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Intracerebral injection of human mesenchymal
stem cells impacts cerebral microvasculature
after experimental stroke: MRI study
Anaïck Moisana,b,c*, Nicolas Pannetiera,b, Emmanuelle Grillona,b,
Marie-Jeanne Richardc,d,e, Florence de Fraipontd,e, Chantal Rémya,b,
Emmanuel L. Barbiera,b and Olivier Detantea,b,f
Stroke, the leading cause of disability, lacks treatment beyond thrombolysis. The acute injection of human mesenchymal stem cells (hMSCs) provides a beneﬁt which could be mediated by an enhancement of angiogenesis. A clinical
autologous graft requires an hMSC culture delay incompatible with an acute administration. This study evaluates the
cerebral microvascular changes after a delayed injection of hMSCs. At day 8 after middle cerebral artery occlusion
(MCAo), two groups of rats received an intracerebral injection in the damaged brain of either 10 mL of cell suspension
medium (MCAo-PBS, n = 4) or 4  105 hMSCs (MCAo-hMSC, n = 5). Two control groups of healthy rats underwent the
same injection procedures in the right hemisphere (control-PBS, n = 6; control-hMSC, n = 5). The effect of hMSCs on
the microvasculature was assessed by MRI using three parameters: apparent diffusion coefﬁcient (ADC), cerebral blood
volume (CBV) and vessel size index (VSI). At day 9, eight additional rats were euthanised for a histological study of the
microvascular parameters (CBV, VSI and vascular fraction). No ADC difference was observed between MCAo groups. One
day after intracerebral injection, hMSCs abolished the CBV increase observed in the lesion (MCAo-hMSC: 1.7  0.1%
versus MCAo-PBS: 2.2  0.2%) and delayed the VSI increase (vasodilation) secondary to cerebral ischaemia. Histological
analysis at day 9 conﬁrmed that hMSCs modiﬁed the microvascular parameters (CBV, VSI and vascular fraction) in the
lesion. No ADC, CBV or VSI differences were observed between control groups. At the stroke post-acute phase, hMSC
intracerebral injection rapidly and transiently modiﬁes the cerebral microvasculature. This microvascular effect can
be monitored in vivo by MRI. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION
Stroke is the leading cause of disability (1). Ischemic stroke (80% of
cases) occurs when arterial blood ﬂow is interrupted and leads to
an enhancement of blood vessel growth in order to ensure the
metabolic demand. Beyond the narrow time window open for
thrombolysis, only rehabilitation is effective. To reduce post-stroke
handicap, cell therapy has recently emerged as a ‘regenerative
treatment’ (2,3). Human mesenchymal stem cells (hMSCs) are
nonhaematopoietic stromal cells, poorly immunogenic (4), that
can be expanded in culture and administered under autologous
conditions. They differentiate into several cell types, including
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neurons (5). Moreover, after systemic infusion, hMSCs are capable
of homing to injured tissues (6). Pilot clinical trials suggest a good
tolerance and a beneﬁt of the intravenous injection of autologous
hMSCs in patients after stroke (7–9).
In rodent models, functional beneﬁt of hMSCs has been
reported in two studies after intravenous injection at 3 h after
stroke (10,11), in four studies at 6 h (12–15) and in six studies
at 1 day (11,12,16–19). Only one study reported a beneﬁt and a
reduced infarct size after intracerebral injection at the subacute
stage (at 7 days) (20). The mechanisms by which hMSCs beneﬁt
after stroke are not well understood. Angiogenesis could be
one of them. Indeed, the increase in cerebral blood ﬂow (CBF)
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that occurs within 1–2 weeks after stroke has been reported to
be essential for oxygenation and nutriment support (21,22).
Moreover, the number of new blood vessels in the lesion seems
to be correlated with a longer survival in humans (23). In animals,
angiogenesis and CBF enhancement seem to be correlated with
functional beneﬁt (11,13,14). In rats, several studies have
supported the idea that hMSCs administered within 1 day after
stroke enhance angiogenesis and vascular maturation after
cerebral ischaemia (12–14,17). These studies showed increased
angiogenesis using ex vivo techniques and in vivo using perfusion
MRI (13,14). MRI showed a CBF increase 7 days after cerebral
ischaemia (hMSCs being injected 6 h after occlusion) (13); CBF
was further enhanced when hMSCs were transfected with vascular endothelial growth factor and angiopoietine-1 genes (14).
However, in all of these studies, the delay between the lesion
and the intravenous hMSC injection was too short to be compatible with a clinical autologous application which requires an
ex vivo cell culture delay. The aim of this study was to prove
the signiﬁcant effect of hMSCs on the cerebral microvasculature
after injection at the subacute stage of stroke (8 days). hMSCs
were injected intracerebrally, ﬁrst to avoid the ﬁrst-pass trapping
of cells, particularly in lungs (6), thus limiting the loss of cells,
and, second, to ensure the presence of cells in brain parenchyma. To obtain a longitudinal follow-up, we chose MRI. Indeed,
MRI has recently been used by Lin et al. (24) to describe the
cerebral vasculature using the cerebral blood volume (CBV) and
the perfused vessel diameter (vessel size index, VSI) after cerebral ischaemia in rats during 21 days. In this study, we monitored
CBV and VSI during 21 days in a rat model of stroke treated by an
intracerebral injection of hMSCs 8 days after the lesion.

MATERIALS AND METHODS
Our protocol was approved by the local ethics committee. All
animal procedures conformed strictly to French government
guidelines and were performed under permit nos. 380806
(for OD) and A3851610008 (for experimental and animal care
facilities) from the French Ministry of Agriculture. Anaesthesia
was induced by the inhalation of 5% isoﬂurane (Abbott
Scandinavia AB, Solna, Sweden) in 30% O2 in air, and maintained
throughout all surgical and imaging procedures with 2–2.5%
isoﬂurane through a facial mask.

Middle cerebral artery occlusion (MCAo) model
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hMSCs were used to be consistent with an ongoing clinical trial.
The use of hMSCs in rats was made possible because of their
poor immunogenicity (4).
hMSCs were isolated from bone marrow aspirate from healthy
donors who gave consent. Culture procedures were conducted
according to previously described methods (26,27) and hMSCs
were harvested after two passages.
We employed a routinely used procedure for intracerebral
injection with ﬁxed external stereotaxic coordinates that
allowed the implantation of tumor cells with reproducible locations. Two sites of injection were used in order to further
optimise the distribution of hMSCs in the lesion. Rats were
maintained in a stereotaxic frame. A hole was drilled in the
skull above the right striatum (3 mm right from the bregma).
A 10-mL Hamilton syringe was ﬁlled with 10 mL of phosphatebuffered saline (PBS)–glutamine alone or 4  105 hMSCs in
10 mL PBS–glutamine, and was slowly pulled down: 5 mL
were injected (2 mL/min) at 6 mm depth below the bregma
(striatum) and, after a 3-min delay, 5 mL were injected at 3 mm
depth below the bregma (cortex). No immunosuppressants
were used.
Twenty Sprague Dawley male rats (Janvier, Le Genest-St-Isle,
France), weighing 250–300 g, were stratiﬁed on the MRImeasured lesion volume to obtain similar average lesion
volumes between groups, and were randomly allocated into four
groups: group 1, rats underwent MCAo at day 0 (D0) and, at
D8, received a 10-mL PBS–glutamine intracerebral injection
(MCAo-PBS, n = 4); group 2, rats underwent MCAo at D0 and, at
D8, received an intracerebral injection of 4  105 hMSCs
(MCAo-hMSC, n = 5); group 3, healthy rats received PBS–
glutamine intracerebral injection (control-PBS, n = 5); group 4,
healthy rats received hMSC intracerebral injection (controlhMSC, n = 6). In a separate experiment, eight additional rats were
euthanised at D9 for immunohistological study (MCAo-PBS, n = 4;
MCAo-hMSC, n = 4). The experimental design of the study is
presented in Fig. 1a.

In vivo MRI experiments
All groups were followed by MRI (7 T, Bruker Avance III
(Wissenbourg, France), Preclinical MRI Facility of Grenoble)
for 21 days (Fig. 1b).
A T2-weighted sequence (TR/TE = 2500/60 ms; voxel size,
234  234  1000 mm3) was acquired at D1, D7, D9, D14 and D21
to measure the lesion volume. The apparent diffusion coefﬁcient
(ADC) was mapped (spin echo planar imaging; TR/TE = 3000/29 ms;
b = 900 s/mm²; voxel size, 234  234  1000 mm3) for the three
principal directions.
CBV and VSI (perfused vessel diameter) were measured at D7,
D9, D14 and D21. CBV and VSI values were obtained using a
steady-state approach (i.e. before and after contrast agent
injection) (28,29). Brieﬂy, a multi-gradient echo spin echo
sequence (TR/TE = 4000/40 ms; seven echoes from 2.3 to 15.6 ms;
voxel size, 234  234  1000 mm3; seven slices) was acquired, before
and 2 min after intravenous injection (tail vein) of an intravascular
iron-based contrast agent [ultrasmall superparamagnetic iron
particles (USPIO; SineremW, Guerbet, Roissy, France; CombidexW,
AMAG Pharmaceuticals, Inc., Lexington, MA, USA; 200mmol iron/kg
body weight).

Copyright © 2012 John Wiley & Sons, Ltd.
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Transient focal brain ischaemia was induced by intraluminal
occlusion of the right MCA (25). Brieﬂy, the right carotid arterial
tree was isolated. A cylinder of melted adhesive (length, 2 mm;
diameter, 0.38 mm) attached to a nylon thread (diameter, 0.22 mm)
was advanced from the lumen of the external carotid artery into
the internal carotid artery up to 5 mm after the external skull base.
After 90 min of occlusion, rats were re-anaesthetised and the
thread was removed. The rectal temperature was monitored and
maintained at 37.0  0.5  C.
MCAo rats were awakened and tested for spontaneous circling
and forelimb ﬂexion during the occlusion period, and exhibited
neurological deﬁcits as a consequence of the ongoing cerebral
ischaemia. Control rats showed no sign of deﬁcit.

Intracerebral administration of hMSCs and
experimental groups

A. MOISAN ET AL.

Figure 1. (a) Experimental protocol. At day zero (D0), nine rats underwent middle cerebral artery occlusion (MCAo) surgery with a 90-min occlusion
and 11 rats did not undergo any surgery (control). At D8, animals were randomised and stratiﬁed into two MCAo groups with similar mean lesion
volumes and two control groups. At D8, MCAo-PBS and control-PBS groups received an intracerebral (IC) injection of 10 mL of PBS–glutamine
(cell suspension medium). At D8, MCAo-hMSC and control-hMSC groups received an IC injection of 4  105 human mesenchymal stem cells (hMSCs).
All rats were imaged at each time point (D1, D7, D9, D14 and D21). Additional animals were killed at D9 for additional ex vivo experiments. (b) Diagram
of the MRI session. ADC, apparent diffusion coefﬁcient; CBV, cerebral blood volume; MGESE, multi-gradient echo spin echo; PBS, phosphate-buffered
saline; T2w, T2-weighted; VSI, vessel size index.

Immunohistology
Brains were removed, frozen and stored at 80  C. Frozen brain
tissue was cut with a cryostat (thickness, 10 mm). Eight coronal
slices were generated per animal around the injection site. Slices
were then incubated overnight at 4  C with primary antibodies,
washed with PBS and incubated (1 h) at room temperature with
secondary antibodies.
Blood vessel quantiﬁcation was performed using a primary antibody against endothelial cells (RecA, Serotec, Oxford, UK; 1 : 200)
and an Alexa 488-linked donkey anti-mouse immunoglobulin G
(Invitrogen, Eugene, OR, USA; 1 : 500). To identify human cells colocalised with blood vessels, double staining was employed. An
antibody against human nuclei (HuNu, Abcys, Paris, France;
1 : 1000) and an antibody against von Willebrand factor (vWF,
DakoCytomation, Glostrup, Denmark; 1 : 500) were used. An Alexa
488-linked donkey anti-mouse immunoglobulin G (Invitrogen;
1 : 500) and a rhodamine-conjugated donkey anti-rabbit immunoglobulin G (Jackson Laboratories, West Grove, PA, USA; 1 : 200)
were used, respectively, for double-label-immunoreactivity.
Images were obtained using epiﬂuorescence microscopy (Nikon
Eclipse E600, Tokyo, Japan) and a CCD camera (Olympus,
Rungis, France).
Data analysis

identiﬁed as the hyperintense area on contrast-optimised
T2-weighted images as proposed previously (30). The lesion was
manually delineated consistently with neuroanatomy (e.g. excluding ventricles and/or small bleeding) and previous and next slices
(12 slices in total). After delineation, the concordance of the
delineated lesion with the ADC map was checked [lesion region
of interest (ROI), Fig. 2b]. Lesion volumes were computed by adding
the lesion areas of each slice. In control groups, ipsilateral ROIs
were drawn in order to obtain a volume equal to the mean of all
MCAo group lesion volumes for the corresponding MRI session.
ADC values were measured in each ROI (seven slices per brain).
Changes in transverse relaxation rates caused by USPIO (ΔR2*
and ΔR2) were obtained from gradient echo and spin echo
signals acquired before and after USPIO injection. We used a
ﬁxed Δw (0.191 ppm) and computed CBV and VSI maps as
described by Tropres et al. (28). Mean CBV (%) and VSI (mm)
values were then measured in ROIs.
To control the quality of CBV and VSI measurements over time,
CBV and VSI were also estimated in the masseter muscle of each
animal. To avoid any bias caused by the variability associated
with the amount of injected USPIO, CBV and VSI values obtained
from the brain were normalised by the CBV and VSI values
measured in the masseter muscle, a reference used in perfusion
studies (31,32). These ratios (further denoted as rCBV and rVSI)
were calculated for each animal and each MRI session.

MRI maps
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All maps were computed using a program developed in our
laboratory within Matlab (MathWorks, Natick, MA, USA). For
each rat at each MRI session, the whole ischaemic lesion was

wileyonlinelibrary.com/journal/nbm

Quantitative histology
Quantitative analysis of blood vessels at D9 after MCAo was
performed on RecA-immunostained sections (MCAo-PBS, n = 4;
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Figure 2. (a) Lesion volume over time in the MCAo-PBS
and MCAo-hMSC
groups (mean  standard error of the mean).
(b) T2-weighted maps from representative rats in the MCAo-PBS and MCAo-hMSC groups from D1 to D21. Example of lesion region of interest
(ROI) delineated on T2-weighted maps. hMSC, human mesenchymal stem cell; L, left hemisphere; MCAo, middle cerebral artery occlusion; PBS,
phosphate-buffered saline; R, right hemisphere.

MCAo-hMSC, n = 4). Owing to considerable necrosis in the lesion,
only striatal ROIs were acceptable for immunohistological analysis.
Sections (one ROI/787.1  588.2 mm2; eight slices/animal; Fig. 6a)
were digitised using a CCD camera (Olympus). RecA images
were binarised (threshold manually deﬁned) and vascular
parameters [vascular fraction (%), mean vessel radius (r) and mean
vessel length (h)] were obtained using ImageJ software (Rasband,
WS; ImageJ, National Institutes of Health, Bethesda, MD, USA).
To allow comparison between MRI data and histological data,
VSIhisto (mm) and CBVhisto (%) data were computed as described
by Tropres et al. (33).
Statistical analysis
Results are expressed as the mean  standard error of the mean
or mean  standard deviation. Between-group comparison was
performed using unpaired t-test after checking the variance
homogeneity (Levene’s test). Paired t-test was used for withingroup comparison. In case of inhomogeneity of variance, a
Mann–Whitney test was employed and its use is mentioned in
the Results section. p < 0.05 was considered to be signiﬁcant.

RESULTS

Evolution of MRI cerebral vascular parameters

No difference in weight was observed during the 21-days follow-up
between hMSC-treated groups (MCAo-hMSC and control-hMSC)
and PBS–glutamine groups (MCAo-PBS and control-PBS) (not
shown). No adverse effect was observed in the daily behaviour of
hMSC-treated animals.
Lesion volume and oedema follow-up

CBV
We noted no rCBV difference between control-PBS and controlhMSC groups (mean rCBV, 1.0  0.1). At D7, no rCBV difference
was observed between MCAo-PBS and MCAo-hMSC groups,
demonstrating the homogeneity of the groups before treatment.
In the MCAo-PBS group, rCBV in the lesion was higher than in
control groups at D9, D14 and D21, with a peak at D9, and
decreased between D14 and D21 (D7 versus D9: 1.3  0.3 versus
2.2  0.2, p = 0.018; D14 versus D21: 2.1  0.3 versus 1.5  0.3,
p = 0.008). In the MCAo-hMSC group, rCBV in the lesion was also

Copyright © 2012 John Wiley & Sons, Ltd.
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MCAo groups (MCAo-PBS, MCAo-hMSC) exhibited a similar initial
lesion volume (D1, 187  195 mm3 versus 189  199 mm3) and a
similar evolution of the lesion volume during 3 weeks (Fig. 2).

NMR Biomed. 2012; 25: 1340–1348

The lesion locations were similarly shared between the MCAoPBS and MCAo-hMSC groups (MCAo-PBS, three cortico-striatal
lesions and one striatal lesion; MCAo-hMSC, three cortico-striatal
lesions and two striatal lesions). We did not observe any pure
cortical lesion. As a result of the spatial resolution used in MRI,
the needle path was almost never detectable.
We noted no difference in ADC between control-PBS and
control-hMSC groups (Fig. 3). Ipsilateral ADC was lower at D1
for MCAo-PBS and MCAo-hMSC groups than for control groups
[582  191 mm2/s (Mann–Whitney) and 582  38 mm2/s versus
835  58 mm2/s]. Ipsilateral ADC was higher at D14 and D21 for
the MCAo-PBS group than for the control-PBS group (D14:
1059  223 mm2/s versus 724  63 mm2/s, p = 0.014; D21:
1182  221 mm2/s versus 806  68 mm2/s, p = 0.008). This
conﬁrms the presence of cytotoxic oedema at the acute stage
of stroke, which gradually switches through vasogenic oedema
at the later stage of stroke.
No ADC difference was observed between MCAo-PBS and
MCAo-hMSC groups at D9, D14 and D21 (D9: 824  233 mm2/s versus
763  130 mm2/s; D14: 1059  223 mm2/s versus 1188  522 mm2/s;
D21: 1182  221 mm2/s versus 1336  593 mm2/s) (Fig. 3).

A. MOISAN ET AL.

Figure 3. Apparent diffusion coefﬁcient (ADC) over time after transient cerebral ischaemia and human mesenchymal stem cell (hMSC) intracerebral
injection. (a) Quantitative analysis of ADC over time in the MCAo-hMSC, MCAo-PBS, control-hMSC and control-PBS groups in the ispilateral hemisphere
(mean  standard deviation). Differences between middle cerebral artery occlusion (MCAo) and control animals were signiﬁcant at *p < 0.05 (t-test),

p < 0.05 (Mann–Whitney) and **p < 0.01 (t-test) levels. (b) ADC maps from representative rats in the MCAo-hMSC, MCAo-PBS, control-hMSC and
control-PBS groups from D1 to D21. L, left hemisphere; PBS, phosphate-buffered saline; R, right hemisphere.

higher than in control groups at D9, D14 and D21 without
any peak at D9 and without a decrease between D14 and D21
(D7 versus D9: 1.4  0.2 versus 1.7  0.1, p = 0.146; D14 versus
D21: 1.7  0.2 versus 1.6  0.1, p = 0.390). At D9, rCBV was higher
in the MCAo-PBS group than in the MCAo-hMSC group
(2.2  0.2% versus 1.7  0.1%, p = 0.002). At other time points,
rCBV in the lesion was similar between the MCAo-PBS and
MCAo-hMSC groups (Fig. 4).
VSI
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We noted no difference in rVSI between control-PBS and controlhMSC groups (mean rVSI, 1.5  0.2). At D7, no rVSI difference was
observed between MCAo-PBS and MCAo-hMSC groups, demonstrating the homogeneity of the groups before treatment. At all
time points, in the MCAo-PBS group, rVSI in the lesion was higher
than in control groups with an increase at D9 (D7 versus D9:
2.9  0.6 versus 4.0  0.3, p = 0.045), which was still visible at
D14 and D21 [MCAo-PBS versus control at D7 (Mann–Whitney):
2.9  0.6 versus 1.5  0.3, p = 0.016; D9: 4.0  0.3 versus 1.6  0.2,
p < 0.001; D14 (Mann–Whitney): 3.8  0.8 versus 1.5  0.1,
p = 0.01; D21 (Mann–Whitney): 3.2  1.0 versus 1.5  0.2,
p = 0.039). At all time points, rVSI in the lesion was higher in
the MCAo-hMSC group than in control groups, with an increase
between D9 and D14 which remained stable afterwards (D9
versus D14: 2.9  0.5 versus 3.9  0.7, p = 0.007). At D9, rVSI in

wileyonlinelibrary.com/journal/nbm

the lesion was higher in the MCAo-PBS group than in the
MCAo-hMSC group (4.0  0.3 versus 2.9  0.5, p =0.003). At other
time points, rVSI was similar between these two groups (Fig. 5).

Histological vascular parameters
At D9, CBVhisto, VSIhisto and the total vascular fraction in the lesion
were higher in the MCAo-PBS group than in the MCAo-hMSC
group (CBVhisto: 8.1  2.3% versus 5.6  1.8%, p < 0.001; VSIhisto:
4.2  0.6 mm versus 3.9  0.5 mm, p = 0.001; total vascular
fraction: 4.4  0.9% versus 3.3  0.8%, p < 0.001) (Fig. 6b–d). The
CBVhisto and CBVMRI results were closely similar in MCAo-PBS and
MCAo-hMSC groups (CBVhisto versus CBVMRI: 8.1  2.3% versus
6.3  0.7%; 5.6  1.8% versus 4.7  0.1%). VSIhisto was four times
smaller than VSIMRI in the MCAo-PBS and MCAo-hMSC groups
(VSIhisto versus VSIMRI in the MCAo-PBS group: 4.4  0.9 mm versus
16.3  1.0mm; in the MCAo-hMSC group: 3.9  0.5 mm versus
11.5  1.4 mm).
The presence of a few human cells in the injected hemisphere
was conﬁrmed in the MCAo-hMSC group (Fig. 6f). No human cells
were observed in groups that received an intracerebral administration of PBS (MCAo-PBS and control-PBS) (Fig. 6f). Human cells
were preferentially found along ventricles and appeared around
blood vessels (Fig. 7). In the lesion of hMSC-treated groups, a
few human nuclei colocalised with endothelial cells.

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 4. Effect of phosphate-buffered saline (PBS) and human mesenchymal stem cell (hMSC) intracerebral (IC) injection on the cerebral blood
volume ratio (rCBV) after focal cerebral ischaemia. (a) Quantitative analysis over time of rCBV in MCAo-hMSC and MCAo-PBS groups (mean
standard deviation). Differences between middle cerebral artery occlusion (MCAo) and control animals were signiﬁcant at the *p < 0.05 (t-test) and
**p < 0.01 (t-test) levels. Differences between MCAo-hMSC and MCAo-PBS were signiﬁcant at the $p < 0.01 (t-test) level. (b) CBV maps (%) from representative rats after hMSC or PBS–glutamine intracerebral injection from D7 to D21. L, left hemisphere; R, right hemisphere.

DISCUSSION

NMR Biomed. 2012; 25: 1340–1348
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After stroke, the microvascular characteristics of the lesion
evolve. Our study shows that a delayed injection of hMSCs
impacts this evolution of the microvasculature. To characterise
this effect, we used in vivo MRI and ex vivo histology. Both
approaches yield consistent results, despite a difference in absolute values between MRI and histology. This difference may be
ascribed to numerous factors which have been discussed extensively in previous studies (28,29,31). MRI values obtained in
control brains without lesions are comparable with those
obtained previously in rat brain (31,34,35).
In the lesion of the MCAo-PBS group, rCBV was larger than in
control animals with a peak at D9, and then decreased. rVSI
was higher than in control animals at D7 and peaked at D9.
Lin et al. (24,36) reported a similar trend using a three-vessel
occlusion model (cortical lesions) but with earlier peaks (D3
and D7) in CBV and VSI. To evaluate the impact of the intracerebral injection procedure, we performed a sham experiment in
four MCAo animals without any intracerebral injection. The
evolution of rCBV and rVSI was similar to that observed after
intracerebral injection of PBS (data not shown). This result indicates that the changes in microvascular parameters observed
in the MCAo-PBS group cannot be ascribed to the intracerebral
injection procedure, but are a normal evolution after transient
cerebral ischaemia.

Our study demonstrates that the delayed intracerebral injection of hMSCs impacts the microvascular evolution after
transient ischaemia. It would have been of interest to evaluate
the functional beneﬁt of hMSCs delivered intracerebrally.
However, the objective of our study was to determine the effect
of hMSCs on the evolution of the cerebral microvasculature after
MCAo, based on the previously reported beneﬁt of hMSCs delivered intracerebrally (20). When intravenously administered,
hMSCs have been found to improve behavioural performance
whatever the timing of cell injection after stroke. Chen et al. (5)
reported a similar functional beneﬁt (35 days after MCAo) of
MSCs injected intravenously at 1 and 7 days after MCAo. According to Komatsu et al. (37), the intravenous administration of
MSCs at 7 days, 14 days or 1 month after cerebral infarction
results in an improvement in behavioural performance after
3 months, with no difference between the three timings of
injection.
If the timing of injection does not inﬂuence the beneﬁt
of MSCs, the mechanisms involved might differ between
early and delayed injection of cells, in line with the fact that
hMSCs are well known to be regulated by their microenvironment (38).
When hMSCs are injected at the acute phase of stroke (6 h or
1 day), several studies have reported an improvement in CBF or
an enhancement of angiogenesis. These studies used either perfusion MRI for 7 days (13,14) or in vitro techniques for 14 days

A. MOISAN ET AL.

Figure 5. Effect of phosphate-buffered saline (PBS) and human mesenchymal stem cell (hMSC) intracerebral (IC) injection on the vessel size index ratio
(rVSI) after focal cerebral ischaemia. (a) Quantitative analysis over time of rVSI in MCAo-hMSC and MCAo-PBS groups (mean  standard deviation).
Differences between middle cerebral artery occlusion (MCAo) and control animals were signiﬁcant at the *p < 0.05 (t-test),  p < 0.05 (Mann–Whitney),
**p < 0.01 (t-test) and  p < 0.01 (Mann–Whitney) levels. Differences between MCAo-hMSC and MCAo-PBS were signiﬁcant at the $p < 0.01 (t-test) level.
(b) VSI maps from representative rats after hMSC or PBS–glutamine intracerebral injection from D7 to D21. L, left hemisphere; R, right hemisphere.

Figure 6. Histological vascular parameters at day 9 (D9). (a) Region of interest for vascular parameter measurement. Quantitative analysis of:
(b) CBVhisto (%); (c) vascular fraction (%); (d) VSIhisto (mm) in the MCAo-hMSC
and MCAo-PBS
groups. **p < 0.001 (t-test). (e) Photographs
of RecA labelling (20) in the MCAo-PBS and MCAo-hMSC groups. Scale bar, 100 mm. (f) Human cell labelling (HuNu). Human cells were present in the
lesion of the MCAo-hMSC group, but not in that of the MCAo-PBS group (green arrows, human cells). Scale bar, 50 mm. CBV, cerebral blood volume;
hMSC, human mesenchymal stem cell; MCAo, middle cerebral artery occlusion; PBS, phosphate-buffered saline; VSI, vessel size index.
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(11–14,17). No study has reported any vascular effect of hMSCs
injected at the subacute phase post-stroke. Our data suggest a
novel dimension for hMSC injection at the subacute stage of stroke
(8 days). One day after their intracerebral graft, hMSCs decreased

wileyonlinelibrary.com/journal/nbm

rCBV at D9, delayed vasodilation from D9 to D14, and sustained
the rCBV level after the graft (D9, D14 and D21).
This could be ascribed to a stabilisation effect from hMSCs on
pre-existing vessels (39). Moreover, we showed that human cells
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Figure 7. Double-labelled microphotographs for vWF/HuNu. Human cells were preferentially found along the ventricles (*, ventricular area) and
appeared around the blood vessels (red arrows, blood vessels; green arrows, human cells). Scale bar, 50 mm.

preferentially pool around blood vessels, underlining the
hypothesis that hMSCs can differentiate into ‘supporting cells’
which, via a paracrine mechanism (40), can stabilise pre-existing
and newly formed vessels and respond to vasoactive stimuli (41).
Human cells were also found in the periventricular zone, the
favourite place linking angiogenesis and neurogenesis (42,43).
Another hypothesis is that lower rCBV and rVSI could be associated with a reduced number of inﬂammatory cells rolling
through the endothelium and coming into the lesion, in line with
the immunomodulatory properties of hMSCs (4,44). Moreover, it
is well known that vasodilation after cerebral ischaemia can
worsen the lesion as a result of increased inﬂammation (21,45),
highly vascular regions being associated with an increased
number of macrophages (46,47).
Our immunohistochemical data suggest a poor capacity of
hMSCs to differentiate into endothelial cells, as reported previously
(17,18). Therefore, this mechanism cannot contribute signiﬁcantly
to the effect of hMSCs on the cerebral microvasculature.
This study showed a signiﬁcant effect of hMSCs on the cerebral
microvasculature after stroke. Further studies are required to optimise cell delivery (injection route, effect of spatial and/or temporal
fractionation). Mechanistic investigations (serial biological investigations) are needed in order to understand the observed microvascular evolution and the mechanisms involved in the effects of
hMSCs on the cerebral microvasculature after stroke.

CONCLUSIONS
We have demonstrated that MRI is suited to the study of the cerebral microvasculature in vivo and to the assessment of the effect of
cell therapy on the microvasculature in stroke models. One day
after intracerebral injection, hMSCs impacted the cerebral microvasculature and abolished the rCBV increase that occurred
between 9 and 14 days after ischaemia. According to VSI data,
hMSCs also delayed the vasodilation secondary to ischaemia.
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