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UNCTIONAL RECOVERY AFTER HEMATIC ADMINISTRATION OF
LLOGENIC MESENCHYMAL STEM CELLS IN ACUTE ISCHEMIC

TROKE IN RATS
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bstract—Hematic administration of bone marrow-derived
esenchymal stem cells (MSCs) in acute ischemic stroke
ay not only be an effective reparative treatment but also a
rain protective therapy that improves neurological recovery.
ur purpose was to study whether either i.v. or intracarotid

i.c.) administration of allogenic MSCs during the acute phase
ere effective in improving neurological recovery and de-
reasing brain damage in an experimental rat model. In

model of permanent middle cerebral artery occlusion
pMCAO), we analyzed: neurological evaluation; MSCs migra-
ion and implantation; interleukin-6 (IL-6) and tumor necrosis
actor-� (TNF-�) levels; lesion volume; cell death; cellular
roliferation; vascular endothelial growth factor (VEGF) ex-
ression and blood vessel number. Regardless of the admin-

stration route, treated groups showed better neurological
ecovery, without significant differences between the two
roups. Migration and implantation of MSCs in the lesion
rea was observed in animals receiving i.c. but not i.v. treat-
ent. The highest cytokine values were observed in the i.v.
SCs and i.c. control groups, and these levels were signifi-
antly different from the corresponding i.v. control and i.c.
SCs groups, respectively. In addition, there were significant
ifferences between the i.v. MSCs and i.c. MSCs groups in

L-6 levels. Neither treatment reduced infarction volume.
owever, cell death, measured as TUNEL� cells was de-
reased with significant differences between control groups.
rdU� cells were also significantly increased in the peri-

nfarct zone at 14 days. VEGF expression was significantly
igher in the i.c. MSCs group than in the i.c. control group

Correspondence to: E. Díez-Tejedor, Department of Neurology,
troke Centre, Hospital La Paz/Autónoma University School of Medi-
ine, IdiPAZ, Paseo de la Castellana 261, 28046 Madrid, Spain. Tel:
34-917277066; fax: �34-913581403.
-mail address: ediezt@meditex.es (E. Díez-Tejedor).
bbreviations: i.c., intracarotid; ICA, internal carotid artery; IL-6, inter-

eukin-6; MRI, magnetic resonance imaging; MSCs, mesenchymal
tem cells; pMCAO, permanent middle cerebral artery occlusion;
(
NF-�, tumor necrosis factor-�; VEGF, vascular endothelial growth

actor.
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nd blood vessel number was significantly higher in treated
roups than control groups with significant differences in the
eri-infarct zone at 14 days. We conclude that allogenic MSCs
dministration shows therapeutic efficacy in our acute isch-
mic stroke model. Both routes demonstrably improved neu-
ological recovery and provided brain protection. Crown
opyright © 2010 Published by Elsevier Ltd on behalf of

BRO. All rights reserved.

ey words: acute ischemic stroke, i.v. and intracarotid ad-
inistration routes, mesenchymal stem cells, neurological

valuation, brain damage.

he majority of neuroprotective treatments for cerebral isch-
mia have been efficacious in experimental studies but have

ailed their clinical trials. Only i.v. thrombolysis (rtPA) has
een shown to be effective; however its narrow therapeutic

ime window makes it a treatment for a reduced percentage
f patients (Hacke et al., 2008). In the past, protective ther-
pies have been directed towards saving neural cells. Stroke-

nduced damage compromises the integrity of the neurovas-
ular unit (Lo et al., 2003) through various pathophysiologic
echanisms. Angiogenesis, neurogenesis and synaptogen-
sis are interrelated mechanisms that promote brain plasticity
nd help to repair the neurovascular unit and recover neuro-

ogical function (Gutierrez et al., 2009). Endogenous brain
lasticity can be stimulated by rehabilitation, stimulation
nd/or administration of trophic factors and cell therapy.

The different cell lines used in experimental stroke
odels include embryonic, hematopoietic and mesenchy-
al stem cells (MSCs) (Chen et al., 2001a; Chopp and Li,
002; Bacigaluppi et al., 2008; Li and Chopp, 2009). The
dvantages of MSCs include their multipotency, which
acilitates in vitro and in vivo tissue repair (Prockop et al.,
000), and their ease of isolation, which allows immediate
vailability for clinical application. MSCs secrete a number
f growth factors and cytokines that normally support the
roliferation and differentiation of hematopoietic progeni-
ors (Majumdar et al., 1998; Seshi et al., 2000). Neuroin-
ammatory mechanisms activated following an ischemic

njury play a complex role in the pathophysiology of cere-
ral ischemia, and can exert either deleterious effects on
he progression of tissue damage or beneficial effects
uring repair and recovery (Amantea et al., 2009). Never-
heless, their mechanism of action is still unknown, so a
reater understanding of these mechanisms is needed.

Different routes of MSC administration that have been
sed to treat damaged ischemic brain tissue include intra-
triatal, intraventricular, i.v. (Jin et al., 2005) or intracarotid

i.c.) (Shen et al., 2006). The ideal as well as the least
td on behalf of IBRO. All rights reserved.

mailto:ediezt@meditex.es
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azardous and most ideal route for translational applica-
ions still needs to be identified.

Most studies using allogenic MSC administration have
een made in the post acute ischemic phase (Van
elthoven et al., 2009) and show improvements in neuro-

ogical tests independently of infarct volume (Chen et al.,
001b; Shen et al., 2006, 2007). Most available evidence
uggests that stem cells work indirectly to reduce apopto-
is in the stroke-injured brain (Deng et al., 2010). It has not
et been possible to evaluate the protective effect of MSCs
n the late phase, but this effect could be studied with acute
dministration. To date, there is only one experimental
tudy in which administration was done during the acute
hase using both the i.v. and i.c. routes. However, that
tudy focused on cell grafting and used a model of tran-
ient focal cerebral ischemia (Walczak et al., 2008). The
ossible therapeutic effects of MSCs in the acute phase on
rotection and repair mechanisms have not yet been stud-

ed.
We hypothesized that administration of allogenic bone

arrow-derived MSCs would be effective in an acute
hase of an experimental model of focal cerebral ischemia

n rats. Moreover, both routes, i.v. or i.c., might be equally
ffective in stroke treatment to improve neurological recov-
ry, decrease cerebral damage and therefore improve pro-

ection and repair mechanisms.

EXPERIMENTAL PROCEDURES

he procedure was carried out at our Cerebrovascular and Neu-
oscience Research Laboratory. All experiments were performed
n compliance with our medical school’s Ethical Committee for the
are and Use of Animals in Research. The experiments were
esigned to use the smallest number of animals and to mini-
ize their suffering in accordance with the ethical standards of the
elsinki Declaration of 1975.

solation of mesenchymal stem cells

ultures were made of MSCs obtained from tibias and femurs of
dult female Sprague–Dawley (250–300 g) rats that had been
acrificed with a cardiac injection of potassium chloride (0.5 ml).
irst, both bones were placed in alcohol for 10 min and then in
ank’s (1�) balanced salt solution (HBSS, Gibco) for 30 min. The
ones were cut and bone marrow was removed, 10 ml of tissue
ulture was placed in 50 ml of a solution of Dulbecco’s modifica-
ion of Eagle’s 1� (DMEN Glu/Pyr, Gibco), 75 �l penicillin/strep-
omycin (Sigma) and 20% fetal bovine serum (PAA). Next, cells
ere washed and centrifuged twice at 1750 rpm for 8 min at room

emperature. The cells were placed in 75 cm2 flasks (Nunc) and
ncubated at 37 °C in 5% CO2 for 3–4 weeks. The culture medium
as replaced approximately every 3 days. When cells reached
0–90% confluence, they were trypsinized using trypsin-EDTA
.05% (Gibco) and expanded in another 75 cm2 flask. On the third
ass they were trypsinized and counted before being adminis-
ered to the experimental animals.

At the time the cells were obtained, the cultures were char-
cterized to confirm the presence of MSCs by two different tech-
iques. First, we confirmed that Anti CD90 (BD Biosciences) and
D44 (BD Biosciences) immunostaining was positive by immuno-
uorescence in bone marrow stem cells whereas the Anti CD45
BD Biosciences) and CD11b (BD Biosciences) immunolabeling
as negative (erythrocyte cell line-derived). In addition, flow cy-
ometry confirmed the presence or absence of the four markers. c

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
he bone marrow stem cells showed typical fibroblast-like cell
orphology.

ubjects

ubjects were adult male Sprague–Dawley rats, with an average
ody weight range of 250–320 g (Harlan Iberica SL, Barcelona,
pain). Animals were housed with free access to food and water
t a room temperature of 21�2 °C, relative humidity of 45�15%
nd a light/dark cycle of 12 h (7:00–19:00).

xperimental groups

ll animals provided a model of permanent middle cerebral artery
cclusion (pMCAO).

All experiments were randomized. Rats were assigned to one
f six experimental groups with 10 animals in each study group.
he Sham groups underwent surgery without infarct and received
saline solution in either the femoral vein or the internal carotid

rtery (ICA). The control groups underwent surgery with pMCAO
nd received the saline infusion in either the femoral vein or ICA
hile the treated groups underwent surgery with pMCAO and

eceived an MSCs infusion in either the femoral vein or ICA.
Details of the experimental protocol are given in Fig. 1A.

urgical procedure

nesthesia was induced by a solution of ketamine (25 mg/kg),
iazepam (2 mg/kg), and atropine (0.1 mg/kg) at a dose of 2.5
l/kg by i.p. injection. Analgesia was provided by meloxicam
mg/kg by a s.c. route.

The surgical procedure was a variant of that described by
hen et al. (1986) and Liu et al. (1989). A small craniectomy was
ade above the rhinal fissure over the branch of the right middle

erebral artery (MCA). The middle cerebral artery branch was
ermanently ligated just before its bifurcation between the frontal
nd parietal branches with a 9–0 suture. Complete interruption of
lood flow was confirmed using an operating microscope. A ther-
istor probe was placed under the temporal muscle and over the

erebral artery region to measure brain temperature. Both com-
on carotid arteries were then occluded for 60 min.

hysiological monitoring

n all animals, the femoral artery was cannulated during surgery
nd ischemia for continuous monitoring of physiological parame-
ers (glycemia, blood gases and blood pressure) (Monitor Omicron
LTEA RGB medical devices). Cranial and body temperature
ere also monitored and maintained at 36.5�0.5 °C. A deviation
f less than 20% from normal mean values of physiological pa-
ameters was accepted; animals with values outside these normal
imits were rejected.

ell transplantation

or intracarotid injections, the ipsilateral carotid artery was ex-
osed, the external carotid artery (ECA), the superior thyroid and
terygopalatine arteries were ligated with 6–0 silk, and 2�106

SCs in 650 �l saline were injected over 4 min into the ICA
hrough a catheter located in the ECA.

I.v. injections of 2�106 MSCs in 650 �l saline were adminis-
ered over 4 min through the femoral vein.

Control animals underwent cerebral ischemia like the treated
nimals but only received a saline solution infusion through the
emoral vein or ICA. Sham-operated animals received saline so-
ution infusions through the femoral vein or ICA but did not un-
ergo cerebral ischemia. The sham and control groups both re-

eived a single 650 �l saline infusion over 4 min.

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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n vivo analyses

Neurological evaluation scales. Baseline, 24 h and 14 days
fter surgery, each animal was scored on a neurological scale by
researcher who was blinded to the experimental groups. The

cale used is a variant of the Rogers scale (Rogers et al., 1997;
lonso de Leciñana et al., 2006). The scale scores the following
ategories: no deficit (0); failure to extend left forepaw (1); de-
reased grip of the left forelimb when tail pulled (2); spontaneous
ovement in all directions, contralateral circling if pulled (3); cir-

ling or walking to the left (4); movement only when stimulated (5);
nresponsive to stimulation (6); death (7).

Migration and implantation of stem cells by MRI. MSCs
ere magnetically labeled using EndoremTM (superparamagnetic

ron oxide). Migration and implantation of the stem cells were both
nalyzed at 24 h and 14 days by magnetic resonance imaging
MRI) with T2 maps (Flash sequence).

EndoremTM –labeled MSCs were transplanted into five ani-
als in each group.

Determination of TNF-alpha and IL-6 levels. The pro-in-
ammatory cytokines interleukin-6 (IL-6) and tumor necrosis fac-

ig. 1. (A) Schematic representation of experimental protocol. pMCA
CO. Animals received saline or MSCs at 30 min after CC reperfusio
CO, common carotids occlusion; MSCs, mesenchymal stem cells; CC
cales; i.c., intracarotid; MRI, magnetic resonance imaging. (B) Param
pplied and migration, implantation and infarct volume were analyzed
sing ELISA; post mortem, migration and implantation was analyzed u
taining, neuronal death with TUNEL; cellular proliferation with BdrU
D11 b/c, Isolectin B4 by immunofluorescence and quantitative a

nterpretation of the references to color in this figure legend, the read
or-� (TNF-�) are well-known biochemical brain damage markers. p

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
evels of these markers were determined in plasma by ELISA
Bender MedSystems) 14 days after ischemia.

Measurement of volume of ischemic lesion by MRI. The
olume of the ischemic lesions was analyzed at 24 h and 14 days
fter the surgery by MRI (Bruker Pharmascan Germany 7 Tesla
orizontal bore magnets) using T2 maps (RARE 8 T2, 180° flip
ngle, three averages). All images were processed using the
mageJ 1.42 program (NIH software).

ost-mortem analyses

Migration and implantation of stem cells by DiI. MSCs were
abeled with DiI labeling (Celltracker CM-DiI, Invitrogen) prior to
ransplantation. Moreover, migration and implantation of
tem cells were analyzed at 14 days post-transplantation by
mmunofluorescence.

The transplanted MSCs were labeled with DiI in five animals
n each treated group.

Measurement of volume of ischemic lesion by H&E. Lesion
ize was estimated with hematoxylin and eosin (H&E) staining of
rain sections at 14 days. Infarction volume was expressed as the

e model used to induce focal cerebral ischemia, for 60 min, with the
iations: pMCAO, permanent middle cerebral artery occlusion model;
n carotid; PP, physiological parameters; NES, neurological evaluation
nalyze. At 24 h and 14 d an in vivo neurological evaluation scale was
I; at 14 d pro-inflammatory cytokines (IL-6 and TNF-�) were analyzed
unofluorescence, lesion volume was studied with Hematoxylin-Eosin
istochemistry; VEGF, NeuN, GFAP, Neurofilament, Vimentin, CD90,
f VEGF by Western Blot and Lectin by immunofluorescence. For
rred to the Web version of this article.
O was th
n. Abbrev
: commo

eters to a
using MR
sing imm
immunoh
ercentage of brain tissue affected by ischemia in the right hemi-

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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phere. This was evaluated on 10 �m thick sections (Avendaño et
l., 1995; Alonso de Leciñana et al., 2006).

Labeling of neuronal cell death: apoptosis. Apoptotic cell
eath was detected by TUNEL staining (biotin-dUTP nick end-

abeling mediated by terminal deoxynucleotidyl transferase; TdT-
ragEL DNA fragmentation detection kit, Oncogene Research
roducts) following the methodology indicated by the supplier. We
hose a single rostral-caudal coronal section per animal and
ounted the number of apoptotic cells in the lesion area using a
0� objective on the optic microscope (Olympus) and image
nalysis software (Image-Pro Plus). We identified cells undergo-

ng apoptosis in the cortex of both hemispheres based on their
uclear morphology and the dark color (Alonso de Leciñana et al.,
006).

mmunohistochemistry and immunofluorescence

ll animals were given 50 mg/kg of BrdU (Sigma) i.p. daily on days
–7 after ischemia. This administration protocol was based on
revious reports (Jin et al., 2001; Yagita et al., 2001) that prolif-
ration peaked 4–10 days after injury. Animals were sacrificed at
4 days after surgery by transcardial perfusion and decapitation.
heir brains were fixed and stored at 4 °C and the following day

he tissue was placed in cryoprotectant solution at �80 °C. Serial
oronal sections were cut at 10 �m in a cryostat (LEICA CM1950).

Sections were studied by immunohistochemistry for cellular
roliferation. Brain sections were treated with BrdU In-Situ Detec-

ion kit (BD Pharmigen).
In addition, sections were studied using immunofluorescence

euronal markers: NeuN (monoclonal antibody diluted 1:100, Mil-
ipore) and neurofilament (monoclonal antibody diluted 1:100,
AKO); astrocyte marker GFAP (monoclonal antibody diluted
:400, Chemicon); vascular endothelial growth factor marker
EGF (polyclonal antibody diluted 1:500, Millipore); anti-vimentin

monoclonal antibody diluted 1:100, DAKO), CD90 (monoclonal
ntibody diluted 1:300, BD Biosciences) and CD11 b/c (monoclo-
al antibody diluted 1:300, BD Biosciences) followed by goat
nti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 594 (1:
50, Fisher Scientific Bioblock). We also used anti-BrdU (mono-
lonal antibody diluted 1:50, AbD Serotec) followed by goat anti-
at Alexa Fluor 564 (1:500, Millipore) and isolectin B4 (antibody
iluted 1:50, Sigma) followed by streptavidin Alexa Fluor 488
antibody diluted 1:1000, Molecular Probes). All sections were
ounted with H-1200 VectaShield mounting medium for fluores-

ence with DAPI (ATOM).
Samples were examined using a spectral confocal micro-

cope LEICA TCS SPE (Leica Microsystems, Heidelberg, Ger-
any) and the confocal images were analyzed using LEICA soft-
are LAS AF, version 2.0.1 Build 2043. The images were ac-
uired as a confocal maximum projection. Assessment of
uorochrome co-labeling of an image was performed with the
olocalization module of LEICA software LAS AF, version 2.0.1
uild 2043.

Fig. 1B shows a summary of the parameters analyzed.

estern blot

roteins were isolated from peri-infarct tissue and their concen-
rations determined using a BCA protein assay kit (Pierce).
wenty micrograms of protein was loaded onto 10% acrylamide
DS-gels. Following electrophoresis at 100 V for 1 h, protein was

ransferred to PVDF membranes (Bio-Rad). Membranes were
locked in 5% fat-free dry milk dissolved in Tris-buffered saline pH
.0 (TBS) plus 0.1% Tween-20 (TBS-T) for 1 h and probed over-
ight at 4 °C with the following antibodies at the designated
ilutions: VEGF (polyclonal antibody diluted 1:500, Millipore) and
-tubulin (monoclonal antibody diluted 1:400, Sigma), which was
sed as a control protein. After rinsing with 0.5% TBS-T solution,

he membranes were incubated with the secondary antibody, h

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
onkey anti-rabbit and anti-mouse antibody conjugated with
orseradish peroxidase (HRP) at a dilution of 1:20,000, for 1 h at
oom temperature. Signals were detected by enhanced chemilu-
inescence (ECL, Amersham) before exposure on radiographic

lm. The density of stained bands was scanned and quantified by
he Diversity One software package (PDI, NY, USA). To reduce
ifferences between animals, at least three Western blots were
erformed for each time point and animal. In addition, at least two
r three repeated samples were always included in every set of
xperimental samples as internal standards.

tatistical analysis

uantitative data are shown as mean values �SD. Since data
ollowed a non-normal distribution, non-parametric tests were se-
ected for comparison between groups. The Kruskal–Wallis test
ollowed by the Mann–Whitney test were used to compare the
eurological evaluation score, lesion size, neuronal death, inflam-
atory cytokine and BrdU positive cell numbers, VEGF expres-

ion and blood vessel number were compared between the two
dministration routes and between the various groups. Values of
�0.05 were considered significant (we used statistical software
PSS 16 for Windows).

RESULTS

hysiological parameters remained within normal limits
hroughout the procedure and there were no significant
ifferences between groups.

eurological evaluation scales

nimals were clinically evaluated at 24 h and 14 days and
he corresponding neurological score obtained for each
roup (Fig. 2). The two control groups had the highest
eurological scores and showed no significant differences.
he treated groups showed good neurological recovery

ndependently of administration route, i.c. or i.v., without
ignificant differences in neurological score between
roups at 24 h and 14 days. There were significant differ-
nces (P�0.05) between the i.v. MSCs group (1.57�0.53)
nd the i.v. control group (3.4�0.89) at 24 h and this
ifference continued at 14 days (P�0.004). There were
lso significant differences (P�0.05) between the i.c.
SCs group (0.4�0.89) and the i.c. control group

2.5�1.3) at 14 days.

igration and implantation of stem cells

igration and implantation of MSCs were studied by MRI
Fig. 3A). Labeled MSCs were not observed in the control
roup because they were not transplanted to these groups
Fig. 3a, b). MRI did not show MSCs migration and / or
mplantation in the i.v. MSCs group at 24 h or 14 days (Fig.
c, d). However, MRI did show MSCs migration and im-
lantation in the injured area at 24 h and 14 days in the i.c.
SCs group (Fig. 3e, f).

Endorem-labeled MSCs were only injected into the
reated groups. DiI-labeled MSCs were not found in the con-
ralateral hemisphere of any treated animal (data not shown).

Migration and implantation of the i.c.-administered MSCs
ere observed at 14 days post-occlusion in the peri-infarct
one in the ischemic hemisphere, but not in the contralateral

emisphere (Fig. 3B). Migration and implantation of i.v.-ad-

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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inistered MSCs was not observed in either the ischemic
emisphere or the contralateral hemisphere (data not
hown).

etermination of TNF-alpha and IL-6 levels

he i.v. MSCs group (107.1�31.05) showed signifi-
antly higher TNF-� values than the i.v. control group
43.95�11.06); (P�0.05). Moreover, there were significant
ifferences (P�0.001) between the i.c. control group
154.13�25), which showed higher values, and the i.c.
SCs group (56.04�10.04) (Fig. 4A).

In terms of IL-6, the highest values were also observed
n the i.v. MSCs group and the i.c. control group. There
ere significant differences (P�0.05) in IL-6 levels be-

ween the i.v. control group (56.01�14.87) and the i.v.
SCs group (100.46�38.1) and between the i.c. control
roup (132.57�16.8) and the i.c. MSCs group (49.67�
0.8) at 14 days (P�0.001).

The treatment routes showed significant differences
P�0.011) (Fig. 4B).

easurement of lesion size and the volume of the
schemic lesions

he volume of ischemic lesions at 24 h and 14 days after
he experimental procedure was evaluated on MRI (Fig.
A). All values were lower at 14 days than at 24 h because
f edema, which appeared in the first few days after symp-
om onset. The control and treated groups had similar
ercentages of infarction volume at 24 h and at 14 days.
either of the treatments, i.v. nor i.c. MSCs injection, reduced

esion volume significantly with respect to control groups.
MRI and H&E techniques were used to compare in-

arction volume at 14 days after occlusion (Fig. 5B).

abeling of neuronal cell death: apoptosis

ham operated animals did not show TUNEL � cells (data

ig. 2. Values of neurological evaluation scales in control and treated
ad a positive effect on neurological recovery. Rats were assigned
resented a 0 score at baseline. The i.v. treated group showed neuro
* P�0.004) in comparison to the i.v. control group. Moreover, there
roup at 14 d (# P�0.05). Abbreviations: i.c., intracarotid; MSCs, mes
ot shown). There were no TUNEL � cells in the contralat- V

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
ral hemisphere in any operated animal. At 14 days, the
.c. control group (43�1.42) showed significantly more
UNEL � cells than the i.c. MSCs group (24�8.7;
�0.004) in the peri-infarct zone. Moreover, the i.v. control
roup (41�6.4) had significantly more TUNEL � cells than
he i.v. MSCs group (26�5.5; P�0.03). In conclusion, both
reatments significantly reduced the number of TUNEL �
ells compared to control groups at 14 days (Fig. 6).

mmunohistochemistry and immunofluorescence

ham operated animals did not present BrdU positive cells
n peri-infarct lesions (Fig. 7A). The number of BrdU pos-
tive cells was greater in the peri-infarct zone in animals
reated by either route as compared to the control animals
t 14 days (Fig. 7B, C). Quantitative analysis of BrdU
ositive cells showed that the control group (51�9.9) dis-
layed a significantly smaller decrease in BrdU positive
ells in the peri-infarct zone at 14 days after focal cerebral

schemia than the groups receiving MSCs treatment
137.5�9.2) (P�0.05) (Fig. 7D).

At 14 days after the stroke, the positive neuronal mark-
rs (NeuN and Neurofilament, Fig. 7E, F and G, H, respec-

ively) and the astrocyte marker GFAP (Fig. 7G, H) were
valuated in the peri-infarct tissue of control and treated animals.

n addition, angiogenesis and the vasculogenesis marker VEGF
ere observed in the peri-infarct zones (Fig. 7E, F).

At 14 days, co-labelling of CD11 b/c with DiI labeling
as only observed in the i.c. MSCs group in the peri-infarct
one (Fig. 7I) but Neurofilament, Vimentin, CD90, VEGF,
euN and GFAP co-labeling were not seen (data not
hown). We observed BrdU co-labeling with GFAP (Fig.
J) but not with Neurofilament, Vimentin, CD90, VEGF,
euN or CD11 b/c (data not shown).

uantification of VEGF and blood vessels

estern blot analysis of the peri-infarct zone showed that

at 24 h and 14 d after ischemia. The graph shows that MSCs quickly
erimental groups with 10 animals in each study group. All animals

ecovery from 24 h (* P�0.05) and these benefits continued at 14 d
ificant differences between the i.c. control group and the i.c. treated
l stem cells.
animals
to six exp
logical r

were sign
EGF expression in the i.v. MSCs group (165�17.3) was

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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ot significantly higher than in the i.v. control group
100�4.3). However, VEGF expression was significantly
igher in the i.c. MSC group (168�14.7) than in the i.c.

ig. 3. (A) MRI cellular migration in the injured area at 24 h and at 14 d in
f MSCs at 14 d after ischemia. The control group, in the first column, di

he second column did not show migration in the lesion area. Ic administ
roup into the ischemic hemisphere and we observed them at 14 d post-oc
icroscope images (20�) show the brain slides, control groups (A, C) and
utofluorescent and was pseudocolored green using a combination of fil
green) for autofluorescence. Cells were present in the lesion area in i.c.
, D) (B). Abbreviations: MRI, magnetic resonance imaging; i.c., intracar
uorescein isothiocyanate.
ontrol group (64.8�18) (P�0.05). There were no significant s
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ifferences between treatment groups, independently of
dministration route (Fig. 8A).

We observed an increase in the number of blood ves-

d treated animals. (B) Immunofluorescence of migration and implantation
w migration because it had not received injections. I.v. administration in
he third column showed migration (A). MSCs migrated in the treated i.c.
SCs were labeled with DiI (red) prior to transplantation. The fluorescence
roups (B, D) with different administration routes. The cerebral tissue was
beling (red) for Rhodamine, DAPI (blue) nuclear counterstain and FITC
ts (B) but were absent in the rest of the images for the other groups (A,
s, mesenchymal stem cells. DAPI, 4’,6-diamidino-2-phenylindole; FITC,
control an
d not sho
ration in t
clusion. M
treated g

ters: DiI la
treated ra
otid; MSC
els (lectin label) in the treated groups as compared to

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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ontrol groups in the peri-infarct zone at 14 days after focal
erebral ischemia. The i.v. MSCs group (283.5�23.3) had
ignificantly more blood vessels than the i.v. control group
117�9.9). The i.c. MSCs group (294.5�16.3) had signif-
cantly more blood vessels than the i.c. control group
127�14.1) (P�0.05). There were no significant differ-
nces between the treatment groups, indicating that the
dministration route for MSCs did not affect blood vessel
umber (Fig. 8B, C).

DISCUSSION

ur findings indicate that administration of allogenic bone
arrow-derived MSCs (by hematic administration) is an
ffective therapy in acute stroke in an experimental model
f focal cerebral ischemia in rats. The two routes of he-
atic administration, i.v. and i.c., are equally effective for

mproving neurological recovery, decreasing cerebral
amage and promoting protection mechanisms in isch-
mic stroke.

The different cell lines used in experimental stroke
odels have included embryonic cells, hematopoietic cells
nd MSCs, among others (Chen et al., 2001a; Chopp and
i, 2002; Bacigaluppi et al., 2008; Li and Chopp, 2009).
SCs were selected for this study because they are mul-

ipotential being able to differentiate into different tissue
ineages, including astrocytes, neurons and oligodendro-
lial cells in the brain (Wislet-Gendebien et al., 2004) and
ecause they are easy to isolate. Stem cell transplantation
as the potential to provide a protective and regenerative
herapy for ischemic brain damage (Van Velthoven et al.,
009), although the mechanism underlying the protective

ig. 4. Values of pro-inflammatory cytokines tumor necrosis factor-�
ne of six experimental groups with 10 animals in each study group. Th

he i.v. control group and the i.v. MSCs group. There were significant d
roup and the i.c. MSCs group. Both treatment groups showed signifi
SCs, mesenchymal stem cell.
ffect of MSCs remains unknown. e
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enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
Currently, the ideal route for stem cell delivery is also
nclear. There are several possible administration routes,

ncluding the intrastriatal, intraventricular, i.v. (Jin et al.,
005) or intracarotid routes (Shen et al., 2006). The
resent experimental rat model has used two different
ematic administration routes, i.c. and i.v., to determine if
oth are equally effective as an acute ischemic stroke
reatment. Our results show that both routes are equally
ffective in contributing to neurological recovery, decreas-

ng cerebral damage and improving protection mechanism.
Most studies using MSCs administration have been

one in the post-acute ischemic phase (Van Velthoven et
l., 2009). Previous reports have demonstrated the thera-
eutic benefit of MSCs when cells were administered 1
onth after the stroke (Shen et al., 2006) and even when
iven 1 year after ischemia (Shen et al., 2007). However,
he optimal administration post-stroke time is still unknown
nd the maximum potential benefit is unclear and it is

mportant to confirm and determine therapeutic effects. We
dministered MSCs to rats in the acute phase at 30 min
fter common carotid artery reperfusion and this may have
elped to inhibit the first steps of the ischemic cascade by
ncouraging endogenous protection, a form of brain pro-
ection that shows some overlap with brain repair at the
ime of ischemic injury. We use a model of permanent
CAO to evaluate the therapeutic effects of the stem cells
nd avoid a beneficial effect from reperfusion which could
ave masked the true effect of the MSC therapy.

Our outcome suggests that both administration routes
ere equally effective in inducing a quick positive effect on
eurological deficit recovery in the acute phase and this

and interleukin-6 (IL-6) at 14 d after ischemia. Rats were assigned to
significant differences in levels of TNF-� and IL-6 (# P�0.05) between
s in TNF-� (* P�0.001) and IL-6 (* P�0.001) between the i.c. control
rences (� P�0.011) in levels of IL-6. Abbreviations: i.c., intracarotid;
(TNF-�)
ere were
ifference
ffect was still observed at 14 days. However, the i.v.

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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dministration route did not produce MSC migration to the
esion zone or cell niche formation. Therefore, it might not
e necessary for the stem cells to migrate and graft onto
he lesion site to obtain a good functional result and the
ecovery could be a consequence of the secretion of sev-
ral growth factors that promote repair and neurological
ecovery after stroke and that amplify angiogenesis, neu-
ogenesis and synaptogenesis. The i.v. administration

ig. 5. (A) Percentage of infarction volume after focal cerebral isch
eans�SD. (B) Images of infarction volume at 24 h by MRI and 14 d
0 animals in each study group. All groups showed smaller infarction v

.c. control group seemed to show somewhat larger infarction volume
alues were similar in all groups at 14 d (A). The images show the lesio
taining (B). Abbreviations: MSCs, mesenchymal stem cells; i.c., int
tandard deviation. For interpretation of the references to color in this

ig. 6. Number of cells undergoing apoptotic cell death in the peri-infa

ssigned to one of six experimental groups with 10 animals in each study grou
roups than in the treated groups (* P�0.004, # P�0.03). Abbreviations: i.c.,

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
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oute may enhance endogenous processes, such as plas-
icity or revascularization so the local environment can
ustain surviving cells, perhaps by secreting growth
actors.

Under ischemic conditions, MSCs can pass through
he blood brain barrier and migrate to relevant areas of the
rain (Eglitis et al., 1999; Chen et al., 2001b; Van
elthoven et al., 2009), suggesting that injured brain tissue

4 h by MRI and at 14 d by MRI and H&E. Data are expressed as
nd H&E staining. Rats were assigned to six experimental groups with
n MRI at 14 d than at 24 h but the difference was not significant. The
e other groups at 24 h without significant differences; Nevertheless,
e in control and treated groups at 24 h and 14 d on MRI and with H&E
; MRI, magnetic resonance imaging; H&E, hematoxylin- eosin; SD,
gend, the reader is referred to the Web version of this article.

as measured by TUNEL staining. Values are means�SD. Rats were
emia at 2
by MRI a
olumes o
s than th
n volum
rct zone

p. There were significantly more TUNEL positive cells in the control

intracarotid; MSCs, mesenchymal stem cells.

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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ight specifically attract these cells. Our data indicate that
here was migration at 24 h that implantation in the injured
rea continued at 14 days in rats treated with MSCs using
he i.c. administration route, although we did not see cel-
ular migration or implantation with i.v. administration. An-
ther study has demonstrated that intra-arterial delivery
esults in a significantly larger number of neural stem cells
elivered to the ischemic brain than when using the i.v.
oute (Pendharkar et al., 2010). However, still another
tudy estimated that after i.v. administration of human
mbilical cord blood cells in MCAO rats, only 1% of the

njected cells were detected in the brain (Chen et al.,
001a) and that most of these cells had accumulated in

nternal organs such as the lungs, liver and spleen (Jin et
l., 2005; Lappalainen et al., 2008; Pendharkar et al.,

ig. 7. Immunohistochemistry and immunofluorescence of peri-infarct
0 animals in each study group. (A) There were no BrdU positive cells
ells in control and treated animals per section. There was an increase
D) Quantification data for BrdU immunopositive cells per section in the

significant decrease in BrdU-labeled cells compared to the MSCs
howing: fluorescence triple-labeling of NeuN positive neurons (green
) Confocal maximum projection showing: fluorescence triple-labeling o
one at 14 d (20�). (I) Confocal maximum projection showing: fluoresc
roup in the peri-infarct zone at 14 d (40�). (J) Confocal maximum pr
API (blue) in the i.c. MSC group in the peri-infarct zone at 14 d (63�
esenchymal stem cells; NF, Neurofilament.
010). In this study, we used a model of permanent r
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CAO, which is not as efficient for investigating recruit-
ent of MSCs from the systemic circulation as a stroke
odel allowing reperfusion would be. In our study, the

ransplanted cells probably arrived at the damaged area
ia the collateral circulation and after transendothelial
iapedesis.

Moreover, it is not possible to prove implantation of
iable cells after cell transplantation due to limitations of
he labeling technique; however we know these cells help
mprove neurological recovery.

In rodents with transient MCAO, inflammatory genes
re upregulated a few hours after insult and remain ele-
ated for days (Soriano et al., 2000; Lu et al., 2004). For
xample, IL-6 expression significantly increases in the
cute phase of cerebral ischemia (Berti et al., 2002) and

4 d after ischemia. Rats were assigned to six experimental groups with
in sections from Sham operated animals (20�). (B, C) BrdU positive
liferation in treated animals in comparison with control animals (20�).
ct zone by immunohistochemistry. Note that the control group showed
groups (* P�0.05 vs. control). (E, F) Confocal maximum projection
positive (red) and DAPI (blue) in peri-infarct zone at 14 d (40�). (G,
en), GFAP (positive astrocytes, red) and DAPI (blue) in the peri-infarct
e-labeling of CD11b/c(green), DiI (red) and DAPI (blue) in the i.c. MSC
howing: fluorescence triple-labeling of GFAP (green), BrdU (red) and
iations: DAPI, 4’,6-diamidino-2-phenylindole; i.c., intracarotid; MSCs,
zone at 1
(brown)

in cell pro
peri-infar
treated
), VEGF
f NF (gre

ence tripl
ojection s
emains elevated in neurons and reactive microglia of the

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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schemic penumbra up to 14 days after the ischemic insult
Block et al., 2000). In our study, cytokines were deter-
ined at 14 days to analyze if there had been an increase
fter insult. Stem cells are known to play a pivotal role in
he regulation of the inflammatory cascade via the produc-
ion of cytokines and growth factors and it might be ex-
ected that a cell transplant would exacerbate inflamma-
ion (England et al., 2009). The modulation of inflammatory
ytokine production could represent a mechanism for pro-
ection (Walker et al., 2010). Early inflammatory responses
ppear to contribute to ischemic injury, whereas late re-
ponses may represent endogenous recovery and repair
echanisms (Amantea et al., 2009). Interestingly, implan-

ation of MSCs into the injured brain activates resident
euronal stem cell (NSC) niches, thereby altering the in-
racerebral milieu and avoiding apoptosis caused by in-
reased IL-6 production (Walker et al., 2010).

Our results showed higher cytokine levels in the i.v.
SCs group than the i.c. MSC group at 14 days, some-

hing which may be related to a systemic reaction after
ransplantation. When we administrated the MSCs via i.c.,
ytokine levels were not elevated; however the quick func-

ig. 8. (A) Western blot analysis of VEGF at 14 d after cerebral ischem
t 14 d after focal cerebral ischemia (20�). (C) Quantification of bloo

schemia. Rats were assigned to one of four experimental groups with f
howed increased VEGF levels in the i.c. MSCs group compared to
-tubulin as a loading control) in the peri-infarct zone at 14 d. To redu

or each time point and animal. In addition, at least two or three repe
nternal standards. (B) The images showed the lectin label by immunofl
C) There were significantly more blood vessels in the treated groups
ional recovery and decreased brain damage these ani- v
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als presented were similar to those observed with i.v.
dministration of MSCs. The accumulation and increased

evels of MSCs observed in injured tissue in the i.c. treat-
ent group might explain, at least in part, these differ-
nces in cytokine levels. On the other hand, the increase in
oth IL-6 and TNF-� levels observed in the i.c. control
roup in comparison to the i.v. control group may be due to
he more invasive surgery in the former group, which would
ave produced major endothelial damage. Our data sug-
est that the liberation of cytokines does not determine the
est administration route, since we observed the same
ood neurological recovery and decreased cerebral dam-
ge using both routes.

In the present work, treatment with bone marrow-de-
ived MSCs did not reduce lesion volume. Other studies
ave reported a reduction in this parameter (Nomura et al.,
005; Horita et al., 2006; Ukai et al., 2007; Onda et al.,
008; Yoo et al., 2008), but they used different stroke
odels, times of administration or doses. In histological

ections, we observed that cerebral tissue did not present
he same degree of lesion in control as in treated groups.
lthough our results did not indicate reductions in lesion

ages of Lectin labeling in the peri-infarct zone by immunofluorescence
(lectin positive) by immunofluorescence at 14 d after focal cerebral

als in each study group. (A) Quantification of the Western blot analysis
ontrol group (* P�0.05). Representative immunoblots of VEGF (with
nces between animals, at least three Western blots were performed
ples were always included in every set of experimental samples as

nce at 14 d in the peri-infarct zone in the different study groups (20�).
he control groups (* P�0.05).
ia. (B) Im
d vessels
our anim
the i.c. c
ce differe
ated sam
olume, they did show good neurological recovery and a

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054
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eduction in the number of apoptotic cells. The tissues
ere better conserved in animals treated with MSCs, with
reduction of TUNEL and an increase in BrdU positive

ells being observing in the peri-infarct zones as compared
o control groups at 14 days.

Increasing knowledge of trophic factors could help to
lucidate the mechanisms of stem cells in the treatment of
troke. VEGF is a well-known growth factor and an impor-
ant signaling molecule involved in vasculogenesis and
ngiogenesis (Millauer et al., 1993; Dvorak, 2006), partic-
larly when expressed in the peri-infarct area (Krupinski et
l., 1994; Wei et al., 2001) because stroke induces plas-
icity changes in the surrounding tissues. Previous studies
ave suggested that VEGF expression increases in the
rst hours after ischemia in the rat model (Plate et al.,
999) and during transplantation of human bone marrow
tromal cells in MCAO rats (Chen et al., 2003) at an early
hase (Wakabayashi et al., 2010). Our results agree with
revious reports in which VEGF was observed in the peri-

nfarct zone in histological sections in control and treated
roups and quantitative analysis demonstrated an in-
rease of expression in treated groups at 14 days after
erebral ischemia.

On the basis of these results, administration of MSCs
n the acute phase could contribute to protection mecha-
isms in early stages of stroke, preventing damaged neu-
ons from undergoing cell death, and enhancing cell pro-
iferation after stroke. Our study showed that for MSCs
pparently need not cross the blood brain barrier for good
eurological recovery and decreased cerebral damage.

CONCLUSION

n conclusion, therapy with allogenic bone marrow-derived
SCs is a potentially therapeutic treatment in acute isch-
mic stroke. Both routes of hematic administration, i.v. and

ntracarotid, have demonstrated their effectiveness for pro-
oting neurological recovery and brain protection (de-

reased neuronal death and increased cell proliferation).

cknowledgments—Supported by grants from FIS 060575 and
S09/01606 (Spanish Ministry of Science) and CIDEM. Our

hanks to the Carlos III Health Institute and RENEVAS (RD07/
026/2003) (Spanish Neurovascular Network). We thank CF War-
en for her linguistic assistance.

REFERENCES

lonso de Leciñana M, Gutiérrez M, Roda JM, Carceller F, Díez-
Tejedor E (2006) Effect of combined therapy with thrombolysis and
citicoline in a rat model of embolic stroke. J Neurol Sci
247:121–129.

mantea D, Nappi G, Bernardi G, Bagetta G, Corasaniti MT (2009)
Post-ischemic brain damage: pathophysiology and role of inflam-
matory mediators. FEBS J 276(1):13–26.

vendaño C, Roda JM, Carceller F, Díez-Tejedor E (1995) Morpho-
metric study of focal cerebral ischemia in rats: a stereological
evaluation. Brain Res 673:83–92.

acigaluppi M, Pluchino S, Martino G, Kilic E, Hermann DM (2008)
Neural stem/precursor cells for the treatment of ischemic stroke.

J Neurol Sci 265:73–77.

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
erti R, Williams AJ, Moffett JR, Hale SL, Velarde LC, Elliot PJ, Yao C,
Dave JR, Tortella FC (2002) Quantitative real-time RT-PCR anal-
ysis of inflammatory gene expression associated with ischemia-
reperfusion brain injury. J Cereb Blood Flow Metab 22(9):
1068–1079.

lock F, Peters M, Nolden-Koch M (2000) Expression of IL-6 in the
ischemic penumbra. Neuroreport 11:963–967.

hen J, Sanberg PR, Li Y, Wang L, Lu M, Willing AE, Sanchez-Ramos
J, Chopp M (2001a) Intravenous administration of human umbilical
cord blood reduces behavioral deficits after stroke in rats. Stroke
32:2682–2688.

hen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M (2001b)
Therapeutic benefit of intravenous administration of bone marrow
stromal cells after cerebral ischemia in rats. Stroke 32:1005–1011.

hen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC, Lu M, Zhu Z,
Chopp M (2003) Intravenous administration of human bone mar-
row stromal cells induces angiogenesis in the ischemic boundary
zone after stroke in rats. Circ Res 92(6):692–699.

hen ST, Hsu CY, Hogan EL, Maricq H, Balentine JD (1986) A model
of focal ischemic stroke in the rat: reproducible extensive cortical
infarction. Stroke 17:738–743.

hopp M, Li Y (2002) Treatment of neural injury with marrow stromal
cells. Lancet Neurol 1:92–100.

eng YB, Ye WB, Hu ZZ, Yan Y, Wang Y, Takon BF, Zhou GQ, Zhou
YF (2010) Intravenously administered BMSCs reduce neuronal
apoptosis and promote neuronal proliferation through the release
of VEGF after stroke in rats. Neurol Res 32(2):148–156.

vorak H (2006) Discovery of vascular permeability factor (VPF). Exp
Cell Res 312:522–526.

glitis MA, Dawson D, Park KW, Mouradian MM (1999) Targeting of
marrow-derived astrocytes to the ischemic brain. Neuroreport
10:1289–1292.

ngland T, Martin P, Bath PM (2009) Stem cells for enhancing recov-
ery after stroke: a review. Int J Stroke 4(2):101–110.

utierrez M, Merino J, Alonso de Leciñana M, Díez-Tejedor E (2009)
Cerebral protection, brain repair and cell therapy in ischemic
stroke. Cerebrovasc Dis 27 (Suppl 1):177–186.

acke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti D,
Larrue V, Lees KR, Medeghri Z, Machnig T, Schneider D, von
Kummer R, Wahlgren N, Toni D, ECASS Investigators (2008)
Thrombolysis with alteplase 3 to 4.5 hours after acute ischemic
stroke. N Engl J Med 359:1317–1329.

orita Y, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD
(2006) Intravenous administration of glial cell line-derived neuro-
trophic factor gene-modified human mesenchymal stem cells pro-
tects against injury in a cerebral ischemia model in the adult rat.
J Neurosci Res 84:1495–1504.

in K, Minami M, Lan JQ, Mao XO, Batteur S, Simon RP, Greenberg
DA (2001) Neurogenesis in dentate subgranular zone and rostral
subventricular zone after focal cerebral ischemia in the rat. Proc
Natl Acad Sci USA 98:4710–4715.

in K, Sun Y, Xie L, Mao XO, Childs J, Peel A, Logvinova A, Banwait
S, Greenberg DA (2005) Comparasion of ischemia-directed migra-
tion of neural precursor cells after intrastrial, intraventricular, or
intravenous transplantation in the rat. Neurobiol Dis 18:366–374.

rupinski J, Kaluza J, Kumar P, Kumar S, Wang JM (1994) Role of
angiogenesis in patients with cerebral ischemic stroke. Stroke
25(9):1794–1798.

appalainen RS, Narkilathi S, Huhtala T, Liimatainen T, Suuronen T,
Närvänen A, Suuronen R, Hovatta O, Jolkkonen J (2008) The
SPECT imaging shows the accumulation of neural progenitor cells
into internal organs after systemic administration in middle cerebral
artery occlusion rats. Neurosci Lett 440:246–250.

i Y, Chopp M (2009) Marrow stromal cell transplantation in stroke and
traumatic brain injury. Neurosci Lett 456:120–123.

iu TH, Beckman JS, Freeman BA, Hogan EL, Hsu CY (1989) Poly-
ethylene glycol-conjugated superoxide dismutase and catalase

reduce ischemic brain injury. Am J Physiol 256:H589–H593.

tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054



L

L

M

M

N

O

P

P

P

R

S

S

S

S

U

V

W

W

W

W

W

Y

Y

M. Gutiérrez-Fernández et al. / Neuroscience xx (2010) xxx12
o EH, Dalkara T, Moskowitz MA (2003) Mechanisms, challenges and
opportunities in stroke. Nat Rev Neurosci 4:399–415.

u XC, Williams AJ, Yao C, Berti R, Hartings JA, Whipple R, Vahey
MT, Polavarapu RG, Woller KL, Tortella FC, Dave JR (2004)
Microarray analysis of acute and delayed gene expression profile
in rats after focal ischemic brain injury and reperfusion. J Neurosci
Res 77:843–857.

ajumdar MK, Thiede MA, Mosca JD, Moorman M, Gerson SL (1998)
Phenotypic and functional comparison of cultures of marrow-de-
rived mesenchymal stem cells (MSCs) and stromal cells. J Cell
Physiol 176(1):57–66.

illauer B, Wizigmann-Voos S, Schnürch H, Martinez R, Møller NP,
Risau W, Ullrich A (1993) High affinity VEGF binding and devel-
opmental expression suggest Flk-1 as a major regulator of vascu-
logenesis and angiogenesis. Cell 72(6):835–846.

omura T, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD
(2005) I.V. infusion of brain-derived neurotrophic factor gene-mod-
ified human mesenchymal stem cells protects against injury in a
cerebral ischemia model in adult rat. Neuroscience 136:161–169.

nda T, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD
(2008) Therapeutic benefits by human mesenchymal stem cells
(hMSCs) and Ang-1-gene modified hMSCs after cerebral isch-
emia. J Cereb Blood Flow Metab 28:329–340.

endharkar AV, Chua JY, Andres RH, Wang N, Gaeta X, Wang H, De
A, Choi R, Chen S, Rutt BK, Gambhir SS, Guzman R (2010)
Biodistribution of neural stem cells after intravascular therapy for
hypoxic-ischemia. Stroke 41(9):2064–2070.

late KH, Beck H, Danner S, Allegrini PR, Wiessner C (1999) Cell type
specific upregulation of vascular endothelial growth factor in an
MCA-occlusion model of cerebral infarct. J Neuropathol Exp Neu-
rol 58(6):654–666.

rockop DJ, Azizi SA, Colter D, Digirolamo C, Kopen G, Phinney DG
(2000) Potential use of stem cells from bone marrow to repair the
extracellular matrix and the central nervous system. Biochem Soc
Trans 28:341–345.

ogers DC, Campbell CA, Stretton JL, Mackay KB (1997) Correlation
between motor impairment and infarct volume after permanent and
transient middle cerebral artery occlusion in the rat. Stroke
28:2060–2066.

eshi B, Kumar S, Sellers D (2000) Human bone marrow stromal cell:
coexpression of markers specific for multiple mesenchymal cell
lineages. Blood Cells Mol Dis 26(3):234–246.

hen LH, Li Y, Chen J, Cui Y, Zhang C, Kapke A, Lu M, Savant-

Bhonsale S, Chopp M (2007) One-year follow-up after bone mar-

Please cite this article in press as: Gutiérrez-Fernández M, et al., Func
enchymal stem cells in acute ischemic stroke in rats, Neuroscience (20
row stromal cell treatment in middle-aged female rats with stroke.
Stroke 38:2150–2156.

hen LH, Li Y, Chen J, Zhang J, Vanguri P, Borneman J, Chopp M
(2006) Intracarotid transplantation of bone marrow stromal cells
increases axon-myelin remodeling after stroke. Neuroscience
137:393–399.

oriano MA, Tessier M, Certa U, Gil R (2000) Parallel gene expression
monitoring using oligonucleotide probe arrays of multiple tran-
scripts with an animal model of focal ischemia. J Cereb Blood Flow
Metab 20:1045–1055.

kai R, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD (2007)
Mesenchymal stem cells derived from peripheral blood protects
against ischemia. J Neurotrauma 24(3):508–520.

an Velthoven CTJ, Kavelaars A, van Bel F, Heijnen CJ (2009)
Regeneration of the ischemic brain by engineered stem cells:
fuelling endogenous repair processes. Brain Res Rev 61(1):1–13.

akabayashi K, Nagai A, Sheikh AM, Shiota Y, Narantuya D, Wa-
tanabe T, Masuda J, Kobayashi S, Kim SU, Yamaguchi S (2010)
Transplantation of human mesenchymal stem cells promotes func-
tional improvement and increased expression of neurotrophic fac-
tors in a rat focal cerebral ischemia model. J Neurosci Res
88(5):1017–1025.

alczak P, Zhang J, Gilad AA, Kedziorek DA, Ruiz-Cabello J, Young
RG, Pittenger MF, van Zijl PC, Huang J, Bulte JW (2008) Dual-
modality monitoring of targeted intraarterial delivery of mesenchy-
mal stem cells after transient ischemia. Stroke 39(5):1569–1574.

alker PA, Harting MT, Jimenes F, Shah SK, Pati S, Dash PK, Cox
CS Jr (2010) Direct intrathecal implantation of mesenchymal stro-
mal cells leads to enhanced neuroprotection via an NFkappaB-
mediated increase in interleukin-6 production. Stem Cells Dev
19(6):867–876.

ei L, Erinjeri JP, Rovainen CM, Woolsey TA (2001) Collateral growth
and angiogenesis around cortical stroke. Stroke 32(9):2179–2184.

islet-Gendebien S, Bruyere F, Hans G, Leprince P, Moonen G,
Rogister B (2004) Nestin-positive mesenchymal stem cells favour
the astroglial lineage in neural progenitors and stem cells by re-
leasing active BMP4. BMC Neurosci 5:33.

agita Y, Kitagawa K, Ohtsuki T, Takasawa K, Miyata T, Okano H,
Hori M, Matsumoto M (2001) Neurogenesis by progenitor cells in
the ischemic adult rat hippocampus. Stroke 32:1890–1896.

oo SW, Kim SS, Lee SY, Lee HS, Kim HS, Lee YD, Suh-Kim H
(2008) Mesenchymal stem cells promote proliferation of endoge-
nous neural stem cells and survival of newborn cells in a rat stroke

model. Exp Mol Med 40:387–397.
(Accepted 27 November 2010)
tional recovery after hematic administration of allogenic mes-
10), doi: 10.1016/j.neuroscience.2010.11.054


	FUNCTIONAL RECOVERY AFTER HEMATIC ADMINISTRATION OF ALLOGENIC MESENCHYMAL STEM CELLS IN ACUTE ISCHEMIC STROKE IN RATS
	EXPERIMENTAL PROCEDURES
	Isolation of mesenchymal stem cells
	Subjects
	Experimental groups
	Surgical procedure
	Physiological monitoring
	Cell transplantation
	In vivo analyses
	Neurological evaluation scales
	Migration and implantation of stem cells by MRI
	Determination of TNF-alpha and IL-6 levels
	Measurement of volume of ischemic lesion by MRI

	Post-mortem analyses
	Migration and implantation of stem cells by DiI
	Measurement of volume of ischemic lesion by H&E
	Labeling of neuronal cell death: apoptosis

	Immunohistochemistry and immunofluorescence
	Western blot
	Statistical analysis

	RESULTS
	Neurological evaluation scales
	Migration and implantation of stem cells
	Determination of TNF-alpha and IL-6 levels
	Measurement of lesion size and the volume of the ischemic lesions
	Labeling of neuronal cell death: apoptosis
	Immunohistochemistry and immunofluorescence
	Quantification of VEGF and blood vessels

	DISCUSSION
	CONCLUSION
	Acknowledgments
	REFERENCES


