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Evidence for crossing the blood barrier of adult rat brain by human
adipose-derived mesenchymal stromal cells during a 6-month period
of post-transplantation
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Abstract
Background aims. Therapeutic promises of adult stem cells have been overshadowed by an elicited immune response, low
maintenance of implanted cells or concerns regarding their migration to non-target sites. These problems might be lessened by
the use of immune privilege cells and tissues for implantation. Methods. In this study, human adipose-derived mesenchymal
stromal cells (hADMSCs) were stably transfected with a vector containing Turbo green ﬂuorescent protein (GFP) and JRed,
which allows tracing the cells after transplantation. Labeled hADMSCs were transplanted into the adult rat brain followed by
assessment of their survival and migration during 6 months after transplantation. Results. Results indicate that there were no
postsurgical complications, and the animals thrived after transplantation. The lesions of the surgical process were remarkable
at the ﬁrst weeks, and a high number of transplanted cells were accumulated around them. Cell populations declined over time
as they partly migrated away from the injection sites; nonetheless, they were detectable at each examination time point.
Although the cells could survive and remain at the injection site for up to 6 months, some of them drifted to spleen, which is an
indication of their ability to cross the blood-brain barrier. Conclusions. Despite the high survival rate of hADMSCs in the
xenogenic condition, which is an ideal criterion in cell therapy, irregular migration tendency must be handled with caution.
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Introduction
The limited regenerative capacity of the central
nervous system necessitates the development of
cell replacement strategies for neurodegenerative
diseases (1). Cell-based therapeutic strategies, especially with the use of cells derived from fetal neural
tissues, have been developed over the past two
decades (2,3). However, ethical and logistical hurdles
surrounding tissue procurement highlight the need to
identify an alternative cell source.
Considerable efforts for mining suitable cell
sources have introduced stem cells as the best source.
Stem cells have generated great interest in the past
decade as potential tools for cell-based treatment of

human high-grade gliomas and neurodegenerative
diseases (4,5). Thus far, three types of stem cells have
been tested as vehicles for various therapeutic agents:
embryonic, neural and mesenchymal (4). Each
strategy has speciﬁc advantages and disadvantages.
Irrespective of the source and/or type of stem cells,
there are several areas of concern for their translation
to the clinical setting, such as migration in the adult
human brain, potential teratogenesis, immune
rejection and regulatory and ethical issues (4). The
desired properties of stem cells to make them well
suited for regenerative medicine include high abundance, easy to harvest without invasive protocols,
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easy ex vivo expansion, multi-lineage differentiation
capacity and relatively safe and effective rate of
transplantation with regard to current good manufacturing practice guidelines (6,7).
Much of the work conducted on adult stem cells
has focused on mesenchymal stromal cells (MSCs),
found within the bone marrow stroma (8,9).
However, because of the invasive and painful extraction procedures, clinical application of these cells
has been a subject of great controversy (10,11).
This has led many researchers to investigate for
alternative sources for MSCs. Adipose-derived mesenchymal stromal cells (ADMSCs), found within the
adipose tissue, were propounded as a novel and ideal
source in regenerative medicine (6,12e15). Adipose
tissue as a reservoir of adult stem cells, similar to bone
marrow, is derived from the embryonic mesenchyme
and contains a stroma that can easily be isolated in
abundant quantities (6,12e14,16). ADMSCs offer
several advantages over other multipotent cells (such
as bone marrow mesenchymal cells) including easy
extraction procedures by commonly used surgical
methods, high rate of proliferation, high abundance
and robust mineralization within 1 week of in vitro
differentiation (17).
Information relating to the biology, culture
expansion and mechanisms relating to adiposederived cells have advanced signiﬁcantly in the past
decade (18). The phenotypic and gene expression
proﬁles of ADMSCs are similar to those of bone
marrow MSCs (6), and these cells can be expanded
in culture for extended periods (12). Both ADMSCs
and bone marrow MSCs are derived from embryonic mesoderm, with similar phenotype and gene
expression proﬁles (19). They have the ability to
differentiate toward adipogenic, osteogenic, chondrogenic, myogenic, endothelial, hematopoietic,
hepatic, islet and neurogenic cell lineages (12,20).
It has been shown that transplantation of
ADMSCs results in functional recovery in animal
models with peripheral nerve injury, suggesting that
they may promote the peripheral nerve regeneration
partly through paracrine secretion of trophic factors
(15). However, the mechanism of enhanced nerve
regeneration remains to be elucidated (15).
For treatment of neurodegenerated tissues, cell
replacement or neurotrophic therapies must persist
in the brain for a prolonged period (21). Thus, higher
survival/maintenance rate and lower chance of cell
migration to unwanted organs are ideal criteria in cell
transplantation. On the basis of solid evidence of low
immunogenic properties of MSCs during allograft
implantation (22e24), this study sought to determine
the utility of human ADMSCs (hADMSCs), equipped with JRed and Turbo green ﬂuorescent protein
(GFP) genes, as an experimental tool to track the

survival of hADMSCs after direct transplantation to
the intact adult rat brain. In doing so, the risk of
migration from the brain was also assessed.
Methods
hADMSCs isolation and expansion
hADMSCs were isolated from liposuction samples
of waste tissue by collagenase digestion and differential centrifugation (25). Brieﬂy, samples were
washed extensively with equal volumes of phosphatebuffered saline (PBS), containing antibiotics (100
units/mL of penicillin and 100 g/mL of streptomycin), and then digested with 0.1% collagenase
type I (Invitrogen, Paisley, UK) in Hanks’ balanced
salt solution at 37 C under agitation for 60 min.
Next, collagenase was inactivated with Dulbecco’s
modiﬁed Eagle’s medium with high glucose (DMEMHG) (Gibco, Roskilde, Denmark), supplemented
with 10% (vol/vol) fetal bovine serum (FBS) (Gibco)
and diluted by PBS. The stromal vascular fraction
was then separated by centrifugation at 800 g for
5 min. This pellet was resuspended and seeded onto
the tissue culture plates (Nunc) at 1000e3500 cells/
cm2 in DMEM-HG containing 10% FBS. Cultures
were washed with PBS, 24e48 h after plating, to
remove the unattached cells and fed with fresh
medium. The cultures were maintained at 37 C and
5% CO2. When they reached approximately 70%
cell conﬂuency, the cells were trypsinized (0.025%;
Invitrogen) and plated at a density of 5000 cells/cm2.
Cultures were passaged repeatedly after achieving
a density of 70e80% until passage 3.
In vitro differentiation assays
To verify the identity of the isolated hADMSCs,
before and after lentiviral transduction, adipogenic
and osteogenic differentiation in vitro assays were
performed in vitro. Cells from passage 3 before
transduction and passage 12 after transduction
were plated in six well plates at a concentration of
100,000 cells/well and maintained in standard growth
medium to induce the phenotype of mesodermderived cells. For osteogenic induction, cultures were
treated with 50 mg/mL ascorbate-2 phosphate, 100
nmol/L dexamethasone (Sigma, Munich, Germany)
and 10 mmol/L b-glycerophosphate (Sigma) for
a period of 4 weeks. Cells were then ﬁxed with 70%
(vol/vol) ethanol for 10 min at room temperature,
washed three times with PBS and incubated with
0.1% (wt/vol) Alizarin red solution to stain for
calcium deposition. For induction of an adipogenesis
phenotype, cells were treated with 50 mg/mL ascorbate-2-phosphate, 100 nmol/L dexamethasone and
50 mg/mL indomethacin (Sigma) for 3 weeks and were
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ﬁnally ﬁxed with 10% (vol/vol) formalin for 30 min.
The ﬁxative was removed, and the cells were washed
in PBS and incubated with 0.5% (wt/vol) oil red O
(Sigma) for 20 min to visualize adipocytes.
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10% FBS at a concentration of 6  106 cells/150 mL
for cell transplantation. Cell preparations were kept
on ice until injection.
Experimental animals

Flow cytometry
For ﬂow cytometry analysis, approximately 200 000
cells, at passage 3, were collected from ﬂasks with the
use of trypsineethylenediamine tetra-acetic acid and
precipitated by centrifugation. The cells were separately resuspended in 1 mL PBS and exposed to antibodies of phycoerythrin-conjugated CD105, CD44,
CD34, and ﬂuoresceine-isothiocyanateeconjugated
CD90 and CD45 (all purchased from Becton Dickenson) by addition of antibodies at a concentration of
2 mg/mL at 4 C for 20 min. Finally, the cells were
washed and analyzed by ﬂow cytometry (FACScalibur
Cytometer equipped with 488-nm argon laser) and
WinMDI software.
Lentivirus production
Recombinant VSV-G pseudotyped lentiviruses were
produced by calcium phosphate co-transfection of
HEK293T cells in 10-cm dishes (26). For this,
psPAX2 (21 mg), pMD.2G (10.5 mg) (both from
Tronolab) and pLEX-JRed/TurboGFP (21 mg)
(Open Biosystems) vectors were mixed in CaPO4
solution and transfected into the cells. After 16 h, the
cell medium was replaced with fresh DMEM, containing 10% FBS. The supernatants were harvested at
24, 48 and 72 h and centrifuged for 5 min at 500 g
(4 C) to pellet the detached cells, and their debris was
ﬁltered through a 0.45-mm ﬁlter. Fresh recombinant
virus stocks were generated for each experimental
use. Titration of the viral particles was examined
with ﬂow cytometry according to Tronolab protocol.
hADMSCs transduction with labeling viral constructs
For transduction of undifferentiated hADMSCs
with recombinant lentiviruses, at passage 3 they
were plated at a density of 3  106 cells per ﬂask
(75 cm2), left to settle for 2 days and then subjected
to transduction. The efﬁciency of transduction was
assessed by monitoring the GFP and JRed gene
expression by means of ﬂuorescent microscopy. The
culture was then subjected to puromycin-containing
medium (1 mg/mL puromycin; Sigma) 72 h after
transduction.
Preparation of cell transplants
Transformed hADMSCs were trypsinized and
washed twice with PBS, supplemented with 10%
FBS. Next, the cells were resuspended in PBS þ

In all stages of the present study, we used 2-monthold Wistar rats with average weight of 250 g. Animals
were kept in a normal day-night cycle (12 h/12 h),
with standard temperature (25  2 C) and humidity
conditions. They were fed by lab chow and tap water.
All experiments were carried out in accordance with
the Guidelines of the Animal Care of Ferdowsi University
of Mashhad, approved by the University Animal
Ethics Committee.
Surgical procedures
Animals were anesthetized by intraperitoneal injection of a mixture of ketamine (30 mg/kg) and xylazine hydrochloride (4 mg/kg). They were placed in
a stereotaxic frame, and an incision was made along
the long axis of the body. The skin and all unnecessary tissues were then removed to expose the skull.
In the test group (n ¼ 24), 5 mL of the suspended
(40,000 cells/mL) transformed hADMSCs was
transplanted into the striatum with the use of a 5gauge Hamilton syringe at the following coordinates:
anterior-posterior þ1.0 mm, medio-lateral þ2.8 mm
and dorso-ventral 5.0 mm, from the Bregma.
Transformant hADMSCs were slowly injected over
a period of 5 min; the needle was left in position
for another 5 min and then gently removed. The
same volume of PBS was injected into the vehicletransplanted rats (n ¼ 24). Moreover, some animals
(n ¼ 24) were subjected to subcutaneous injection of
transformant hADMSCs as a control group to evaluate the potency of the blood-brain barrier (BBB) in
prevention of cell migration. After surgery, 50,000
units of penicillin/kg body weight was injected
intraperitoneally. After recovery from surgery, the
animals were returned to their cages and assessed at
different time points for desired tests.
Histological analysis and quantiﬁcation of implanted cells
At different time points, 15, 45, 90 and 180 (days),
after transplantation, six rats in each group were
re-anesthetized as described above and euthanized by
cardiac perfusion. The left ventricle was cannulated,
an incision was made in the right atrium and they
were perfused with 4% paraformaldehyde in PBS
(pH 7.4) until the outﬂow ran clear. The posterior
skull was removed, and the brains were dissected out
and postﬁxed immediately in 4% paraformaldehyde
for at least 24 h. Moreover, the spleen of each rat was
harvested in a similar manner. The harvested tissues
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Figure 1. Characterization of hADMASCs by assessment of their osteogenesis and adipogenesis potentials before (A, A1) and after (B, B1)
lentiviral transduction. Upper panel (A and B) represents osteogenesis, 4 weeks after induction and examined by Alizarin red staining. Calcium
deposits, indicated by arrows in the normal and transduced cells. The lower panel (A1, B1) represents adipogenesis, 3 weeks after induction and
examined oil red O staining. Appearance of lipid vacuoles are indicated by arrows.

of each rat were embedded in parafﬁn. A rotary microtome (Leitz, Melbourne, Australia) was used to
prepare 5-mm horizontal sections of the brain and
spleen. Slides were examined under light and

ﬂuorescent microscopes (Olympus AH3-RFCA,
Tokyo, Japan) after staining by hematoxylin and
eosin and 40 ,6-diamidino-2-phenylindole (DAPI)
nucleic acid stain. To quantify the number of the

Figure 2. Flow cytometric analysis demonstrating that adipose tissue MSCs (passage 4) are positive for the antigens CD44 (A), CD105 (C)
and CD90 (D), whereas they are negative for CD45 and CD34 (E). A represents control group.

Crossing the BBB in rat by hADMSCs

955

Figure 3. hADMSCs genetic transformation with reporter genes, shown under the ﬂuorescent microscope. (A) TurboGFP protein
expression in hADMSCs transduced by lentiviral-based GFP gene construct. (B) Simultaneous expression of the JRed protein in the same
cells.

implanted cells, as an indicator of their survival rate
in the implanted organ, ImageJ software was used.
All the labeled cells were monitored in 10 microscopic slides from each brain, and six brains were
examined each time.
Deoxyribonucleic acid extraction and PCR analysis
To test the possible migration of the implanted cells,
genomic DNA (gDNA) was extracted from the
distanced organs and examined for presence of the
GFP gene by polymerase chain reaction (PCR).
Accordingly, gDNA was obtained using AccuPrep
Genomic DNA Extraction Kit (BIONEER, Daejeon, Korea) from spleens. The sequences of forward
and reverse primers corresponding to the TurboGFP
gene, contained in the transformant hADMSCs,
were 50 -GATGAAGAGCACCAAAGGC-30 and
50 -GTAGCTGAAGCTCACGTGC-30 , respectively.

PCR conditions were 94 C for 5 min followed by
30 seconds at 94 C, 30 seconds at 59 C and 30
seconds at 72 C for 40 cycles. For negative controls,
gDNA from vehicle and control rats were used. For
positive control, gDNA from the transformant
hADMSCs was used. The ampliﬁed 220 base pair
(bp) fragments of TurboGFP were separated on 2%
agarose gels.
Quantitative real-time PCR analysis
As an indication of cell migration from the implanted
site of rat brain and skin, quantitative real-time PCR
aimed at the reporter gene of GFP in the implanted
cells was performed on gDNA from spleens. Sevenfold serial dilutions of pLEX-JRed/TurboGFP,
ranging from 8.5  102 to 8.5  108 copies mL1,
were used to construct the standard curve. The
mass concentration of the GFP carrying vector,

Figure 4. Micrographs of rat striatum sections and position of cell implantation 15 days after transplantation. (AeC) Arrows and asterisks
indicate the positions of cell injection and right lateral ventricle of the brain, respectively. Lower panel represents survival of the transplanted
cells in the brain after tracking the expression of GFP (A1, A2), JRed (B1, B2) and both GFP and JRed in merged image (C1, C2).
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Figure 5. Micrographs indicating higher accumulation of hADMSCs in and around the lesion sites of surgery. Upper panel (AeC)
represents position of the lesions (arrows). Lower panel represents accumulation of the transplanted cells in the surgical lesions with a higher
magniﬁcation. These cells were tracked by expression of the GFP protein (A1, A2), the JRed protein (B1, B2) and both GFP and JRed
appearance in merged image (C1, C2).

pLEX-JRed/TurboGFP, was measured with the use
of a NanoDrop (Thermo Thermo Scientiﬁc Nanodrop 2000c) and converted to the copy concentration
using the following equation (27): DNA (copy) ¼
6.02  1023 (copies mol1)/DNA length (bp)  660
(g mol1 bp1). Each standard dilution was prepared
in duplicate for further analysis. The threshold cycle
values were plotted against the logarithm of their
initial template copy concentrations. Each standard

curve was generated by a linear regression of the
plotted points. From the slope of each curve, PCR
ampliﬁcation efﬁciency (E) was calculated according
to the following equation: E ¼ 101/slope 1. Real-time
PCR was performed in a Bio-Rad CFX-96 thermocycler. All real-time PCR runs were performed in
technical duplicates, and each reaction mixture was
prepared with the use of the SYBR Green1 PCR
Master Mix (Applied Biosystems) in a total volume of

Figure 6. Survival and migration of the labeled hADMSCs during 6 months after injection to the adult rat brain. Although the labeled
hADMSCs were identiﬁable at all time points by their strong expression of GFP and JRed reporter proteins, the number decreased
signiﬁcantly with time, and they migrated from the original transplanted site. Upper and lower panels represent transplanted cell survival 90
and 180 days after transplantation, respectively. Micrographs of AeD in the upper panel and EeH in the lower panel indicate transplanted
cell positions tracked by GFP (A and E), JRed (B and F) and DAPI (C and G) signals or merged images of GFP, JRed and DAPI signals
(D and H).
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20 mL: 10 mL Master Mix, 3 mL of each sample gDNA
(1 ng/mL), 0.5 mL of each primer (10 pmol/mL) and 6
mL DNase-free water, by means of the absolute
quantitative, DCt method (28). The thermal cycling
conditions were as follow: initial denaturation for 10
min at 95 C followed by 40 cycles at 95 C for 40
seconds, 59 C for 30 seconds, and 72 C for 30
seconds.
Statistical analysis
All experiments were carried out in triplicate, and the
generated data were expressed as mean  standard
deviation. One-way analysis of variance (ANOVA)
was used to analyze the survival and migration of the
implanted hADMSCs over time. ANOVA was done
by a Tukey post hoc test. Statistical signiﬁcance was
considered at P < 0.05 and P < 0.001. All statistical
analyses were carried out with SPSS 16.0 (SPSS
Inc., Chicago, IL, USA).
Results
Culture, characterization and transduction of hADMSCs
Cultured cells from the adipose tissues were grown
and passaged in vitro, with appearance characteristic
of MSCs. Plasticity of the cells was assessed 3e4
weeks after lineage induction in the normal and viral
transduced cells. Their osteogenic and adipogenic
differentiations were demonstrated by the appearance of calcium deposits and lipid vacuoles, respectively (Figure 1). The cells were also subjected to
ﬂow cytometry analysis for expression of the MSC
markers and shown to be positive for the antigens of
CD44, CD105 and CD90 and negative for CD45
and CD34 markers (Figure 2). These results
conﬁrmed the mesenchymal nature of the isolated
cells as well as their multipotent potential. 96 h
after infection of the cells with packaged viral JRedTurboGFP construct, bright green (Figure 3A) and
red (Figure 3B) cells were observed under ﬂuorescence microscope.

Figure 7. Quantitative presence of implanted cells in rat brain
during 6 months after transplantation, on the basis of average cell
counts of labeled cells. **P  0.001, *P  0.05. Error bars indicate
standard deviation.

a long period, up to 6 months. The microscopic slides
indicated presence of the labeled cells scattered or
colonized in the target tissue. The cellular nature of
the labels was conﬁrmed by DAPI staining (Figure 6).
This was a direct indicator for survival of the
implanted cells for a long time in the brain. Moreover,
in some cases, they migrated from the injected site
(Figure 4) to other positions. The microscopic
observation showed that the number of the labeled
cells was apparently reduced by the time, as compared
at 90 and 180 days after transplantation (Figure 6).
Quantiﬁcation of implanted cells
The number of the implanted cells was quantiﬁed
and compared in the microscopic slides at different
time points after their transplantation into the brain.
Their presence tended to decline over time, reaching
the minimum at 180 days (Figures 6 and 7).
Migration of implanted cells from the injected sites
For a precise estimation of hADMSCs presence in
nontargeted organs, PCR analysis of the GFP marker
gene, speciﬁc to the exogenously implanted cells, was

Implanted hADMSCs were integrated and survived in
the implanted tissues
To evaluate the accuracy of surgery and cell survival
in the transplanted site, the ﬁrst groups of rats were
euthanized 15 days after transplantation. As shown in
Figure 4 (arrows), it is evident that the labeled cells
are localized in the brain during this period and
continue growing at reasonable rate. Accumulation of
the cells was more evident in the wounded sites, as
inspected microscopically (Figure 5), because these
sites were partially reoccupied by the injected cells.
Maintenance of the transplanted cells was tracked for

Figure 8. Presence of GFP encoding gene in rat spleen during 6
months after transplantation, as examined by PCR, representing
hADMSCs migration from the original transplanted site of the
brain. Lanes 1e2 represent DNA ladder (50 bp, Fermentas) and
positive control (gDNA from transduced hADMSCs in culture),
respectively. Lanes 3e10 represent PCR on gDNA from spleen
tissues of different rats in the test group from 2 weeks up to 6
months. The time points include Lanes 3 and 4 (15 days), lanes 5
and 6 (45 days), lanes 7 and 8 (90 days) and lanes 9 and 10 (180
days) after transplantation. Lanes 11 and 12 correspond to PCR
on spleen DNA of nontransplanted rats (negative control) and
transplanted rats with PBS (vehicle control).
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performed. This analysis proved positive in gDNA
extracted from spleen (Figure 8), even 6 months after
implantation.
Quantitative assessment of migration of the implanted
cells
The copy number of the GFP marker gene, as an
indicator of quantitative number of the implanted
cells, was assessed in the spleens of two groups that
had received the cells in brain, with blood barrier
(WB), and skin, without blood barrier (WOB), by
real-time PCR. As shown in Figure 9, at the ﬁrst time
point of the examination, 15 days, the labeled cells
were tracked in the spleens of both groups. Their
number was signiﬁcantly higher in the spleens of the
WB group compared with the WOB group. This
number tended to increase by time in both groups up
to 90 days. Our examination at 180 days after
transplantation showed that this number was significantly higher in the spleens of the WB group.
Discussion
Many incurable diseases caused by cellular dysfunction or cell loss during tissue injury and aging are
candidates for cell therapy (24,29e31). Despite the
wide therapeutic applications of stem cells, their
migration to unwanted organs and tumorgenesis are
considered as serious risks (4). At the ﬁrst glance,
organs with capacity of blood barrier appear to be
safe targets for restriction of implanted cell migration
in gene and cell therapy programs. In the current
study, given that virally transduced MSCs do not
change their biological and other properties (32e34),
we tested this restricted targeting by implantation of
the labeled hADMSCs into the brain that is well
known for its blood barrier capacity. Follow-up
studies were then performed in spleen for a period of
up to 6 months. The histological analysis on the brain
tissues clearly conﬁrmed the maintenance and
survival of the implanted cells, indicating their low
immunogenic induction. However, the number of
GFP-expressing cells was reduced by this time. This
reduction could be caused by reporter gene silencing
(35) or possible scavenging by the immune system
(36e38). The former seems more likely, considering
a report by another study that indicates transplanted
cells into the central nervous system (CNS) are much
less efﬁciently rejected by the recipient when compared with transplantation to orthotopic sites (38).
The survival of xenogenic cells in the brain could
be reasoned by their immunosuppressive properties
exerted to the target tissue (38,39). Additionally, no
lesions of surgical process were seen in the last weeks
of the follow-up study, possibly because of the

Figure 9. Quantiﬁcation of the implanted cell accumulation in rat
spleens during 6 months after transplantation by absolute real-time
PCR based on GFP encoding gene, representing hADMSCs
migration from the original transplanted site of the brain as
compared with skin. **P  0.001, *P  0.05. Error bars indicate
standard deviation.

regenerative capacity of the implanted cells. As
shown in Figure 5, these cells tend to colonize the
local lesions at the beginning. Such preferential
migration of stem cells toward the site of a lesion is
a highly desirable property, conferring a ﬂexibility
that the cells require to repair the damaged brain
(40). In this regard, several other reports have also
demonstrated that transplanted cells migrate to the
lesions or tumors and are located mainly at the lesion
perimeter (34,41e44). This contradicts our current
ﬁndings that cells can be translocated from the
implanted organs (Figures 8 and 9).
There are contradictory reports available on cell
migration from the brain. For example, when neural
stem cells were transplanted into the developing,
intact or lesioned mouse brain, they migrated
extensively in response to the normal endogenous
signals (45). In another report, it was shown that
neural stem cells transplanted into the sham controls
did not show any substantial migration outside of the
injection tract (40). In our experiments, the transplanted cells remained not only within the injected
organ but also migrated to the distanced organs.
This was conﬁrmed by presence of the exogenous
cells in the spleen for a period of up to 6 months
after transplantation. Also, as time passed, the
number of the exogenous cells appeared to increase
in the spleen of the WB test group. This adds
more controversy to the notion that views the CNS
as an impermeable organ by the speciﬁc morphological architecture of its borders. Traditionally, this
structure is interpreted as the endothelial BBB and
the epithelial bloodecerebrospinal ﬂuid barrier
(BCSFB) that protects the brain from many chemicals ﬂowing around the body and common infections and prevents penetration of any type of cells
(38,46e48). This view has recently been changed
when it was realized that activated T cells are able to
cross the BBB and the BCSFB to perform immune
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surveillance of the CNS, even before disease symptoms appear (36e38). Therefore, contrary to the
previous belief, this barrier appears to be a dynamic
structure and that there are several ways in which
permeability and transport can be modulated in
normal or pathological conditions (46).
Stroke, trauma, infectious or inﬂammatory processes, multiple sclerosis, human immunodeﬁciency
virus, Alzheimer and Parkinson diseases, epilepsy,
brain tumors and pain provide the main conditions
for opening the tight junctions of the BBB with
various mechanisms (38,46). From our experiments,
it could be speculated that strokes of surgical process
(Figures 4 and 5) and inﬂammation might be the
main causes of cell migration from the brain to
spleen. On the other hand, the potency of
hADMSCs to secrete various cytokines, such as
interleukin-6 (IL6), IL-1b and tumor necrosis factora, has been demonstrated (49,50). It is interesting to
note that these cytokines are the most important
factors that lead to BBB permeability (46). Therefore, gradual augmentation of the implanted cells in
spleens of the WB group might be related to the
higher level of these cytokines with time.
In conclusion, our ﬁndings clearly conﬁrm the
hypoimmunogenic property of hADMSCs that leads
to long-term survival of the exogenous cells in the
brain even in xenografts, adding to their value as
a therapeutic cell source for treatment of neurodegenerative diseases. However, the potency of
crossing the BBB by the implanted cells suggests
that the use of hADMSCs must be handled with
extreme caution before a large-scale clinical trial is
performed.
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