBS and
incubated with 1:1000 Alexa Fluor 488-conjugated anti-
mouse (Invitrogen, Thermo Fisher Scientific Inc.) secondary
antibody for 45 min. Then, sections were rinsed threefold in
PBS and counterstained for 15 min with the fluorescent DNA
stain 4,6-diamidino-2-phenylindole (DAPI). Control negative
sections were prepared by omitting primary antibody.

Image Analysis

Images of IHC stained spinal cord sections were captured
using a digital RGB video camera (Olympus DP73, Japan)
attached to a microscope (Olympus BX53, Japan). To create
a map of the entire segment stitched images using a 20x ob-
jective were captured using the Multiple Image Alignment
(MIA) function of a digital image analyzer (cellSens
Dimension, V1.7, Olympus Corporation, Japan). No further
processing was necessary after obtaining the original images.
To determine the total number of positively labeled cell bodies
or positively stained area per section, color segmentation was
performed [32]. All observations were done by two indepen-
dent, double-blind researches to obtain a more objective
counting.

Images of IF sections were captured using a confocal micro-
scope (FV100, Olympus). Neuronal cell counting was carried
out on anti-NeuN as well as on cresyl violet stained samples.
Glial cell counting was carried out on anti-GFAP (astrocytes)
and anti-IBA-1 (microglia) immunohistochemically stained im-
ages. Determination of immunohistochemically stained area was
also considered for anti-GFAP and anti-IBA-1. For each spinal

cord section, the ipsilateral and contralateral sides of the C5 seg-
ment were considered as separated.

For determination of the number of neurons, three areas of
analysis were considered: dorsal grey matter (Paxinos
Laminae I-V), medial grey matter (Paxinos Laminae VI and
X), and ventral grey matter (Paxinos Laminae VII-IX) [11].
All measurements were performed using the ImagePro Plus
image analysis software (v6.3, Media Cybernetics, MA,
USA).

Statistical Analysis

Statistical analyses were performed using the GraphPad Prism
6 software (Graph-Pad Software, San Diego, CA, USA). Data
corresponding to behavioral tests were analyzed by two-way
analysis of variance (ANOVA) with repeated measures to
compare the motor and sensory performance at different tests
between groups at different time points. Cell counting, and
area were compared by One-way ANOVA and for multiple
comparisons, Tukey Kramer Multiple-Comparison Test was
used as a post-hoc test. Significance was assumed at values of
P < 0.05.

Results

hUC-MSC in the 4V

Cresyl violet staining of medulla showed no lesions neither at
parenchyma nor at the 4V ependyma where hUC-MSC were
delivered (Fig. 1b). Dil-labeled hUC-MSC were positive to
anti-human mitochondria antibody (Fig. 1c). They were found
at the 4V ependymal layer of KA +MSC animals. Some of
these cells were also found closer to the ependyma, inside the
medulla gray matter.

hUC-MSC Therapy Improves the KA-Affected Motor
Performance

The latency time in the heat sensitivity test showed no signif-
icant differences among groups at any time point (Fig. 2a.
Two-way ANOVA with RM, F(2, 9) = 1.412, P = 0.2929). In
contrast, tasks requiring more coordinated control of motor
and reflexive responses such as suspension from a horizontal
wire mesh pole showed significant declines with KA on ED 7
and 14. No significant differences were found between KA+
MSC and Control animals at any time point (Fig. 2b. Two-way
ANOVAwith RM, F(2, 9) = 9.312, P = 0.0064). In addition, in
the ladder rung walking test, the total score of the ipsilateral
forelimb revealed that KA animals showed a significant im-
pairment in their motor performance from ED 3 up to ED 14,
whereas KA +MSC group showed a not significant impair-
ment in their performance at ED 3 and then a gradual
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improvement from this day to the end of the experiment at ED
14 (Fig. 2c. Two-way ANOVAwith RM, F(2, 9) = 8.567, P =
0.0083). Control animals showed no alteration in their perfor-
mance along experimental days. Statistical analysis showed a
significant difference in the total score of KA animals vs.
KA +MSC and Control animals at ED 7 and 14. No signifi-
cant differences were observed between KA +MSC and
Control rats at any time point. No alterations were observed
in the total score of the contralateral forelimb of all groups
with no significant differences among groups at any time point
(Fig. 2d. Two-way ANOVA with RM, F(2, 9) = 0.8113, P =
0.4743).

hUC-MSC Therapy Protects Neurons of the Spinal Cord
in the KA-Neurotoxicity Model

Figure 3a, b shows the histological aspect of KA and KA +
MSC C5 spinal cord segments at ED 14. Histological as-
pect of neurons was similar in all the groups. Comparison
of dorsal, medial and ventral areas of the spinal cord sec-
tions showed a significant reduction in the neuronal
counting of KA rats only at the ipsilateral ventral and me-
dial areas as compared to Control rats (Fig. 3c. One-way
ANOVA, F(2, 9) = 10.52, P = 0.0044); interestingly, KA +
MSC sections showed a significant increase in the neuro-
nal counting at the ipsilateral ventral area as compared to
KA sections (Fig. 3d. One-way ANOVA, Ventral: F(2, 9) =

12.48, P = 0.0025. Medial: F(2, 9) = 4.837, P = 0.0375.
Dorsal: F(2, 9) = 2.499, P = 0.1370).

Counting of neurons at the contralateral C5 section showed a
significant reduction in the KA animals as compared to the
Control group (Fig. 3e. One-way ANOVA, Total: F(2, 9) =
4.923, P = 0.0359). When dorsal, medial and ventral areas of
the section were separately considered the analysis revealed that
KA induced a significant reduction in the neuronal counting only
at the contralateral ventral area (Fig. 3f. One-way ANOVA,
Ventral: F(2, 9) = 5.427, P = 0.0284). No reduction in number
of neuronal cells at the contralateral dorsal and medial areas of
any group were observed (Fig. 3f. One-way ANOVA, Dorsal:
F(2, 9) = 1.481, P = 0.2779. Medial: F(2, 9) = 2.054, P = 0.1842).

Effects of hUC-MSC Therapy on Microglia

KA injection at the spinal cord produced an overwhelming
inflammatory microgliosis (Fig. 4a, b). To evaluate a possible
immunomodulatory effect of hUC-MSC in the spinal cord
after KA-induced damage, the microglia reaction was
analyzed.

Immunohistochemistry with anti-IBA-1 antibody revealed
a significant increase in the number of positive cells in the KA
group in comparison to Control animals for both, ipsilateral
and contralateral sides. On the contrary, hUC-MSC treatment
in the KA +MSC rats induced a significant decrease in the
number positive cells at the ipsilateral side as compared to KA

Fig. 2 Behavioral tests. All these
tests were performed to determine
the sensory and motor skill of
MSC treated and untreated
animals. Estimated mean
responses for: heat sensitivity test
a; suspension from a horizontal
wire mesh pole b; and ladder rung
walking test at the ipsilateral c and
contralateral d forelimb sides. In
all cases data are expressed as
estimated mean ± SEM.
Comparisons were made between
groups. Control vs. KA group:
*P < 0.05; **P < 0.01;
***P < 0.001. KAvs. KA +MSC
group: +P < 0.05; +++P < 0.001.
Undepicted comparisons account
for a not significant difference
between groups
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animals; however, it did not reach the values of the Control
group. No significant differences were found between KA +
MSC and Control animals at the contralateral side (Fig. 4c.
One-way ANOVA, Ipsilateral: F(2, 9) = 58.04, P < 0.0001;
4E. One-way ANOVA, Contralateral F(2, 9) = 6.507, P =
0.0179). Besides, the IBA-1 immunostained areas of KA

animals were significantly larger than those found in KA +
MSC and Control animals for both, ipsilateral and contralat-
eral sides. The hUC-MSC treatment induced a significant de-
crease in the IBA-1 immunostained areas as compared to KA
counterparts while no significant differences were found be-
tween KA +MSC and Control animals at both sides (Fig. 4d.

Fig. 3 Counting assessment of neuronal population at the C5
segment. For counting neurons, either cresyl violet stained or NeuN
positive cells were used. Panel a shows cresyl violet KA injected C5
segment medial and ventral area at ED 14. Panel b shows the same
segment of KA +MSC animals. Bar = 20 μm. Insets show NeuN
stained cells. Although in smaller amount, no structural differences
were observed in the positive cells of both groups. Bar = 20 μm. NeuN
positive cells showed a significant reduction in the neuronal counting of
KA group sections as compared to the Control group, both at the

ipsilateral and contralateral forelimb sides of the C5 segment (c and d,
respectively). Analysis of dorsal, medial and ventral section areas
revealed a significant reduction in the neuronal counting at the
ipsilateral ventral and medial areas (e) and at the contralateral ventral
area (f) of KA group as compared to Control. In all cases, data are
expressed as estimated mean ± SEM. Comparisons were made between
groups. *P < 0.05; **P < 0.01. Undepicted comparisons account for a not
significant difference between groups
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One-way ANOVA, Ipsilateral: F(2, 9) = 131.2, P < 0.0001; 4F.
One-way ANOVA, Contralateral: F(2, 9) = 23.07, P =
0.0003).

Effects of hUC-MSC Therapy on Astroglial Cells

Astrocytes were identified by GFAP immunostaining in the
spinal cord C5 segment (Fig. 5a–c). Total number of
astroglial cells of both, ipsilateral and contralateral sides
were significantly increased in KA and KA +MSC animals

in comparison to Control animals. No significant differ-
ences were found between KA +MSC and KA animals at
both sides (Fig. 5d. One-way ANOVA, Ipsilateral: F(2, 9) =
21.56, P = 0.0004; 5F. One-way ANOVA, Contralateral
F(2, 9) = 32.02, P < 0.0001). The GFAP immunostained
areas of KA +MSC animals were significantly larger than
those found in Control animals for both, ipsilateral and
contralateral sides (Fig. 5e. One-way ANOVA, Ipsilateral:
F(2, 9) = 6.533, P = 0.0177; 5G. One-way ANOVA,
Contralateral F(2, 9) = 5.359, P = 0.0293).

Fig. 4 IBA-1 immunoreactive cells counting. IBA-1 immunoreactive
cells at the forelimb ipsilateral side of the C5 segment in KA animals a
and KA-MSC rats b. Bar = 200 μm. IBA-1 positive cells showed a
significant increase in KA group sections as compared to Controls at
the ipsilateral c and d and contralateral e and f forelimb sides of C5
segment. MSC-treatment revealed a significant reduction in the IBA-1

counting at the ipsilateral side c and in the IBA-1 immunoreactive area at
both ipsilateral and contralateral forelimb sides (d and f, respectively) as
compared toKAgroup. In all cases, data are expressed as estimatedmean
± SEM. Comparisons were done between groups. *P < 0.05; **P < 0.01;
***P < 0.001. Undepicted comparisons account for a not significant
difference between groups
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Discussion

Local and systemic delivery are two principal methods to
introduce MSC. Both show advantages and disadvantages.
Thus, the optimal delivery method will depend on which
mechanisms of action of the MSC need to be promoted.

However, it is known that the therapeutic efficacy of delivered
MSC will increase dramatically if they are efficiently directed
to the injury site [33].

Some years ago, a physical continuity between the rat 4V
and the spinal cord central canal was demonstrated [30]. This
communication path is of particular interest for setting up

Fig. 5 GFAP immunoreactive cells counting. GFAP immunoreactive
cells at the forelimb ipsilateral side of the C5 segment in control a, KA
animals b and KA-MSC rats c. Significant differences were found
between KA-injected and Control group in GFAP cell counting d and f.
hUC-MSC treatment revealed a significant increase in the GFAP cell

counting and GFAP immunoreactive area (d, e and f, g) as compared to
Control group. In all cases, data are expressed as estimated mean ± SEM.
Comparisons were made between groups. *P < 0.05; **P < 0.01; ***P <
0.001. Undepicted comparisons account for a not significant difference
between groups
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protocols for treating spinal cord injuries thus avoiding the
loss of cellular or chemical reagents in the extraneural com-
partments. Therefore, we propose the use of the icv route for
hUC-MSC therapy in SCI. The safety, feasibility and thera-
peutic efficacy of this route was shown in a mouse intracere-
bral hemorrhage model using bone marrow stem cells [34]
and for intracerebral tumor treatment using neural stem cells
[35].

Using the icv route, 11 days after their injection surviving
Dil-labeled hUC-MSC were observed in the 4V ependymal
layer and in the parenchyma of the medulla. Arguments for
local injection include not only the delivery of MSC near to
the site of the injury, but also the possibility ofMSC tomigrate
towards the injured tissue [33]. In the present study we could
not detect Dil-labeled hUC-MSC in the cervical spinal cord
parenchyma of treated rats although this region is close to their
delivery site. A similar result was reported by Huang et al.
[34], when using icv delivery of bone marrow stem cells for
intracerebral hemorrhage treatment. It was suggested that lo-
cally injected cells can be lost by wash out, cell death or
rejection by the immune system when they begin their differ-
entiation. Nevertheless, the improvement in the motor behav-
ior, neuronal cellular counting and glial reaction found in the
KA injured-animals may be attributed to the autocrine and
paracrine activity of hUC-MSC, by local releasing of cyto-
kines and growth factors or by further differentiating into oth-
er cells [17, 33].

The use of hUC-MSC in preclinical studies have shown
that these cells have a promising profile of neurotrophic, an-
ti-apoptotic, and anti-inflammatory effects [36, 37].
Moreover, the risk of graft rejection using hUC-MSC is very
low as confirmed by studies demonstrating their
hypoimmunogenicity [38].

Here, we found differential effect on glial cells and neu-
rons. Little is known regarding the mechanism underlying the
interactions between hUC-MSC and neurons and glial cells.
During SCI glial cells show responses that shift over time and
may produce both beneficial and detrimental effects on the
tissue [39, 40]. The detrimental functions of reactive astro-
cytes are in fact responses to injury with the aim of protecting
the nervous system and less affected tissue by healing the
damaged area and limiting further extension of the injury.
Nevertheless, astrogliosis can also be beneficious to the
repairing process by secreting growth-promoting neurotrophic
factors and thus contributing with the endogenous neuropro-
tection [40].

Astrogliosis after SCI shows variable intensity which de-
pends on the initial severity of the lesion and the length of
post-injury time. During the first 2 weeks after SCI the astro-
cytic scar is consolidated in order to create a physical barrier
and promote tissue restauration [39]. Scar forming astrocytes
can help restrict the spread of toxic aspects of inflammation,
thereby preventing lesion expansion and further loss of

function. However, reactive astrocytes in the glial scar secrete
different molecules that may prevent axon plasticity and limit
post-SCI repair [39]. In our study, although hUC-MSC did not
reduce the astrocytic reaction as was observed in other studies
[1, 41, 42], no detrimental effects on functional recovery, as
shown by the improved motor performance in KA +MSC
group in comparison to the KA-group were observed. As
was mentioned by Lukovic et al. [40] stem cell therapy should
produce an adequatemicroenvironment in order to provide the
proper astrocytic response in spatial and time length.

Regarding microglial cells, here we showed a significant
reduction of these reactive cells in KA +MSC group as com-
pared to KA group. According to Gaudet and Fonken [39]
microglia showed a balance between pro- and anti-
inflammatory phenotypes by day 7 post-SCI. From this time
point on the response turns predominantly pro-inflammatory.
In our model, we showed that hUC-MSC therapy contributed
to the reduction of microglia response, apparently ameliorat-
ing the deleterious proinflammatory response of these cells.

By using conditioned media from hUC-MSC Salgado et al.
[43] showed that these cells can potentiate astrocyte and oli-
godendrocyte cell densities, without stimulating the prolifera-
tion of microglial cells, and suggested that hUC-MSC release
factors to the extracellular milieu that have different direct
impact on the densities of each type of glial cells, possibly
due to the existence of variable sensitivity. Different therapeu-
tic methods have been studied to minimize the damage in
central nervous system injuries. These methods aimed to pro-
mote neuronal circuits reconnection or neuronal re-growth at
the injured site. As mentioned by Abbaszadeh et al. [44],
mature neurons could re-extend their axon partly depending
on the availability of neurotrophic factors at the required site.
Also, the availability of these factors may be improved by
modulating their gene expression.

It has been shown that injection of stem cells into the in-
jured CNS exert a neuroprotective effect. Hofstetter et al. [45]
and Ohta et al. [46] showed that bone marrow stromal cells
administered into the injured spinal cord of rats promoted a
protective effect against cell death. It was suggested that MSC
are capable of combine trophic support, anti-inflammatory
effect, immunomodulation, anti-apoptotic effect, neutraliza-
tion of inhibitory factors and reduction of scar formation by
secreting several growth factor molecules in the injured CNS,
thus contributing with the restoration of the functioning of the
damaged tissue [3]. Moreover, some authors suggest that stem
cells are also capable of being integrated into the CNS and to
reestablish the damaged circuit [47, 48], as well as restoring
motor and sensory tasks in SCI models [49, 50].

According to our results, at the end of the experiment the
number of NeuN positive cells in hUC-MSC-injected animals
did not differ from that of Control animals, while KA-injected
animals showed a significant reduction in NeuN positive cells
mainly at the ventral region of the spinal cord segment. In
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other studies, using the intravenous administration of hUC-
MSC 24 h after cerebral ischemia, a significant recovery in
neurological injury was reported with a reduction of hypertro-
phic microglia and an increase in neuron and neuroblast mi-
gration in the ipsilateral brain regions [51]. As analyzed by
Cofano et al. [17], stem cell therapy in SCI injury remains an
experimental therapy and may be used in association with
others.

Recently, we have shown that glial cells undergo morpho-
metric changes as well as increase in their number due to the
excitotoxic effects of KA [13]. Interestingly, here we have
shown that microgliosis decreased after hUC-MSC therapy.
In concordance, the intrathecal injection of hUC-MSC also
suppressed the activation of microglia and astrocytes in a
model of neuropathic pain by reducing the production of
pro-inflammatory cytokines and up regulating anti-
inflammatory cytokines [42].

Taken together the effect on neurons and microglial cells, it
is possible to speculate that hUC-MSC engraftment restored
neuronal population and modulated the microglia, instances
that could be enough to restore the motor function in the SCI
model. This restorative effect could bemediated by the known
regenerative [51, 52] and immunoregulatory properties of
MSC [53, 54]. In agreement, it was reported that bone
marrow-derived MSC were able to control microglial activa-
tion through the production of several factors, which suggests
that MSC could be a promising therapeutic tool for the treat-
ment of microgliosis-associated diseases [55].

Astrogliosis is a complex multifactorial process that can
occur after SCI. In fact, during traumatic SCI astrogliosis,
reactive astrocytes that have neuroprotective properties, coex-
ist with scar-forming astrocytes that inhibit axonal regenera-
tion as well as functional recovery [56]. Although it is widely
recognized that MSC and MSC-based treatment are emerging
as a promising therapy for SCI, it is still controversial to de-
cide an optimal timing of treatment. It was observed that
astrogliosis increased with MSC transplantation 7 days after
SCI. The lesion core area and the number of astrocytes in-
creased inMSC-treated group as compared to SCI group [57].

Recently, reactive astrocytes were further classified according
to their functions into harmful A1 and neuroprotective A2 astro-
cytes [58, 59]. These findings can well explain the dual effects of
reactive astrocytes in central nervous injuries and diseases.
Interestingly, it has been shown that icv MSC-derived therapy
promoted functional behavioral recovery and reduced lesion tis-
sue area 28 days after traumatic SCI in rats by the suppression of
theA1 reactive astrocytes [60]. In this line, intravenously injected
MSC and MSC-exosomes reduce SCI-induced A1 astrocytes,
probably via inhibiting nuclear translocation of NFκB p65, and
exert anti-inflammatory and neuroprotective effects following
SCI [56]. In a different neurodegenerative rat model, we ob-
served that GFAP area could not be reversed by the long-term
hUC-MSC therapy [61]. In accordance with this previous work,

our results showed that hUC-MSC-injected animals increased
the GFAP cell number and GFAP positive area in comparison
to Control animals at the forelimb ipsilateral side, 11 days after
MSC injection. Thus, we suggest that different subtypes of reac-
tive astrocytes might play dual roles in SCI. Consequently, fur-
ther studies are needed to elucidate both, whether reactive astro-
cytes have a bilateral role in SCI and the effect of MSC on
astroglia in our excitotoxic SCI rat model.

On the other side, it has been proposed that astrocytes con-
trol the neurogenic niches of neural stem cells to regulate their
function [62]. Moreover, activated astrocytes promote brain-
derived neurotrophic factor secretion which may benefit to
both neural differentiation of exogenic hUC-MSC and endo-
genic neurogenesis [63]. Taken together we can speculate that
the increase in GFAP area in KA-MSC animals represents a
massive activation of astrocytes that would contribute to for-
eign and local stem cell stimulation and differentiation into
mature neurons to repopulate the damaged tissue.

How stems cells contribute with the repairing of SCI is still
under revision. It was proposed that MSC secrete exosomes
which can modulate a hostile environment through a paracrine
action [64]. It was observed that systemic administration of
MSC exosomes significantly attenuated the lesion size and
improved functional recovery after SCI. Moreover, it attenu-
ated cellular damage in the injured spinal cord. Since the same
outcome was observed in our KA-MSC animals, we can spec-
ulate that exosomes released by hUC-MSC are contributing
with the functional and tissue recovery of MSC-treated
animals.

In this work, we described the 2 weeks therapeutic effects
of hUC-MSC injected into the 4V on the excitotoxic effect
induced by the intraparenchymal injection of KA. Wrathall
et al. [65] initially showed that SCI repair mechanisms are
different in the short and long term. In their model, the authors
used KA antagonists to reverse the lesions induced by it. In
our model, we use hUC-MSC with the intention of generating
different mediators that could counteract not only the effects
of KA but also reverse the damage induced by other spinal
injury mechanisms.

Since no cytokine nor cell integration analysis were carried
out further studies are needed to elucidate the mechanism
involved in the improvement observed in hUC-MSC-treated
animals and to associate clinical with morphological changes
observed. Nevertheless, we can conclude that icv therapy
using hUC-MSC delivered into the 4V can exert a neuropro-
tective or neurorestorative effect on KA-injected animals.
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