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Abstract 

The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) animal model is a useful tool to study 
Parkinson’s disease (PD) and was used in the present study to investigate the potential beneficial as 
well as deleterious effects of systemic bone-marrow mononuclear cell (BMMC) or mesenchymal 
stem cell (BM-MSC) transplantation. MPTP administration resulted in a breakdown of the 
blood-brain barrier and motor impairment in the open field test 24 h after surgery. Three and 7 
days after receiving the lesion, the injured animals showed remaining motor impairment compared 
to the sham groups along with a significant loss of tyrosine hydroxylase-immunoreactive (TH-ir) 
cells in the substantia nigra pars compacta (SNpc). The MPTP-lesioned rats treated with BMMCs 
immediately after lesioning exhibited motor impairment similar to the MPTP-saline group, though 
they presented a significantly higher loss of TH-ir cells in the SNpc compared to the MPTP-saline 
group. This increased loss of TH-ir cells in the SNpc was not observed when BMMC transplan-
tation was performed 24 h after MPTP administration. In contrast, in the MPTP animals treated 
early with systemic BM-MSCs, no loss of TH-ir cells was observed. BMMCs and BM-MSCs pre-
viously labeled with CM-DiI cell tracker were found in brain sections of all transplanted animals. In 
addition, cells expressing CD45, an inflammatory white blood cell marker, were found in all brain 
sections analyzed and were more abundant in the MPTP-BMMC animals. In these animals, Iba1+ 
microglial cells showed also marked morphological changes indicating increased microglial acti-
vation. These results show that systemic BMMC transplantation did not ameliorate or prevent the 
lesion induced by MPTP. Instead, BMMC transplantation in MPTP-lesioned rats accelerated do-
paminergic neuronal damage and induced motor impairment and immobility behavior. These 
findings suggest that caution should be taken when considering cell therapy using BMMCs to treat 
PD. However, systemic BM-MSC transplantation that reaches the injury site and prevents neu-
ronal damage after an MPTP infusion could be considered as a potential treatment for PD during 
the early stage of disease development. 

Key words: MPTP; Bone marrow mononuclear cells; Mesenchymal stem cells; Parkinson’s disease; 
Cell therapy. 
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Introduction 
Parkinson’s disease (PD) is a chronic and slowly 

progressive neurodegenerative disorder that is clas-
sically characterized by resting tremors, bradykinesia, 
rigidity, postural instability and difficulty walking [1]. 
In addition to these motor symptoms, PD is charac-
terized by non-motor symptoms, including neuro-
psychiatric symptoms, sleep disturbance, cognitive 
impairments and autonomic dysfunction [2,3]. 

PD results from a progressive loss of dopamin-
ergic neurons in the substantia nigra pars compacta 
(SNpc), leading to reduced dopaminergic input to the 
striatum; this change is accompanied by the occur-
rence of Lewy bodies [1]. However, numerous studies 
have suggested that PD is a multiple neurotransmitter 
disorder that involves noradrenergic, cholinergic and 
serotoninergic systems in addition to the dopaminer-
gic system [3,4]. 

The etiology and pathogenesis of idiopathic PD 
are still unknown. To elucidate the etiology and 
pathogenesis and to search the new treatments of PD, 
several animal models have been developed. Specifi-
cally, the 1-methyl-4-phenyl-1,2,3,6-tetrahydrop-
yridine (MPTP) animal model is a useful tool because 
this model results in a dopaminergic loss in the SNpc 
that is associated with motor and cognitive impair-
ment in rats similar to those observed in human PD 
[5,6]. 

Studies into the pathogenesis of PD have sug-
gested that many factors may be involved in the de-
velopment of the disease, including aging, oxidative 
stress and neuroinflammation [7,8]. Several studies 
investigating MPTP have shown that the death 
mechanisms involved in the neurotoxicity of MPTP 
include the inhibition of complex I of the mitochon-
drial electron transport chain, the generation of reac-
tive oxidative species (ROS) and neuroinflammation 
accompanied by a loss of integrity of the blood-brain 
barrier (BBB) [9,10]. 

Although intensive efforts have been made in 
the search for new drugs to treat PD, current available 
therapeutic strategies treat only the motor symptoms, 
with little or no effects on non-motor symptoms and 
the progressive loss of dopaminergic neurons [11-13].  

In recent years, multiple reports have suggested 
that transplantation with stem cells can provide 
therapeutic benefits in brain insult models of trauma, 
cerebral ischemia and exposure to neurotoxins 
[14-16].  

The potential to replace dead neurons, restore 
the deficient neurotransmitters, reconstruct neuronal 
circuitries and provide neurotrophic factors to resid-
ual dopaminergic neurons in PD has emerged from 
several stem cells studies [13,16,17]. Different types of 

cell sources are considered useful for dopaminergic 
cell therapy in PD, including fetal ventral midbrain 
cells, embryonic stem cells, adult stem cells (e.g., bone 
marrow-derived cells) and induced pluripotent stem 
cells [13,16,17]. These cells have yielded promising 
results in both clinical and pre-clinical studies in PD 
[18-20]. However, clinical studies have shown incon-
sistent benefits in most transplanted PD patients. 
Moreover, future studies will need to address several 
obstacles, such as tumor formation, immune rejection 
and graft-induced dyskinesias, to ensure the safety 
and efficacy of this therapy [17,21,22].  

Adult bone marrow-derived cells, particularly 
mesenchymal stem cells (BM-MSCs), have received 
considerable attention in PD studies because of their 
relative feasibility and safety, the absence of religious 
and legal issues and the lack of immunological prob-
lems with autografts. These adult bone marrow stem 
cells are found in the mononuclear cell (BMMCs) 
fraction, which contains several progenitor white 
cells, including hematopoietic stem cells and endo-
thelial progenitor cells [23,24]. These stem cells are 
described as multipotent cells that can be chemoat-
tracted to the damaged tissue to release cytokines and 
trophic factors [25]. The use of BMMCs in comparison 
to purified stem cell therapies seems to be also prom-
ising, since this approach does not require gene ma-
nipulation or cell culture. Another advantage is the 
heterogeneity of the cell populations, which could 
guarantee an entire array of bone marrow-derived 
growth factors and cytokines that may also regulate 
cellular growth and regeneration via cellular secretion 
mechanisms [26]. Despite these arguments, there is no 
study in the literature in which the systemic admin-
istration of these BMMCs was performed in the con-
text of PD.  

The vast majority of the preclinical studies using 
stem cell therapy in PD have used MSCs locally in-
jected into the SNpc or striatum. BM-MSCs comprise a 
small fraction of BMMCs (less than 0.01%). These cells 
have been widely investigated and therapeutically 
used in pre-clinical studies in animal models of PD, 
showing some positive therapeutic benefits 
[10,16,20,27-29]. These studies have also shown that 
the transdifferentiation of BM-MSCs, also called bone 
marrow stromal cells (BMSCs), into neuronal cells 
remains unproven. Moreover, these cells have limited 
potential in cell replacement therapies for neurologi-
cal disorders such as PD [29].  

Although numerous studies have employed 
BM-MSCs as a perspective to treat the PD, there were 
no studies in the literature that compare the effect of 
BMMCs and BM-MSCs in the MPTP-rat model of PD. 
We hypothesized that systemic BMMC or BM-MSC 
therapy could be an alternative therapeutic strategy 
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for PD that could delay neuronal damage in PD by 
blunting nigrostriatal pathway dysfunction [30].  

Therefore, the main purpose of the present study 
was to determine the effects of BMMC and BM-MSC 
transplantation in MPTP-lesioned rats at different 
intervals after neurotoxin infusion. The effects were 
evaluated by behavioral tests and histological assays. 

Materials and methods 
Animals 

All experiments were performed on Wistar rats 
obtained from the animal facility of the Department of 
Physiology of Triangulo Mineiro Federal University, 
Uberaba, MG. Male Wistar rats weighing 280-310 g at 
the beginning of the experiments were used. The rats 
were housed and maintained in a tempera-
ture-controlled room (22 ± 2°C) on a 12 h light-dark 
cycle (lights on at 7:00 am). The animals had free ac-
cess to water and food throughout the experiment. All 
procedures adopted in the study were approved and 
conducted in according with the guidelines of the 
Committee on the Care and Use of Laboratory Ani-
mals Resources, Triangulo Mineiro Federal Universi-
ty, Uberaba, MG, Brazil. 

Stereotaxic surgery 
The MPTP and sham groups were anesthetized 

with sodium thiopental (40 mg/kg) and received a 
bilateral intranigral infusion of MPTP-chloride (100 
μg in 1 μl of saline) through a 30-gauge needle ac-
cording to the following coordinates adapted from 
Paxinos and Watson’s atlas: anteroposterior (AP), -5.0 
mm from the bregma; mediolateral (ML), ± 2.1 mm 
from the midline; dorsoventral (DV), 8.0 mm from the 
skull [31]. Sham operations followed the same pro-
cedure but used 1 μl of saline for the bilateral injection 
into the SNpc. After surgery, the animals were left in a 
temperature-controlled chamber until they had re-
covered from anesthesia. 

BMMC isolation and transplantation 
Bone marrow mononuclear cells (BMMCs) were 

obtained from normal donor Wistar rats. The animals 
were anesthetized with sodium thiopental (40 mg/kg, 
ip) and then euthanized. The femoral, tibial and hu-
merus bones were collected, and the epiphyses were 
cut. After flushing the bones with a PBS solution, bone 
marrow cells were centrifuged for 10 min at 400 x g, 
4°C. The pellet obtained after centrifugation was re-
suspended in sterile EDTA-PBS solution (pH 7.2), and 
the BMMC fraction was isolated using Ficoll-paque 
(GE Healthcare, Life Science) centrifugation proce-
dures. The mononuclear cells were suspended in 
PBS-EDTA buffer, and the cell viability was tested 
using trypan blue (0.4%). To study the identification 

and distribution of transplanted BMMCs in the brain 
injury site, cell labeling with a cell-surface marker DiI 
[1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyani
ne] (CM-DiI, Molecular Probes Inc.) was performed in 
order to enable the identification of engrafted cells by 
fluorescence microscopy. All animals were injected 
with 1 ml of saline or BMMC suspension (containing 5 
x 106 cells) into the jugular vein immediately or 24 h 
after MPTP infusion (Experiments 1 and 2, respec-
tively), according to the experimental design de-
scribed below. 

BM-MSC isolation, culture and transplantation  
After isolating the BMMCs as described above, 

the cells were suspended in DMEM supplemented 
with 10% fetal bovine serum (FBS), 1% penicillin and 
streptomycin and seeded in culture bottles at a den-
sity of 4 x 105 cells/cm2. After 48 h of incubation, the 
non-adherent cell population was removed by re-
placing the medium. When the adherent BM-MSC 
culture became confluent, the cells were detached 
with 0.25% trypsin, suspended in 1 mM PBS-EDTA 
and then passaged. These procedures were repeated 
until the 4th passage. For studying the identification 
and distribution of transplanted MSCs in the brain 
injury site, the cells were labeled with a cell-surface 
marker as described above (CM-DiI, Molecular Probes 
Inc.). All animals were injected with 1 ml of saline or 
BM-MSC suspension (containing 1 x 106 cells) into the 
jugular vein immediately after MPTP according to the 
experimental design described below (Experiment 1). 

Functional and phenotypic characterization of 
BM-MSCs 

To certify the stemness of BM-MSCs, these cells 
were submitted to a specific protocol to differentiate 
them into osteoblasts and adipocytes [32].  

For the induction of osteogenic differentiation, 
BM-MSCs (3,000 cells per cm2) were plated in culture 
dishes with the osteogenic induction medium con-
sisting of DMEM plus 15% FBS (fetal bovine serum), 
1% penicillin/streptomycin, 100 nM dexamethasone, 
50 µM ascorbate-2-phosphate and 10 mM glycer-
ol-phosphate. This medium was replaced every 3 
days. On the 18th day, the analysis of differentiation 
was followed by the use of Alizarin Red (Sigma) to 
stain the bone matrix.  

To induce adipogenic differentiation, BM-MSCs 
(20,000 cells per cm2) were cultured in adipogenic 
induction medium consisting of DMEM plus 15% 
FBS, 1% penicillin/streptomycin, 1 µM dexame-
thasone, 0.5 mM isobutyl-methyl-xanthine, 10 µg/ml 
insulin and 100 µM indomethacin. After 3 days, the 
adipogenic induction medium was replaced by adi-
pogenic maintenance medium consisting of DMEM 
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plus 15% FBS, 1% penicillin/streptomycin and 10 
µg/m insulin for 24 h; at this time, the adipogenic 
maintenance medium was again replaced by adipo-
genic induction medium. After 3 cycles of media 
changes (72 h with induction medium and 24 h with 
maintenance medium), the cells were maintained 
with the maintenance medium for 5 days, and the 
analysis of differentiation was performed using 
Oil-Red to stain the lipid droplets. 

In addition, a phenotypic characterization of 
BM-MSCs was performed by quantifying the cell 
membrane markers by flow cytometry. The following 
markers were investigated: CD11b, c-Kit, CD45, 
CD29, CD34 and CD31 antibodies (BD Biosciences 
Inc., San Jose, CA, USA; e-Biosciences, San Diego, CA, 
USA). 

Experimental design 

Experiment 1: 
This experiment was performed with aim to 

verify the effects of the systemic transplantation of 
BMMCs and BM-MSCs on the progression of 
MPTP-induced lesion. For this, the animals were 
transplanted with BMMCs or BM-MSCs immediately 
after bilateral intranigral MPTP infusion and then, 
evaluated on motor function by the open field test and 
on the quantity of positive tyrosine hydroxylase (TH) 
neurons in the SNpc. The animals were randomly 
divided into six groups (n = 8-12 animals/group): 
Sham-saline, Sham-BMMC, Sham-BM-MSC, 
MPTP-saline, MPTP-BMMC and MPTP-BM-MSC 
groups. After stereotaxic surgery, the animals were 
intravenously injected with 5 x 106 BMMC/ml labeled 
with CM-DiI, 1 x 106 BM-MSC/ml labeled with 
CM-DiI or saline. Twenty-four hours after stereotaxic 
surgery, the animals were exposed to the open field 
test to determine motor alterations. After this test, the 
animals were intracardially perfused with saline and 
fixative solution (formaldehyde 4% in 0.1 M phos-
phate buffer, pH 7.4). The brain was removed from 
the skull and was immersed in the same fixative solu-
tion overnight. Next, the brain was placed in 30% su-
crose solution for 48 h before the freezing procedure 
and was stored until analysis. Figure 2A describes the 
time course of Experiment 1.  

Experiment 2: 
This experiment was performed to verify the ef-

fects of transplantation of BMMCs when the 
MPTP-induced lesion was installed. For this, the an-
imals were transplanted with BMMCs 24 h after bi-
lateral intranigral MPTP infusion and then evaluated 
on motor function using the open field test, on be-
havior function analyzed by the forced swimming test 
and on the number of TH-labeled neurons in the SNpc 

quantified by immunohistochemistry. The animals 
were randomly divided into 4 groups (n = 8-12 ani-
mals/group): Sham-saline, Sham-BMMC, MPTP- 
saline and MPTP-BMMC groups. Twenty-four hours 
after stereotaxic surgery, the animals were submitted 
to the open field test to determine motor alterations. 
After this test, the animals were intravenously inject-
ed with 5 x 106 BMMC/ml labeled with CM-DiI or 
saline. The open field test was repeated 3 and 7 days 
after surgery. Seven days after stereotaxic surgery, the 
animals were also gently exposed to the forced 
swimming test applied in two steps on the 7th and 8th 
days after MPTP injection. After completing the tests, 
the animals were intracardially perfused as described 
for Experiment 1. Figure 3A describes the time course 
for Experiment 2. 

General motor activity test 
The general motor activity test was conducted in 

a white open-field arena constructed according to 
Broadhurst [33]. Briefly, the apparatus testing was a 
circular arena with a diameter of 97 cm, whose floor 
was divided by dark lines creating equal sized areas. 
The rats were placed individually in the center of the 
apparatus and observed for 5 min. The number of 
lines crossed (locomotion frequency) and rearing 
frequency (number of times the animals stood on their 
hind paws) was determined. Stopwatches were used 
to score immobility time (time of no movement dur-
ing testing) and latency to start the movement (latency 
time to leave the first circle) which was used to eval-
uate akinesia [34]. In order to eliminate possible bias 
due to odors left by previous rats, the open field was 
washed with 5% water-ethanol solution before each 
the motor activity test  

Forced swimming test 
Despair induced by the forced swimming test is 

widely used as a preclinical model of depression [35]. 
Swimming sessions were conducted by placing rats in 
individual PVC cylinders (46 cm tall x 20 cm in diam-
eter) containing 23-25°C water at a depth of 30 cm so 
that the rats could not support themselves by touch-
ing the bottom with their paws and tail. Two swim-
ming sessions were conducted: 1) a pretest, performed 
for 15 min 7 days after surgery, and 2) the test, per-
formed 24 h after the pretest session (Figure 3A). 
During the test session (5 min), the following param-
eters were observed and measured in seconds: 
climbing time (during which the animal performs 
active movements with forepaws in and out of the 
water, usually directed against the walls), swimming 
time (during which the animal performs active 
swimming motions between quadrants of the cylin-
der, more than necessary to merely keep the head 
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above water) and immobility time (during which the 
animal floats in the water without struggling, making 
only those movements necessary to keep its head 
above the water). Following both swimming sessions, 
the rats were removed from the water, dried and 
placed in heated cages. Test sessions were vid-
eo-taped from above the cylinders for further evalua-
tion. The water in the cylinders was replaced after 
every trial.  

Tyrosine hydroxylase (TH) immunohisto-
chemistry 

Immediately after the motor activity or behav-
ioral test, the animals were deeply anesthetized with 
sodium thiopental (100 mg/kg, ip) and intracardially 
perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4. The brain was dissected from the 
skull and postfixed in the fixative solution for 1 week 
at 4°C. Before sectioning, the brain was placed in 30% 
sucrose solution for 48 h and then stored in a freezer 
(-80°C). Brains were cut in the coronal plane in twelve 
series of 20-μm thick sections using a cryostat. The 
sections were washed with PBS and incubated with 
primary anti-TH antibody raised in rabbits and di-
luted in PBS containing 0.3% Triton X-100 (1:500; 
Chemicon, Temecula, CA, USA) overnight at 4°C. The 
slides were then incubated with the biotin-conjugated 
secondary antibody (1:200, Vector Laboratories, 
Burlingame, CA, USA) for 2 h at room temperature. 
The sections were washed in PBS and the antibody 
complex was detected using a modified ABC system 
(Vectastain ABC Elite kit, Vector Laboratories), fol-
lowed by reaction with 3,3’-diaminobenzidine (DAB) 
with nickel enhancement. The severity of neuronal 
damage in the midbrain due to MPTP was stereolog-
ically quantified. First, TH-immunorreactive (TH-ir) 
neurons in the SNpc of control animals were quanti-
fied, which showed a normal TH immunostaining. 
After, the same parts of the dopaminergic cell groups 
in the MPTP groups were measured. For this ap-
proach, selected areas in a 10x microscope magnifica-
tion per section were digitized using a DP71 Olympus 
Optical digital camera with a BX50 Olympus micro-
scope. The digital images transferred to a computer 
were analyzed by means of detection of optical den-
sity of each cut using the software "Image J". The op-
tical density value from the lesioned region was ex-
pressed as a percentage of the control group on the 
same section. 

BMMC and BM-MSC tracking in recipient rat 
brains 

Twenty-four hours and 7 days after cellular 
transplantation, rats were intracardially perfused and 
the brain was removed and frozen. The samples were 

cut in a cryostat (Leica CM 1850 UV), and tissue sec-
tions were collected and incubated with 
4’,6-diamidine-2-phenylindole (DAPI) counterstain 
solution (Sigma) (1:10000 dilution) for 5 min at room 
temperature. The slices were carefully rinsed in PBS 
and analyzed under a fluorescence microscope (Ax-
ioObserver Z1, Carl Zeiss, Germany) to identify the 
BMMCs and BM-MSCs labeled with CM-DiI and 
DAPI.  

Immunohistochemistry for CD45 
In another set of animals, in which BMMCs and 

BM-MSCs were not previously labeled with the 
DiI-CM cell tracker, the in situ expression of CD45, a 
marker of white blood cells, was examined in brain 
sections obtained from perfused animals as described 
above. Tissue samples were incubated in blocking 
solution containing 5% normal goat serum (Sigma 
Chemical Co.) and 3% BSA in 0.1 M PBS for 2 h at 
room temperature. After this period, brain sections 
were incubated with monoclonal mouse anti-rat CD45 
labeled with phycoerythrin (PE) (BD Pharmigen) (1:20 
dilution in PBS containing 5% normal goat serum and 
3% BSA) overnight at 4°C. After several washes in 
PBS, the brain sections were incubated with 
4’,6-diamidine-2-phenylindole (DAPI) counterstain 
solution (Sigma) (1:10000 dilution) for 5 min at room 
temperature. The slices were carefully rinsed in PBS 
and analyzed under a fluorescence microscope (Ax-
ioObserver Z1, Carl Zeiss, Germany). Control ex-
periments were performed by omitting the primary 
antibody. 

Immunohistochemistry for Iba1 (Ionized 
calcium binding adaptor molecule 1) 

In order to investigate the possible microglial 
activation after BMMC transplantation, midbrain sec-
tions from another set of animals were also immune 
stained with an antibody against ionized calcium 
binding adaptor molecule 1(Iba1), an widely used 
marker of microglia [36,37]. 

The tissue processing for immunohistochemistry 
was conducted as described in TH-immuno-
histochemistry item. Briefly, after anesthesia with 
sodium thiopental (100 mg/kg, ip), the animals were 
euthanized and intracardially perfused with saline 
followed by buffered 4% paraformaldehyde solution, 
pH 7.4. The brain was carefully excised and cryo-
preserved in 30% sucrose in PBS for 48 hours and then 
frozen at - 80°C until sectioning and immunohisto-
chemical processing. Twelve series of 20-μm thick 
coronal sections of midbrain were obtained using a 
cryostat as describe above. Following an initial heat-
ing in a microwave oven for six minutes and cooling 
in room temperature for 15 minutes, all tissue sections 
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were blocked with 2.5% normal horse serum and in-
cubated with polyclonal goat anti-Iba1 antibody 
(1:500, Abcam) diluted in PBS containing 0.3% Triton 
X-100 overnight at 4°C. The slides were then incu-
bated with the biotin-conjugated secondary antibody 
(1:200, Vector Laboratories, Burlingame, CA, USA) for 
2 h at room temperature. After rinsing in PBS, the 
immunohistochemical reaction was performed using 
DAB and the sections were dehydrated through 
graded ethanol, cleared in xylene, and coverslipped in 
mounting medium. For analysis, morphological fea-
tures of microglia from SNpc and ventral tegmental 
area (VTA), used as a non-injured site control, were 
analyzed per section under a microscope (AxioOb-
server Z1, Carl Zeiss, Germany). Control reaction ex-
periments were performed by omitting the primary 
antibody.  

BBB permeability assay 
Evans blue (EB, Sigma) is a low-molecular- 

weight dye commonly used to determine BBB dis-
ruption. Evans blue binds to serum albumin (65 kDa) 
and only crosses the BBB if there is an increase in BBB 
permeability. Therefore, the extravasation of EB is 
indicative of BBB breakdown [38]. For this assay, an-
other set of animals was submitted to stereotaxic 
surgery as described above (stereotaxic surgery sec-
tion). However, in this case, the animals received a 
unilateral MPTP-HCl infusion (100 μg in 1 μl of saline) 
and saline solution in the contralateral side. Changes 
in BBB permeability were investigated at two inter-
vals after MPTP infusion: 24 h and 7 days after MPTP 
infusion. The first group (24 h after surgery) was 
anesthetized with sodium thiopental (40 mg/kg, ip) 
and injected in the jugular vein with EB 2% (4 ml/kg 
of body weight). The stain was allowed to circulate for 
30 min. The animals then were intracardially perfused 
with saline, and the same fixing and sectioning pro-
cedures described above were used. The location of 
extravasated EB on the 10-µm coronal section of SNpc 
was observed with a fluorescent microscope (Axi-

oObserver Z1, Carl Zeiss, Germany) with an excita-
tion wavelength of 530-550 nm and an emission 
wavelength of > 590 nm. On the contralateral side, the 
autofluorescence was recorded with the same excita-
tion/emission parameters. A second group of animals 
was submitted to the same procedure. However, these 
animals were injected with the EB probe 7 days after 
unilateral MPTP infusion and were intracardially 
perfused 30 min after this injection.  

Statistical analysis 
Parametric data were analyzed by one-way 

ANOVA followed by the Tukey-Kramer Test. The 
Mann-Whitney U-Test or the Kruskal-Wallis Test 
(KW) followed by Dunn’s multiple comparison tests 
was used to analyze non-parametric data. All values 
are expressed as the mean ± SEM. 

Results 
Functional and phenotypic characterization of 
BM-MSCs 

 After the isolation and culture of the BM-MSCs, 
the cells grew to confluence and exhibited morphol-
ogy similar to fibroblasts (Figure 1A). When the 
BM-MSCs were submitted to adipogenic stimulation, 
a shift in cell morphological features was observed 
from a primarily slender morphology to a spherical 
cell phenotype, and these cells were positively stained 
for lipid vacuoles by Oil Red-O (Figure 1B). In con-
trast, BM-MSC culture submitted to the osteogenic 
differentiation protocol resulted in an extracellular 
matrix positively stained for Alizarin Red (Figure 1C).  

 Cultured BM-MSCs submitted to phenotypic 
characterization by means of flow cytometry exhibit-
ed the following profile: CD11b (7.83%), CD34 
(8.67%), CD45 (15.80%), CD31 (2.47%), c-Kit (8.35%) 
and CD29 (89.64%). These findings indicated a re-
duced number of contaminating cells such as macro-
phages, hematopoietic stem cells, leukocytes and en-
dothelial cells. 

 

 
Figure 1. Morphology of bone marrow MSC (Panel A). Photomicrographs illustrating BM-MSC differentiation under adipogenic (Panel B) and osteogenic (Panel C) differentiation-inducing 
conditions. 
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The effect of BMMC and BM-MSC 
transplantation in MPTP-lesioned rats on the 
general motor activity evaluated by the open 
field test: Experiment 1 

 The effect of BMMC and BM-MSC transplanta-
tion immediately after MPTP infusion on the open 
field test is shown in Figures 2B-2E. The MPTP-saline 
group exhibited a significantly increased immobility 
time (P < 0.05) compared to the Sham-saline group 
and decreased rearing frequencies (P < 0.05) com-
pared to the Sham-saline and Sham-BMMC groups. 
Furthermore, the MPTP-saline group showed in-
creased latency to initiate movement (P < 0.05) com-
pared to the Sham-BMMC group. The MPTP-lesioned 

rats transplanted with BMMCs showed decreased 
rearing frequencies (P < 0.05) and increased immobil-
ity time (P < 0.05) compared to both Sham groups. 
Moreover, the MPTP-BMMC group exhibited in-
creased latency to initiate movement (P < 0.05) com-
pared to the Sham-BMMC group and decreased lo-
comotion frequency compared to the Sham-BMMC (P 
< 0.01) and Sham-BM-MSC (P < 0.05) groups. There 
were no differences in any open field parameter when 
the MPTP-Saline and MPTP-BMMC groups were 
compared. In addition, no differences were found 
between the MPTP-saline and MPTP-BM-MSC 
groups for any of the open field parameters. 

 
Figure 2. A) Time course Experiment 1. B-E) The effect of BMMC and BM-MSC transplantation immediately after MPTP infusion on the open field test 24 h after surgery in the following 
groups: Sham-saline (n=8), Sham-BMMC (n=12), Sham-BM-MSC (n=9), MPTP-saline (n=10), MPTP-BMMC (n=10) and MPTP-BM-MSC (n=9). Values are the mean ± SEM. *P < 0.05 and **P < 
0.01: significantly different from the Sham-saline group; #P < 0.05: significantly different from the Sham-BMMC group; and δ P < 0.05: significantly different from the Sham-BM-MSC group. A 
one-way ANOVA followed by Tukey-Kramer multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparison test was used to analyze the data. 
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The effects of BMMC transplantation in 
MPTP-lesioned rats on the general motor ac-
tivity evaluated by the open field test: Exper-
iment 2 

The data illustrated in Figures 3B-3E show that 
the administration of MPTP caused a significant re-
duction in the general motor activity of rats, as meas-
ured by the open field test 24 h after stereotaxic sur-
gery and before BMMC transplantation. 

In the first 24 h, MPTP-lesioned rats presented a 
significant decrease in locomotion frequency (P < 

0.0001) and rearing frequency (P = 0.0011) compared 
to the Sham group. Furthermore, the MPTP group 
exhibited a significant increase in immobility time (P 
= 0.0003) and latency to start the movement time (P = 
0.029) compared to the Sham group. Except for la-
tency to initiate movement, which remained increased 
after 3 (P < 0.05) and 7 days (P < 0.05) post-lesion, the 
other parameters were completely recovered to levels 
similar to the levels of the control animals 
(Sham-saline group). 

 
Figure 3. A) Time course of Experiment 2. B-E) The effect of MPTP infusion and BMMC transplantation on the general activity assessed by the open field test 24 h, 3 days and 7 days after 
surgery in the following groups: Sham (n=19) and MPTP (n=20), Sham-saline (n=8), Sham-BMMC (n=10), MPTP-saline (n=8), MPTP-BMMC (n=10). F-H) The effect of BMMC transplantation 
and MPTP infusion on the forced swimming test 8 days after stereotaxic surgery in the following groups: Sham-saline (n=7), Sham-BMMC (n=9), MPTP-saline (n=7), MPTP-BMMC (n=9). Values 
are the mean ± SEM. *P < 0.01: significantly different from the Sham group 24 h after surgery; **P < 0.05: significantly different from the Sham-saline group three days and seven days after MPTP 
infusion; #P < 0.05: significantly different from the Sham-BMMC group; and ФP < 0.05: significantly different from the MPTP-Saline group. The Student t-test or Mann-Whitney U-test was 
performed to analyze the open field test data collected 24 h after MPTP infusion. A one-way ANOVA followed by Tukey-Kramer multiple comparison test or Kruskal-Wallis test followed by 
Dunn’s multiple comparison test was performed to analyze the data from the forced swimming test 8 days after surgery and the open field test 3 and 7 days after surgery. 
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The effect of BMMC transplantation on the open 
field test 3 and 7 days after MPTP infusion is shown in 
Figures 3B-3E. Three days after stereotaxic surgery, 
MPTP-lesioned rats that received BMMC showed a 
significant increase in immobility time (P < 0.05) 
compared to the Sham-BMMC group and decreased 
rearing frequency compared to the MPTP-saline 
group (P < 0.05). There were no differences in the 
other parameters among the experimental groups 3 
days after stereotaxic surgery. Seven days after sur-
gery, the MPTP-BMMC group presented decreased 
rearing frequency (P < 0.05) and increased latency to 
initiate movement (P < 0.05) compared to the 
Sham-BMMC group. No differences in the other pa-
rameters were observed among experimental groups 
7 days after stereotaxic surgery.  

Effects of BMMC transplantation in 
MPTP-lesioned rats on behavior evaluated by 
the forced swimming test 

 The results depicted in Figures 3F-3H show the 
effect of MPTP infusion and BMMC transplantation 8 
days after stereotaxic surgery in the rats. There were 
no differences in swimming and climbing time among 
the groups tested. However, the MPTP-lesioned rats 

transplanted with BMMCs 24 h after MPTP injection 
showed a significant increase in immobility time (P = 
0.0047) compared to the Sham-saline (P < 0.05) and 
MPTP-saline groups (P < 0.01).  

TH immunohistochemistry 
 The administration of MPTP caused significant 

TH-ir cells loss in the SNpc 24 h (Figures 4A and 4B) 
and 8 days (Figures 4C and 4D) after stereotaxic sur-
gery (P < 0.01 and P < 0.001, respectively) compared 
to the Sham groups. The MPTP-saline group exhibited 
approximately 20% and 38% TH-ir cells loss 24 h and 
8 days after MPTP injection, respectively, compared to 
the Sham-saline group. Twenty-four hours after 
MPTP injection, the MPTP-BMMC group exhibited 
significantly increased TH-ir cells loss compared to 
the Sham-saline (P < 0.001), Sham-BMMC (P < 0.01), 
Sham-BM-MSC (P < 0.001) and MPTP-saline (P < 0.01) 
groups. However, the MPTP-lesioned rats trans-
planted with BM-MSCs did not exhibit a loss of TH-ir 
cells in the SNpc compared to the MPTP-BMMC 
group (P < 0.001), and these animals presented no 
difference compared to the Sham groups.  

 
Figure 4. Photomicrography of representative sections of tyrosine hydroxylase-immunoreactive (TH-ir) neurons in the substantia nigra pars compacta (SNpc) 24 h (Panel A) and 8 days (Panel 
C) after MPTP injection. Scale bar: 100 µm. C) The effect of BMMC and BM-MSC transplantation in the MPTP model of Parkinson’s disease on the percent loss of TH-ir neurons in the SNpc 
of rats 24 h after MPTP injection compared to Sham groups (n=5 animals/group). D) The effect of MPTP infusion and BMMC transplantation on the percent loss of TH-ir neurons in the SNpc 
of rats 8 days after MPTP injection compared to Sham groups (n=5 animals/group). Values are the mean ± SEM. *P < 0.01 compared to the Sham-saline group; #P < 0.01 compared to the 
Sham-BMMC group, δ P < 0.01 compared to the Sham-BM-MSC group, ФP < 0.01 compared to the MPTP-Saline group and α P < 0.001 compared to the MPTP-BMMC group. A Kruskal-Wallis 
test followed by Dunn’s multiple comparison test was used to analyze the data. 



Int. J. Med. Sci. 2014, Vol. 11 

 
http://www.medsci.org 

1058 

 
Figure 5. Photomicrography illustrating BMMCs and BM-MSCs labeled with CM-DiI. These cells were found in the brain samples of transplanted animals 24 h (Panel A) and 8 days (Panel C) 
after stereotaxic surgery. B) Percentage of BMMC and BM-MSC labelled with CM-DiI founded 24 hours after MPTP administration. D) Percentage of BMMC labelled with CM-DiI founded 8 
days after MPTP administration. N=4 animals/group. Scale bar: 20 µm.  

 
No difference in the TH-immunoreactivity loss 8 

days after surgery was observed between the 
MPTP-saline and MPTP-BMMC groups.  

BMMC and BM-MSC identification in the brain 
samples of recipient rats 

 Twenty-four hours (Figures 5A and 5B) and 7 
days (Figures 5C and 5D) after cellular transplanta-
tion, CM-DiI-labeled cells were found in all SNpc sec-
tions of the Sham-BMMC, Sham-BM-MSC, 
MPTP-BMMC and MPTP-BM-MSC groups. The 
number of CM-DiI+ cells in the SNPC from the 
MPTP-BM-MSC animals (11.69±1.96%, P<0.05) was 
significantly higher than the numbers observed in the 
other groups of experiment 1 (3.95±0.62% for 
Sham-BMMC, 3.00±0.80% for Sham-BM-MSC and 
4.64±0.63% for MPTP-BMMC animals). No statistic 
difference was observed between the studied groups 
at number of labeled cell in the experiment 2. As ex-
pected, there was no identification of labeled cells in 
the Sham-saline and MPTP-saline groups in the both 
experiments.  

Expression of CD45 in the rat brain slices 
 Figures 6A and 6B shows the expression of CD45 

and DAPI in the brain samples of all animal groups at 
24 h after stereotaxic surgery. Figures 6C and 6D 
shows the expression of CD45 and DAPI in the brain 
slice of all animal groups studied at 7 days after 
transplant of cells. MPTP-lesioned rats transplanted 
with BMMCs immediately after lesioning showed an 
increased quantity of CD45+ cells (7.43±0.93%) com-
pared to the Sham-saline (2.54±0.34%, P < 0.05), 
Sham-BMMC (3.38±0.48%, P = 0.01), Sham-BM-MSC 
(1.44±0.09%, P < 0.05), MPTP-saline (3.04±0.27%, P < 
0.01) and MPTP-MSC (2.87±0.73%, P < 0.05) groups. 
Moreover, 8 days after stereotaxic surgery, the 
MPTP-lesioned rats that received BMMC administra-
tion 24 h after neurotoxin infusion exhibited an in-
creased quantity of CD45+ cells (4.61±0.50%) com-
pared to the Sham-saline (2.88±0.38%, P < 0.037) and 
Sham-BMMC (3.08±0.34%, P < 0.058) groups. No dif-
ferences were observed among the other studied 
groups. 
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Figure 6. Immunohistochemical analyses for CD45 expression in the rat brain slices 24 h (Panel A) and 8 days (Panel C) after stereotaxic surgery. B) Percentage of CD45 expression founded 
24 h after MPTP administration. D) Percentage of CD expression founded 8 days after MPTP administration. N=4 animals/group. Scale bar: 20 µm. 

 

Iba1 immunohistochemistry 
 Microglial cells were visualized in tissue sec-

tions by immunohistochemical labeling of the Iba1 
antigen in both areas of midbrain studied, SNpc and 
VTA, in all selected Sham-saline, Sham-BMMC, 
MPTP-saline and MPTP-BMMC groups (Figure 7B-J). 
No evident differences were found in the VTA among 
the all studied groups and one picture was choose to 
illustrate the morphology of microglial cells in the 
VTA (Figure 7B). However, in the SNpc, site of MPTP 
infusion, there was pronounced change of microglial 
morphology from resting state, which is characterized 
by many fine processes and a small cell body, to a 
reactive state characterized by bushy, hyper-ramified 
or amoeboid morphology (Figure 7G-J). In addition, 
the presence of activated microglial cells was more 
abundant in MPTP-lesioned rats transplanted with 
BMMC immediately after lesion than animals le-
sioned with MPTP and treated with saline (Figure 7I). 

The effect of MPTP infusion on BBB integrity 
at 24 h and 7 days 

 An analysis of cross-sections of the brains after 
the injection of the EB dye in unilateral 

MPTP-lesioned rats at the SNpc demonstrated that 
MPTP injury resulted in significant EB extravasation 
into the parenchyma at the injury site. This finding 
indicates the severe BBB breakdown at both the 24-h 
and 7-day intervals. There was no EB extravasation 
into the parenchyma at the contralateral injury site, 
which saline was injected demonstrating BBB 
preservation at both intervals (Figure 8). 

Discussion 
The present study showed that systemic BMMC 

transplantation did not ameliorate or prevent the le-
sion induced by MPTP in rats. Instead, this BMMC 
transplantation in MPTP-lesioned accelerated the 
dopaminergic neuronal damage and induced the 
immobility behavior. In contrast, systemic BM-MSC 
transplantation was able to prevent dopaminergic 
neuronal damage in the SNpc despite the minor func-
tional improvements in motor activity.  

Our results showed that MPTP injection pro-
duced a significant reduction in locomotion and 
rearing frequencies after 24 h as assessed by the open 
field test. Moreover, these rats exhibited a significant 
increase in the immobility time and in the latency to 
initiate movement. These general motor activity al-
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terations are important features of this MPTP model 
of PD and have been demonstrated in many studies 
[5,39]. Three and 7 days after surgery, the 
MPTP-saline group did not exhibit the same general 
hypoactivity on the open field test as evidenced 24 h 

after neurotoxic lesion induction, and some recovery 
of motor activity parameters was observed in the 
MPTP-lesioned rats. Many studies have demonstrated 
that MPTP injury in rats is transient and that recovery 
is common in this animal model of PD [3,34].  

 
Figure 7. Photomicrography of representative sections demonstrating the different morphological patterns of microglial cells in the ventral tegmental area (VTA) (Panel 7B) and substantia 
nigra pars compacta (SNpc) 24 h (Panel 7C-I) and 8 days (Panel 7D-J) after stereotaxic surgery. Arrows indicate Iba1+ microglial cells. Scale bar: 500 µm. N=3 animals/group. A) Photomi-
crography of a tyrosine-hydroxylase-immunostained section illustrating the investigated area. Scale bar: 100 µm. Note on the insets the many fine processes and the small cell body of resting 
non-activated Iba1+ microglial cells in Sham non-injured animals (7C-F). On the other hand, note the reactive state of microglial cells characterized by a bushy, hyper-ramified or amoeboid 
morphology (Figure 7G-J). In addition, the presence of activated microglial cells was more abundant in MPTP-lesioned rats transplanted with BMMC immediately after lesion than animals 
lesioned with MPTP and treated with saline (Figure 7I). 



Int. J. Med. Sci. 2014, Vol. 11 

 
http://www.medsci.org 

1061 

 
Figure 8. A) Representative photomicrography showing BBB disruption after unilateral MPTP-induced lesion creation in the SNpc of rats. A and C represent the contralateral side of 
MPTP-lesioned rats injected with Evans blue at 24 h and 7 days after surgery, respectively. B and D represent the ipsilateral side of MPTP-lesioned rats injected with Evans blue 24 h and 7 days 
after surgery, respectively. N= 2 animals for experiment. Scale bar: 200 µm. 

 
Evidence suggests that nigral dopaminergic 

neurons are highly vulnerable to oxidative damage 
[40]. In fact, many clinical and animals studies, in-
cluding studies involving MPTP, have reported the 
involvement of microglial activation, increased in-
flammatory mediators and ROS in the pathology of 
PD [40-43]. Moreover, several studies have reported 
that the generation of ROS and neuroinflammation 
can increase BBB permeability and can support, via 
the increased expression of inflammatory cytokines 
and chemokines, the entry of immune cells/blood 
cells, such as monocytes, lymphocytes and B cells, 
into the central nervous system (CNS) compartment 
[44-46]. Although the role played by CNS-infiltrating 
monocytes in neurodegenerative disease remains un-
clear, bone marrow-derived cells appear to be signif-
icantly recruited to regions with CNS degeneration; in 
some cases, this infiltration can contribute to neuro-
degeneration [46].  

Our results investigating BBB breakdown using 
EB demonstrated that MPTP administration resulted 
in an increase of the BBB permeability both 24 h and 7 
days after MPTP infusion, as indicated by the elevated 
extravasation of EB dye in the brain parenchyma 
surrounding the injury site. There was no extravasa-
tion of EB at the contralateral site despite of the saline 
injection in any of the animals investigated. Data from 
the literature suggest that patients with PD present 

with compromised BBB integrity and that MPTP ad-
ministration in animal models has resulted in a sig-
nificant leakage of the BBB [9,47]. Our observation of a 
significant elevation of CD45+ cells in the injury site in 
MPTP-BMMC animals appeared to reinforce the role 
played by the BBB breakdown. 

Regarding transplantation therapy, our results 
demonstrated that animals transplanted with BMMCs 
and BM-MSCs immediately after MPTP injection did 
not exhibit significant differences in general motor 
activity (open field test) compared to the MPTP-saline 
animals. However, a histological analysis of the 
MPTP-BMMC animals demonstrated a pronounced 
loss of TH-ir cells 24 h after stereotaxic surgery com-
pared to the MPTP-saline group.  

We speculate that BBB impairment associated 
with BMMC transplantation could induce the in-
flammation into the brain, perhaps through microglial 
activation and/or peripheral inflammatory factors.  

Franco and coworkers investigated the effect of 
BMMC transplantation and microglial modulation 
after stroke and suggested that an exacerbated activa-
tion of microglial cells impaired the beneficial effects 
of BMMC transplantation in an ischemic model [48]. 

Microglial cells are a type of glial cell derived 
from myeloid precursors of bone marrow during the 
development; these cells play an important role in the 
CNS by detecting physiological disturbances through 
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numerous molecular receptors. Recent studies have 
demonstrated that the expression of cellular adhesion 
molecules was up-regulated by microglial activation; 
moreover, the subsequent induction of chemokines 
resulted in peripheral leucocytes chemoattracted to 
the site of injury [45,49]. In addition, other studies 
have demonstrated that before injury, microglial cells 
can become over-activated or primed, which can re-
sult in an exaggerated pro-inflammatory response in 
the presence of additional stimuli [50,51].  

Dopaminergic neurons in the SNpc are particu-
larly susceptible to microglia-induced neurotoxicity 
due to the high density of microglial cells in this brain 
site [52,53] and a study carried by Ouchi and 
coworkers revealed that microglial activation oc-
curred in patients with early PD [54].  

Our histological data also showed that 8 days 
after stereotaxic surgery, the treatment with BMMC 
24 h after MPTP injury and MPTP-lesioned rats 
treated with saline exhibited a similar loss of 
TH-immunoreactivity in the SNpc. These data suggest 
that BMMC transplantation immediately after MPTP 
injury induced an acceleration of the lesion but did 
not have any effect on the final number of TH-ir cells 
when BMMCs were transplanted when the injury was 
already present (24 h after MPTP infusion).  

MPTP neurotoxin causes initial disturbance in 
function of dopaminergic neuron due to mitochon-
drial dysfunctional and oxidative species production 
[1]. In response to initial perturbation and once that 
microglial cells are involved in MPTP metabolism, 
multiple glial pathway are activated resulting in glu-
tamate release, more oxidative species, growth fac-
tors, pro-inflammatory cytokines, including interleu-
kine 6 (IL-6), IL-1, and tumor necrosis factor α 
(TNF-α), upregulation of inducible nitric oxide syn-
thase (iNOS) and enzyme cyclooxygenase type 2 
(COX-2) [55,56,43]. Lima and coworkers demonstrat-
ed a significant increase in the COX-2 protein expres-
sion 16 h after MPTP infusion at SNpc and that after 
this time-point, levels of COX-2 decreased progres-
sively revealed no difference 24 h, 3 and 7 days after 
MPTP infusion in comparison to control group [43]. 
This finding supports our suggestion that BMMCs 
transplanted immediately to MPTP infusion can be 
recruited by injury site, pump cytokines that might act 
directly or indirectly through the stimulation of the 
resident glial cells and acutely accelerate neuronal 
injury. In fact, our histological data illustrate the 
change of microglial morphology from their resting 
state to a reactive amoeboid state (activated microglia) 
in the SNpc of the animals lesioned with MPTP 
transplanted immediately with BMMC. McGeer and 
coworkers described the extensive presence of reac-
tive amoeboid microglia in postmortem study of PD 

indicating that these cells could lead to neurodegen-
eration of SN [57].  

In the present study, CM-DiI-labeled BMMCs 
were detected in brain slices from transplanted ani-
mals at all investigated intervals. Moreover, 
CD45-positive cells, which can identify nucleated 
white blood cells that have recently infiltrated the 
brain, were also observed in brain slices from all ani-
mals, though an elevation of CD45-positive cells has 
been reported for MPTP-lesioned animals trans-
planted with BMMCs [58]. Thus, the loss of TH-ir cells 
in the SNpc associated with microglial activation 
might be exacerbated by the infiltration of trans-
planted BMMCs and/or systemic inflammatory mol-
ecules due to increased BBB permeability.  

In line with our explanation, a study by Kokovay 
and Cunningham demonstrated that endogenous 
cells derived from bone marrow could gain access to 
the adult brain. Specifically, these authors demon-
strated that endogenous bone marrow-derived cells in 
MPTP-lesioned animals could infiltrate into the brain 
and express the microglia marker C11b [59].  

In addition, our results showed for the first time 
that systemic BM-MSC transplantation in 
MPTP-lesioned rats resulted in protection against 
dopaminergic neuronal damage, even though this 
apparent protection did not result in an improvement 
of general motor alterations.  

Studies have described BM-MSC transplantation 
as a promising approach for the treatment of neuro-
logical disorders due to the tissue-repair potential and 
“homing” capability of these cells to the injured area 
(see reference 60 for further reviewing). At the injury 
site, these cells can release many trophic factors that 
accelerate the endogenous repair and control the local 
inflammation associated with neuronal degeneration 
[60]. In fact, several studies have investigated the ef-
fect of mesenchymal stem cells or bone marrow 
stromal cells in neurodegenerative diseases 
[9,20,61,62]. Particularly for PD, many studies have 
reported the beneficial effects of BM-MSC transplan-
tation in PD animal models; these animals showed 
behavioral recovery after the transplantation and 
protection of the dopaminergic neurons [9,61]. Thus, 
the protective effect of MSC transplantation on the 
number of TH-ir cells after MPTP injury may be re-
lated to the immunomodulatory and an-
ti-inflammatory properties previously described in 
literature [10,25]. Our results reinforce these beneficial 
effects of BM-MSCs, even when these cells were sys-
temically endovenously administered. 

Our study presents a major limitation. The 
MPTP injury does not reproduce exactly the PD and 
several limitations are presented in this model of PD, 
including absence eosinophilic inclusions resembling 
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Lewys bodies, partial lesion produced by neurotoxin 
and early studies reporting that rodents are more re-
sistant to MPTP [63]. In fact, MPTP-lesioned rats 
showed time course changes in motor activity such as 
initial hypokinesia and later recovery of behavioral 
alterations as a consequence of partial lesion and de-
velopment to compensatory mechanism in D1 dopa-
mine receptors [64]. Despite of that, however, it has 
been considered a powerful tool to understanding of 
early events causing the nigral degeneration of PD 
[63]. In addition, since the 24 hours or seven days’ 
time frames after MPTP injection used in our study 
were too short, another major limitation of the present 
study was our inability to predict the real neuronal 
loss in a longer period of observation, since the acute 
loss of TH-immunoreactivity could represent more a 
neuronal damage due to the inflammatory process, 
reactive microglia, up-regulation of a broad array of 
inflammatory cytokines and ROS [56, 63] rather than a 
real dopaminergic neuronal loss. 

In summary, our study showed that systemic 
BMMC transplantation in MPTP-lesioned rats imme-
diately after neurotoxin infusion induced an addi-
tional loss of TH-immunoreactivity and a worsening 
of associated depressive-like behavior. These findings 
were associated with an increased presence of CD45+ 
cells and activated Iba1+ microglial cells in the injury 
site and breakdown of the BBB. In contrast, systemic 
BM-MSC transplantation showed promising effects in 
the protection against dopaminergic neuron injury. 
Taken together, our data suggest that we must be 
cautious when considering cell therapy with BMMCs 
instead of BM-MSCs to treat and/or prevent PD. 
Moreover, additional studies are necessary to eluci-
date the cellular and molecular mechanisms of this 
action.  
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