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A B S T R A C T

Although transplantation of stem cells improves recovery of the nervous tissue, little is known about the in-
fluence of different brain regions on transplanted cells. After we confirmed that cells with uniform differentiation
potential can be generated in independent experiments, one million of neural stem cells isolated from B6.Cg-Tg
(Thy1-YFP)16Jrs/J mouse embryos were transplanted into the brain 24 h after induction of stroke. The lateral
ventricles, the corpus callosum and the striatum were tested. Two and four weeks after the transplantation, the
cells transplanted in all three regions have been attracted to the ischemic core. The largest number of attracted
cells has been observed after transplantation into the striatum. Their differentiation pattern and expression of
neuroligin 1, SynCAM 1, postsynaptic density protein 95 and synapsin 1 followed the same pattern observed
during in vitro cultivation and it did not differ among the tested regions. Differentiation pattern of the cells
transplanted in the stroke-affected and healthy animals was the same. On the other hand, neural stem cells
transplanted in the striatum of the animals affected by stroke exhibited significantly increased survival rates
reaching 260 ± 19%, when compared to cells transplanted in their wild type controls. Surprisingly, improved
survival two and four weeks after transplantation was not due to increased proliferation of the grafted cells and it
was accompanied by decreased levels of activity of Casp3 (19.56 ± 3.1% in the stroke-affected vs.
30.14 ± 2.4% in healthy animals after four weeks). We assume that the decreased levels of Casp3 in cells
transplanted near the ischemic region was linked to increased vasculogenesis, synaptogenesis, astrocytosis and
axonogenesis detected in the host tissue affected by ischemia.

1. Introduction

Acute ischemic brain stroke is the second most common cause of
death and far the most significant cause of permanent life-long dis-
ability [1]. With costs of care larger than one billion euros per year,
ischemic stroke represents the most devastating medical problem of the
humankind. The only existing treatment is fibrinolysis which has a very
narrow therapeutic window of only few hours [2].

In the last two decades, a rather large number of both preclinical
and clinical studies revealed that transplantation of stem cells promotes
histological and functional recovery of the brain, including neurode-
generative and neurovascular diseases [3,4]. Tested cell types included
embryonic stem cells, neural stem cells, mesenchymal stem cells and
induced pluripotent stem cells [5]. Mechanisms of the observed bene-
ficial effects of the transplanted cells include modulation of

neuroinflammation, trophic effects and buffering of extracellular ma-
trix. Several publications, including our own studies, have analyzed to
which extent transplanted cells survived in the tissue affected by neu-
roinflammation. It has been shown that 50–70% of the cells die within
one month after transplantation, which is linked to activation of cas-
pase 3 and 6 [4,6,7].

Surprisingly, very few data exists on influence of the various host
locations on the stem cell transplants, especially in regard to their
survival and differentiation. Similarly, although the synapse represents
one of the major features of neurons with a critical role in cell survival,
very few data exist on influence of the host tissue on process of for-
mation of synapse among transplanted cells.

To elucidate behavior of stem cells after transplantation into various
anatomical locations in the brain affected by stroke and to test how
stroke affects cell survival, synaptogenesis and differentiation, NSCs
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were transplanted into the lateral ventricles, corpus callosum and
striatum of the mouse model of stroke. This study has shown that dif-
ferent brain regions influence transplanted NSCs, and this influence is
differently displayed in stroke-affected animals and in their wild type
controls. Surprisingly, stroke supports survival of NSCs in striatum by
reducing activation of Casp3, but it has no influence on differentiation
rate and development of synaptic contacts.

2. Material and methods

2.1. Animals and housing

B6.Cg-Tg(Thy1-YFP)16Jrs/J(Thy1 YFP-16) mouse strain (The
JacksonLaboratory, Bar Harbor, ME, USA) was used for experimental
purposes. The animals were kept on an standard 12/12 h light/dark
cycle in a temperature controlled room (22 ± 2 °C, with 55% ± 10%
humidity) at the animal facility at the Croatian Institute for Brain
Research and were genotyped using the method published by our group
[8]. Pelleted food and water were given ad libitum except during testing.
All experiments on animals were approved by the Internal Review
Board of the Ethical Committee of the School of Medicine University of
Zagreb (04-77/2010-238) and Faculty of Veterinary Medicine (251/61-
01/139-13-4), and were conducted in accordance with the EU Directive
2010/63/EU on the protection of animals used forscientific purposes.
The minimum number of laboratory animals nedeed was calcultated by
power analysis which justifed the sample size used.

2.2. Isolation and cultivation of neural stem cells

NSCs were isolated from telencephalic wall of 14.5 days old em-
bryos originating from Thy1-YFP mouse strain. Isolated stem cells were
cultivated in a proliferation supporting medium comprising of DMEM/
F-12 (Gibco by Life Technologies, ThermoFisher Scientific, Pittsburgh,
PA), B-27 Supplement (Gibco by Life Technologies), N-2 Supplement
(Gibco by Life Technologies), Penicillin/Streptomycin (Gibco by Life
Technologies), Recombinant Mouse Fibroblast Growth Factor-basic
(FGFb, ThermoFisher Scientific, Pittsburgh, PA, USA) and Recombinant
Mouse Epidermal Growth Factor (EGF, ThermoFisher Scientific). Cells
were cultivated in suspension, and after two days neurospheres were
formed. For the purpose of differentiation analyses neurospheres were
dissociated, single cells and small neurospheres were plated on 12-mm
coverslips (200–250 000 cells/coverslip) as well as on 6-well plates (1
000 cells/well). Coverslips and wells were previously coated with Poly-
D-lysine (500 μg/mL, 24 h at 37 °C, Sigma) and laminin (10 μg/mL, 24 h
at 37 °C, Sigma). 24 h after plating, the medium was changed into the
Neurobasal (Gibco by Life Technologies) which supports neurons in
vitro and antibiotic with glutamine (Pen Strep Glutamine, Gibco by Life
Technologies). Cells were differentiated in followed time points: 0, 1, 3,
5 and 7 days after plating.

2.3. Labelling of NSCs

Single NSCs were labelled with two exogenous dyes according to
manufacturer instruction: some cells were labelled with PKH26 fluor-
escent dye (PKH26 Red Fluorescent Cell Linker Kit for general cell
membrane labelling, Sigma), while the other cells were incubated with
10 μM 5-Bromo-20-deoxyuridine (BrdU, Z99% (HPLC), Sigma) solution
for eight hours.

2.4. Middle cerebral artery occlusion (MCAO)

Ischaemic brain injury was induced by transient left MCAO in three
months old wild type mice which weighting 25–30 g. Operation was
performed in inhalation anaesthesia, mixture of 2% isoflurane in 100%
O2. Surgery was performed under dissection microscope (Stemi DV4
Spot, Zeiss). During surgery, animal body temperature was maintained

with heating pad. Following ventral neck surgery and blood vessels
preparation, intraluminal filament (Doccol Company, Sharon, MA,
USA) was inserted through common carotid artery (CCA) into the in-
ternal carotid artery (ICA) to the origin middle cerebral artery (MCA)
and left for 90min. A complete block of blood flow was confirmed by
Doppler sonde. After 90min intraluminal filament was withdrawn,
perfusion was restored and animal subcutaneously received analgetic
buprenorphine (0.03 mg/kg).

2.5. Magnet resonance imaging

High resolution in vivo MRI was performed on anaesthetized mice
after MCAO by using 7.0T BioSpec 70/20 USR MRI system (Bruker
BioSpin, Ettlingen, Germany) equipped with an 660 mT/m MRI RF
gradient coils and 2-channel receive-only surface radiofrequency (RF)
array coils (Bruker BioSpin, Germany) for mouse brain. Adult mice
were anaesthetized with 4% isoflurane in a 70/30 nitrogen/oxygen gas
mixture in the animal induction chamber. During MRI imaging, the
anaesthesia was maintained with approximately 1.5% of isoflurane, and
core body temperature and breathing rates were monitored by custom-
made MobileLab Table (Medres, Germany) that contains complete
setup for anaesthesia for small animals and includes temperature con-
trol unit and control system for measurment of physiological para-
meters (PhysioBox). T2 wted (T2W) images of stroke were aquired
using a TurboRARE sequence. T2 mapping for T2 relaxation time cal-
culation was done according to MSME sequence protocol
(MSME_T2map, Bruker, Germany). Afterwards, an MRI imaging was
performed in a following form: Diffusion Weighted Image Spin-Echo
(DWI-SE) and Diffusion-Tensor imaging (EPI-DTI) using Echo-Planar
imaging.

2.6. Stereotaxic injection of NSCs into the mouse brain transplantation
(coordinates)

Previously labelled NSCs were re-suspended and injected in the final
concentration of one million cells in 1 μL DMEM medium. For stereo-
taxic transplantation we used two groups of mice: healthy and stroke
affected. Stereotaxic coordinates were determined according to ste-
reotaxic atlas [9]. NSCs were injected into the three brain regions:
lateral ventricle (AP −0.5, ML+2 and DV −2.5), corpus callosum (AP
−1.3, ML +2.0 and DV −1.5) and striatum (AP −0.5, ML+2.5 and
DV −2.5). Injections were performed using small animal stereotaxic
apparatus (900LS, David Kopf Instruments, Tujunga, CA, USA) and
Hamilton syringe needle 1 μL. Avertin (Sigma) was used for anaesthesia
at a dose of 0.5 g/kg and was given intraperitoneally. Following
transplantation, animals were kept on the heating pad and were after-
wards returned to their cages.

2.7. Western blot

Western blot analysis was performed according to standard proce-
dures. Protein concentration was measured using Bradford assay (Bio-
Rad Laboratories, Hercules, CA, USA). Protein samples were separated
on 10% SDS-PAGE gel and transferred to PVDF (polyvinyl difluoride)
membrane (Sigma-Aldrich). The membranes were blocked with 2%
non-fat milk in PBS containing 0.05% Tween-20 (Sigma-Aldrich) for
45min at room temperature and then incubated with primary anti-
bodies at +4 °C overnight. Primary and secondary antibodies used for
western blot analysis were listed in Table 1.)

2.8. Immunohistochemistry and immunocytochemistry

This method have been described previously [10] with modification
of adding 10mM sodium citrate which was used as antigen retrival for
cells and tissues labelled with BrdU [11]. Primary and secondary an-
tibodies used for immunohisto- and immunocytochemistry are listed in
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Table 2.)

2.9. Cell counting

Number of positive cells was counted on photographs obtained by
confocal microscope (LSM 510 Meta, Zeiss). Measurements were ob-
tained using inbuild Zeiss software combined by macro adding from
ImageJ. When graft regions were analyzed, average region size was
0.8 mm2 (0.6–1.2mm2). Number of cells counted depended on the
tested groups and it was in the range of 800 ± 143 to 3200 ± 465
cells. For quantification of cells in vitro, days 0, 1, 3, 5 and 7 were
analyzed. Statistical analysis was performed by ANOVA with Bonferroni
post hoc test (significance difference: *p < 0.05, **p < 0.01,
***p < 0.001). The pooled mean of marker positive cells and pooled
SD (Welch–Satterthwaite equation) was obtained by combining the
results (n= 5) of three independent experiments. The results were
rated independently by two evaluators and coincided 100%.

2.10. Statistical analysis

Data are reported as mean ± standard error of mean (error bars) of
three independent experimental measurments, each performed in tri-
plicate, for immunocytochemistry. An overall difference in samples
data were analyzed by two-way analysis of variance (ANOVA) followed
by Student T-test for pairwise comparison and Bonferroni post hoc test

for multiple comparisons in order to test for significance between in-
dividual measurments and/or groups of surface markers. Significance
level was set at p= 0.05 (significant differences between groups are
marked by * for p < 0.05, ** for p < 0.01, *** for p < 0001).

3. Results

3.1. Standardized procedure of cell isolation and cultivation before
transplantation yielded uniform cell populations

To test if our protocol yields reproducible and standardized neural
stem cell population, their proliferation and differentiation potential
was measured in three consecutive experiments. NSCs isolated from
E14.5 fetal telencephalon proliferated in vitro as neurospheres in the
presence of growth factors EGF and FGF. Their proliferation was fol-
lowed by measuring the number of Ki67+-cells. After removal of
growth factors from the culture, the number of nestin+-cells decreased
within seven days from 99.3 ± 0.80% to 22.77 ± 22.61%, while the
number of MAP2+-neurons in the same period reached
73.4 ± 13.53%. Since GFAP+-astrocytes require longer incubation,
they were recognized as 4.8 ± 4.23% of the cells in the total popula-
tion around the seventh day of cultivation (Fig. 1A). The procedure has
been performed in three independent experiments. No significant ef-
fects in the total variability of differentiation have been observed
(Fig. 1B). This revealed that our protocol yields cell populations which
can be reliably compared in different experiments.

3.2. Expression of synaptic proteins gradually increased during in vitro and
in vivo differentiation of NSCs

The expression of genes and the presence of synaptic proteins were
observed in this study, using them as markers of early networking.
Intercellular contacts were measured by expression of PSD-95, Nlgn1,
SynCAM 1 and Syn1. The expression of synaptic proteins and their
detection in cells were gradually increasing during seven days of NSCs
differentiation, as shown by RT-PCR, Western blot and im-
munohistochemistry of all four synaptic proteins. Expression and pre-
sence of Nlgn1, SynCAM 1 and Syn1 increased on average five times in
seven days of differentiation, while PSD-95 in the same period in-
creased three times (Fig. 2).

Immunocytochemical analysis revealed a specific expression pattern
for each marker. Nlgn1, SynCAM 1 and PSD-95 exhibited a strong
perinuclear signal in the cytoplasm of undifferentiated nestin+-cells.
From the third day in in vitro conditions, all markers showed an intense
punctate staining in differentiating MAP2+-neurons. This probably re-
presents preformed protein aggregates required for synapse formation.
Nlgn1, SynCAM 1 and PSD-95 exhibited different expression pattern in
dendrites. Nlgn1 exhibited the strongest signal expressed diffusely in
the dendritic cytoplasm (not shown), while SynCAM 1 exhibited the
weakest signal limited only to the initial part (Fig. 3). PSD-95 was
mostly present in dendrites. Syn1, as a presynaptic protein, marking
presence of more mature synapse had a specific and different expression
pattern from other analyzed synaptic proteins. It exhibited a faint signal
in nestin+- cells, but also a punctate staining (present exclusively in
growing axons) from the third day of a culture. With further cell growth
and differentiation, Syn1+- puncta could often be found adjacent to the
postsynaptic somatic and dendritic membrane. After transplantation
into the brain, the presence of the same synaptic proteins was found in
transplanted cells (Fig. 3). This was in congruency with reports pub-
lished by our group that expression pattern of different genes in vitro
with great reproducibility mirrors expression of genes in vivo [10]. In-
terestingly, we did not observe any differences in expression of sy-
naptogenic proteins in transplanted cells between the stroke affected
and healthy control animals (not shown).

Table 1
Primary and secondary antibodies used for Western blot analysis.

Primary antibodies

Antibody Host Dilution Producer
Actin mouse 1:15000 Millipore (MAB1501)
Neuroligin 1 rabbit 1:1750 Millipore (AB15512)
PSD-95 rabbit 1:1500 Cell Sigaling (mAb #3409)
SynCAM 1 rabbit 1:2500 Millipore (ABT66)
Synapsin 1 rabbit 1:1500 Cell Signaling (#2312)

Secondary antibodies
Antibody Dilution Producer
goat anti-mouse IgG H&L (HRP) 1:15000 Abcam (ab6789)
goat anti-rabbit IgG H&L (HRP) 1:3000 Abcam (ab6721)

Table 2
Primary and secondary antibodies used for immunohist- and immunocytochemistry.

Primary antibodies

Antibody Host Dilution Producer
BrdU mouse 1:750 Cell Signaling (mAb #5292)
Cleaved Caspase-3 rabbit 1:400 Call Signaling (#9661)
GAP43 rabbit 1:500 Novus Biologicals (NB300-

143)
GFAP chicken 1:250 Abcam (ab4674)
Ki67 rabbit 1:300 Abcam (ab15580)
Laminin rabbit 1:100 Sigma (L9393)
MAP2 chicken 1:1000 Abcam (ab5392)
Nestin mouse 1:200 Millipore (MAB353)
Neuroligin 1 rabbit 1:200 Millipore (AB15512)
Neuroligin 1 mouse 1:400 Synaptic Systems (129 111)
PSD95 rabbit 1:250 Cell Sigaling (mAb #3409)
SMI-32 rabbit 1:500 Merck (NE1023)
SynCAM 1 rabbit 1:250 Millipore (ABT66)
Synapsin 1 rabbit 1:100 Cell Signaling (#2312)

Secondary antibodies
Antibody Dilution Producer
Alexa Fluor 488 goat anti-chicken IgG 1:1000 Invitrogen (A11039)
Alexa Fluor 488 goat anti-mouse IgG 1:1000 Invitrogen (A11001)
Alexa Fluor 488 goat anti-rabbit IgG 1:1000 Invitrogen (A11034)
Alexa Fluor 546 goat anti-chicken IgG 1:1000 Invitrogen (A11040)
Alexa Fluor 546 goat anti-mouse IgG 1:1000 Invitrogen (A11003)
Alexa Fluor 546 goat anti-rabbit IgG 1:1000 Invitrogen (A11010)
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3.3. Behavior of transplanted neural stem cells depended on the host brain
region

To test how different regions of the brain influence migration, sur-
vival and differentiation of grafted NSCs, the cells, marked by PKH26
and BrdU were transplanted into three different niches: the lateral
ventricles, corpus callosum and the striatum. Neural stem cells trans-
planted into the corpus callosum migrated along the border of white
and grey matter (Fig. 4A). In the healthy animals NSCs migrated a ra-
ther short distance not more than 1200 micrometers in both directions,
while in the stroke-affected animals 85% of NSCs migrated 2500 mi-
crometers towards the ischemic injury and populated the region of
ischemia. In the same time, 15% of the cells have migrated toward the
contralateral hemisphere (Fig. 4A). After reaching the ischemic region,
NSCs have accumulated in both penumbra and the core of the stroke.

NSCs transplanted in the lateral ventricles of both healthy and
stroke-affected animals survived in the cerebrospinal (CS) fluid for four
weeks, which was the end point of our experiment. In that region, the
cells were forming neurospheres like during their in vitro cultivation
(Fig. 4B). Approximately 25% of NSCs started with spontaneous dif-
ferentiation into MAP2+/NeuN+/Tuj1+-neurons in the lateral ven-
tricles, while majority of the cells remained in the nestin-positive
multipotent state. In the healthy animals, NSCs remained exclusively in
the ventricles, while in the stroke-affected animals 15% of cells mi-
grated outside of the CS fluid into the surrounding brain parenchyma.
This migration was noticeable on the stroke- affected side and the
distance, measured from lateral ventricle, was on average not larger
than 400 micrometers (Fig. 4B). In the following weeks, NSCs have
differentiated into MAP2+/NeuN+/Tuj1+-neurons. Number of cells,
which have populated ischemia − affected region after transplantation
in the lateral ventricle was 5 times lower when compared to animals in

which cells have been transplanted in corpus callosum.
Neural stem cells transplanted in the striatum of healthy animals

remained in the place of transplantation and undergo differentiation. In
the stroke affected animals, a massive migration involving more than
75% of cells towards the ischemic region was observed. Since trans-
plantation in this case was near the place of ischemia, migration was a
rather short distance, on average 400 micrometers. The majority of cells
accumulated in the region of penumbra or in the core of the ischemic
lesion (fig. 4C).

3.4. Stroke improved the survival rates of transplanted neural stem cells in
the striatum while it had no significant influence on their differentiation or
on any of tested parameters of cells transplanted in other regions of brain

In this work we have shown that MCAO method combined with
Doppler sensor leads to obtaining uniform brain ischemia – stroke af-
fecting mostly the motor cortex and striatum of the experimental an-
imal (Supplementary Fig. 1). In this study no statistically significant
differences in survival and differentiation of transplanted NSCs between
stroke affected and control animals into the lateral ventricle or corpus
callosum were not observed. On the other hand, transplantation into
the striatum revealed significant differences: four weeks after trans-
plantation we have found 260 ± 19% more transplanted cells in the
striatum affected by stroke than in the control animals. In order to
check if the observed difference was related to hypothesized increased
cell proliferation in the brain affected by ischemia, the number of
Ki67+-cells was counted. However, in both stroke affected and healthy
animals, number of cells expressing Ki67 was 1.5 ± 0.7%. This sug-
gested that proliferation might not be the reason for higher number of
cells. Moreover, we measured presence of activated caspase 3 (Casp3).
In the graft present in striatum of the brain affected by ischemia,

Fig. 1. Neural stem cells differentiation in vitro.
(A) Expression of nestin, MAP2 and GFAP in neural stem cells culture during seven days analyzed by immunocytochemistry. (B) Comparison of measurements of expression of markers in
three independent experiments/counting. B(1) Expression of progenitor marker nestin was the highest in nondiferentiated NSCs (99.3 ± 0.80%), but decreased significantly during the
next seven days of differentiation (22.77 ± 22.61%). B(2) expression of neuronal marker MAP2 increased significantly from 1.67 ± 3,55% to 73.4 ± 13.53% in a time-dependent
manner. B(3) Increase in number of GFAP+-astrocytes was detected on the seventh day of neuronal differentiation with the value of 4.8 ± 4.23%. Number of positive cells for each
marker (nestin, MAP2 and GFAP) was expressed as mean (%)± SD of one quintuplicate experiment that was representative of three independent experiments. Statistical analysis revealed
no significant differences in three independent experiments.
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Fig. 2. Analysis of presence of synaptic markers in the culture of neural stem cells during differentation at days 1, 3, 5 and 7 measured by Western blot.
Statistically significant increase in the expression of all four synaptic markers, normalized to β-actin, was visible on the seventh day of differentiation when compared to the first day: (A)
Syn 1, (B) Nlgn1, (C) PSD-95 and (D) SynCAM 1.

Fig. 3. Presence of SynCAM 1 in MAP2+ neurons (in
vitro) and Thy1+ neurons (in vivo).
Double immunohistochemical visualization of
SynCAM 1 (green) and either MAP2 (B and C) in in
vitro or Thy1 (E and F) in in vivo. (A–C). SynCAM 1
expression detected in the cytoplasm of MAP2+-
neurons after 5 days of in vitro cultivation. (D–F)
SynCAM 1 expression in transplanted Thy1 neural
stem cells, detected after 4 weeks in the host brain
tissue. Scale bars= 100 μm.
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number of Casp3+-cells after two weeks and even after four weeks
(18.43 ± 2.6% and 19.56 ± 3.1%, respectively) was significantly
lower when compared to healthy control after two weeks and after four
weeks (28.59 ± 5.1% and 30.14 ± 2.4%, respectively) (Fig. 5).
Therefore, it was suggested that larger size of the graft in the brain
affected by ischemia after 2 and 4 weeks might be due to decreased
apoptosis and not to increased cell proliferation.

Transplanted NSCs have differentiated into Thy1+/MAP2+/
NeuN+-neurons and GFAP+-astrocytes in the injured brain as well as in
the control. Again, there were no observed differences in differentiation
of cells in the stroke-affected and healthy animals. The expression of
synaptic proteins was detected in transplanted NSCs, however pre-
dominantly in differentiating neurons. Thy1+-neurons were positive for
Nlgn1, PSD-95 and SynCAM 1. SynCAM 1 showed a strong perinuclear
signal, while PSD-95 and Nlgn1 had a stronger signal in the cytoplasm
of the neurites. The expression of tested synaptic proteins in differ-
entiated NSCs was present in cells transplanted in the injured as well as
control tissue. Also the proportion of NSCs differentiating into either
neurons or astrocytes did not differ between these two groups (Fig. 5).

3.5. Brain tissue affected by ischemia exhibited high level of remodeling,
including increased expression of synaptic markers

Since we have observed that NSCs transplanted in the striatum
survived better in the brain affected by stroke than in its healthy con-
trol, we searched for possible reasons that could be detected in the host
tissue. Immunohistochemical expression of antibodies against laminin,

GAP 43 and GFAP revealed intensive remodeling of the injured brain
tissue which started two days after the initial insult and had lasted for
more than four weeks (Fig. 6). Laminin signal was detected two days
after ischemia and was getting stronger, thus suggesting increased an-
giogenesis especially in the penumbra, but also visible in the ischemic
core. GAP 43+-growing axons surrounded the ischemic core and
bridged it on the periphery. GFAP+-astrocytes showed an intensive
reactive gliosis in the recovering brain. All observed processes (angio-
genesis, activation of astrocytes and axonogenesis) could have con-
tributed to increased graft survival discovered in the brain affected by
ischemia.

Since our results showed that transplanted cells do undergo sya-
naptogenesis, it was also checked whether an increased synaptogenesis
can be detected in the host tissue. Indeed, as opposed to the healthy
brain, brain affected by ischemia exhibited a strong upregulation of all
the synaptic proteins analyzed (Nlgn1, SynCAM 1, PSD-95, Syn1).
Nlgn1+-cells coming from the host were detected in migration towards
the injured site. Moreover, Nlgn1+-cells have been found in both ipsi-
lateral and contralateral hippocampus of the brain affected by stroke
(not shown). PSD-95+-progenitors were much more exclusive and were
discovered only in the small layer facing the ischemic core. All synaptic
proteins were also strongly expressed in the outgrowing neurites in the
penumbra (Fig. 6).

4. Discussion

In this work we showed that standardization of protocol leads to

Fig. 4. Behaviour of NSC transplanted into the
mouse brain.
Behaviour of PKH26 (red) labelled and transplanted
NSC into the mouse brain affected by stroke and its
healthy control. (A) Migration of transplanted NSC
along the corpus callosum. 85% of the cells migrate
towards the stroke and they travel on average
2500 μm. In the healthy control, they migrate
equally in both directions and the average distance is
1200 μm. (B) 15% of the cells transplanted in the
lateral ventricle of the stroke-affected animal mi-
grate out of it and travel on average 400 μm towards
the stroke. In the healthy animal cells remain in the
ventricle. (C) 75% of the cells transplanted in the
striatum of the stroke-affected animal migrate to-
wards the ischemic region and the average distance
is 400 μm. In the healthy animal cells remain in the
region of injection. Scale bar 100 μm.
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obtaining a uniform population of NSCs with well-defined properties. In
vitro testing of independent batches of cell samples revealed progressive
differentiation towards neurons and glia in ratios which do not differ
significantly in different experiments. This was an important finding
because reproducible parameters of NSCs differentiation and survival
are a prerequisite for analyzing behavior of these cells after trans-
plantation in the brain of experimental animals. Our recent findings
showed that the birth and differentiation of neurons after

transplantation of NSCs in the host brain tissue follow the same pattern
like the one observed in in vitro system and during embryonic devel-
opment [10]. Taken altogether, the cell behavior, observed after
transplantation in the brain, is mostly, if not exclusively, caused by
features of the host tissue and not by differences among various stem
cell samples.

Results obtained in the last two decades suggested that transplanted
neural stem cells survive for some period in the host tissue where they

Fig. 5. Analyses of the fate of transplanted Thy1+

neural stem cells into the stroke-affected brain and in
its healthy control.
Comparison of the grafts in the brain affected by
ischemia (A) reveals larger graft size after 4 weeks
than in its wild type control (B). Quantification and
comparison of graft sizes 4 weeks after transplanta-
tion (C): The survival of transplanted NSCs was more
than two times higher in the injured tissue than in its
healthy control (n=4, *p < 0.05). Ratios of newly
formed neurons (D) and astrocytes (F) compared to
total number of cells in grafts in both stroke-affected
and healthy control brains were the same. (n= 4,
*p < 0.05). (E) Percentage of Casp3–positive cells 2
and 4 weeks after transplantation in the stroke-af-
fected and healthy brain. Improved survival of
transplanted NSCs observed in the stroke-affected
brain was due to decreased cell death. The values of
Casp3+-positive cells are represented as the mean
(%) ± SD (n= 3). Scale bar= 100 μm

Fig. 6. Immunohistochemical presentation of re-
active changes in postischemic brain tissue.
(A) Reactive gliosis at the border with ischemia-af-
fected region detected by GFAP+, (B) reactive an-
giogenesis in the penumbra marked by laminin+-
blood vessels and (C) ingrowth of GAP 43+-axons
from penumbra towards the iscehmic core. Scale
bars= (A) 50 μm, (B and C) 100 μm.
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contribute to repair of damaged tissue [4,12]. This is achieved by at
least three mechanisms: generation of new neurons [13,14], production
of healing molecules [15] and promotion of endogenous neurogenesis
[16]. This study has confirmed our previous findings that upon trans-
plantation NSCs give rise to both neurons and glia. Although it is un-
clear to which extent it is required that transplanted stem cells survive
and differentiate into region-specific cells, it is reasonable to measure
the success of transplantation procedures based on survival of the
transplanted cells. In this study, it was clearly shown that different
regions of the brain influence differently behavior of transplanted NSCs.
Therefore, NSCs transplanted in the lateral ventricles form neuro-
spheres in the cerebrospinal fluid, which is similar to their in vitro be-
havior. We have been able to find some cells migrating towards is-
chemic region, but the number of migrating cells was very small.
Majority of formed neurospheres remained attached to the ependyme
and some of transplanted cells integrated into the ependymal epithe-
lium. Interestingly, we have not observed major differences between
stroke-affected mice and their healthy controls. Similar finding was
reported by [17], who transplanted NSCs in the lateral ventricles of the
healthy rat. Cells mostly remained attached to the wall and only some
of them migrated towards the cortex. Park et al. [18] reported similar
findings in healthy dogs, but they have also found cells in hippocampus
and even in the spinal cord. It is possible that this difference is due to
the relatively larger number of transplanted cells which leads to larger
number of cells that migrate toward other regions of the brain. Similar
publication reported events after transplantation of umbilical stem cells
in the patient with global ischemia. Transplanted cells did not leave
lateral ventricles even after 33 months of their monitoring [19]. This
corresponds to our finding in the mouse with a massive stroke where
cells mostly remain in the ventricles. Experiments in which cells have
been transplanted in the lateral ventricles in the animal models of de-
myelination offered contradictory results: while [20] reported that
human glial precursors cells do not leave injection point, [21] reported
massive migration out of ventricles.

Transplantation of NSCs into the corpus callosum of the stroke af-
fected brain results in their migration towards the injured region. This
is in a congruency with reports which describe how cells migrate using
white matter tracts [22]. This work has shown that the cells migrate
toward the ischemic area and in lower extent towards the uninjured
contralateral hemisphere. It would be interesting to perform post-
transplantation analyses of these cells and check if there are some dif-
ferences in expression of surface markers which could be linked to
migration in the specific direction. It is possible that some cells do not
detect signals present in the tissue affected by stroke, so their migration
in ipsilateral or contralateral direction is occuring with the same
probability. One could discuss why cells which are not attracted by
ischemia do migrate at all. The reason for that might be that cells search
for a differentiation niche. On the other hand, transplantation in the
striatum leads to their survival in a large number at the place of
transplantation. Afterwards, they migrate towards penumbra and in
ischemic core and, after reaching their target, majority of them undergo
differentiation [24],6,23]. Recently, de la Rosa-Prieto and colleagues
reported that brain ischemia significantly influenced migration and
axonal projections of human skin derived iPSCs. Transplanted cells
migrated toward ischemic lesion and no difference in survival, pro-
liferation or differentiation between cells transplanted in stroke af-
fected and healthy tissue have been observed [24].

One of the most important results of this study was observation that
transplanted NSCs survive in larger number in the niche affected by
inflammation than in its wild type control. By counting number of
Ki67+ and Casp3+-cells, it was suggested that larger number of cells
found in stroke-affected brain compared to its control was due to de-
creased apoptosis of NSCs and not to their increased proliferation. To
reliably follow transplanted cells, they have been marked by PKH26
and BrdU, which allow precise tracing of cells up to 6 weeks after
transplantation. Multiplication of cells slowly dilutes the signal, but for

the needed period of 4 weeks, its presence was still clearly visible.
Interestingly, stroke-affected brain did not influence differentiation of
NSCs, so the observed ratio of neurons and glia was the same in the
stroke affected brains and in their wild type controls. The same was
observed when comparing ratio of presence of synaptogenic markers,
which suggests that stroke influences survival of cells, but not their
differentiation pattern. Although it has been shown that the core of
ischemia or a late stage neuroinflammatory disease is hostile for cell
transplants, there are evidences from both preclinical and clinical trials
suggesting that stem cells are much more attracted to disease-affected
nervous tissue than to its healthy control. Equally, if cells find their
niche, they survive longer in regions affected by reversible inflamma-
tion than in completely healthy tissue. In this work we suggest that at
least one part of this improved survival is linked to decreased apoptosis.
Recently, new data have started to reveal new roles of Casp3. While its
activity is primarily linked to programmed cell death, changes in its
levels are also linked to re-organization of the brain tissue. Our group
has reported that immediately after stroke, a high expression and pre-
sence of activated Casp3 can be detected and this is linked to coloca-
lization with GAP 43 [25]. This process is linked not only to cell re-
moval after stroke, but also to reorganization at the synapse level. It has
been reported that Casp3 is involved in differentiation of cells [26,27]
and elimination of synapses, thus its downregulation might be the
mechanism involved in adaptation on ischemia needed for cell survival.
Indeed, there is a growing list of evidences that decreased activity of
Casp3 is an important mechanism involved in protection against
ischemia [28,29]. Further analyses will be needed to understand mo-
lecular pathways behind observed increase of expression of Casp3 in
the brain affected by ischemia and decreased expression of Casp3 in the
transplanted neural stem cells.

Our in vitro experiments revealed that NSCs express markers of sy-
naptogenesis and their pattern of expression increases gradually over
time, following their differentiation. Here we showed that Nlgn1 is
already expressed after 24 h of cell cultivation. Acting as a postsynaptic
cell adhesion protein which interact with neurexin, neuroligin is a po-
tent inducer of formation of synapse. Its early presence during NSCs
differentiation in in vitro conditions thus suggest that synaptogenesis
might be occuring symultaneously with their transformation into neu-
rons. Interstingly, our results showed that Nlgn1 is expressed very early
on GFAP+-cells. This might be the earliest sign of the synaptic triad.
Our study has detected PSD-95 during differntiation of NSCs, thus
confirming the well known fact that PSD-95 comes in the contact with
Nlgn1, which is one of the key events for synapse formation [30,31,32].
While Nlgn1 is required for the formation of excitatory synapses [33]
(Kwon et al., 2012), it seems that coordinated activity of Nlgn1 and
PSD-95 leads to the formation of dendritic spines [33,34]. Our finding
is similar to the one reported by [35] who have recognized PSD-95 as
one of the major markers of early synaptogenic activity of transplanted
NSCs.

Importantly, there was no difference in the expression of synapto-
genic proteins in transplanted NSCs between stroke-affected brain and
its healthy control. This suggests that expression of synaptogenic pro-
teins is process occurring independently of the host niche. Since we
have shown that NSCs survive better in an ischemic niche, we have
tested several markers of tissue reorganization which might promote
cell survival. We found increased expression of laminin, GFAP and GAP
43. Increased expression of laminin is a natural reaction of the brain
linked to increased neuronal regeneration. The role of laminin in mo-
bilization of neuroblasts and formation of new neurons has been
showed in in vitro experiments [36]. Increased expression of GAP 43 is
possibly linked to at least two processes: GAP 43 has a central role in
sprouting of new axons after injury, but also regulates the organization
of presynaptic terminal and neurotransmitter release. The role of GAP
43 and its link to Casp3 has been discussed in details in the publication
of our group [25] (Gorup et al., 2015).

N. Kosi et al. Neuroscience Letters 666 (2018) 111–119

118



Conflict of interest

The authors have no competing financial interests in relation to the
work presented.

Acknowledgements

This work has been supported by grants: YoungBrain (EU ESF
3.2.01-0180) and two grants by the Croatian Science Foundation (IP-
2016-06-9451 and PhD grant for IS) awarded to D.M. In addition, it has
been co-financed by the European Union through the European
Regional Development Fund, Operational Programme Competitiveness
and Cohesion, grant agreement No.KK.01.1.1.01.0007, CoRE – Neuro.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.neulet.2017.12.040.

References

[1] V.L. Feigin, C.M. Lawes, D.A. Bennett, S.L. Barker-Collo, V. Parag, Worldwide stroke
incidence and early case fatality reported in 56 population-based studies: a sys-
tematic review, Lancet Neurol. 8 (2009) 355–369.

[2] A.W. Grossman, J.P. Broderick, Advances and challenges in treatment and pre-
vention of ischemic stroke, Ann. Neurol. 74 (2013) 363–372.

[3] S. Kelly, T.M. Bliss, A.K. Shah, G.H. Sun, M. Ma, W.C. Foo, J. Masel, M.A. Yenari,
I.L. Weissman, N. Uchida, T. Palmer, G.K. Steinberg, Transplanted human fetal
neural stem cells survive migrate, and differentiate in ischemic rat cerebral cortex,
Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 11839–11844.

[4] D. Mitrečić, C. Nicaise, S. Gajović, R. Pochet, Distribution, differentiation, and
survival of intravenously administered neural stem cells in a rat model of amyo-
trophic lateral sclerosis, Cell Transplant. 19 (2010) 537–548.

[5] J.W. Thwaites, V. Reebye, P. Mintz, N. Levicar, N. Habib, Cellular replacement and
regenerative medicine therapies in ischemic stroke, Regen. Med. 7 (2012) 387–395.

[6] S. Beretta, K.M. Cunningham, D.L. Haus, E.M. Gold, H. Perez, L. López-Velázquez,
B.J. Cummings, Effects of human ES-derived neural stem cell transplantation and
kindling in a rat model of traumatic brain injury, Cell Transplant. 7 (2017)
1247–1261.

[7] D. Kondziolka, G.K. Steinberg, L. Wechsler, C.C. Meltzer, E. Elder, J. Gebel,
S. Decesare, T. Jovin, R. Zafonte, J. Lebowitz, J.C. Flickinger, D. Tong, M.P. Marks,
C. Jamieson, D. Luu, T. Bell-Stephens, J. Teraoka, Neurotransplantation for patients
with subcortical motor stroke: a phase 2 randomized trial, J. Neurosurg. 103 (2005)
38–45.

[8] D. Mitrečić, S. Mavrić, S. Gajović, Mice genotyping using buccal swab samples –an
improved method, Biochem. Gen. 46 (2008) 105–112.

[9] P.R. Hof, W.G. Young, F.E. Bloom, P.V. Belichenko, M.R. Celio, Comparative
Cytoarchitectonic Atlas of the C57BL/6 and 129/Sv Mouse Brains, Elsevier
Amsterdam, Lausanne, New York, Oxford, Shannon, Singapore, Tokyo, 2000.

[10] I. Alić, N. Kosi, K. Kapuralin, D. Gorup, S. Gajović, R. Pochet, D. Mitrečić, Neural
stem cells from mouse strain Thy1 YFP-16 are a valuable tool to monitor and
evaluate neuronal differentiation and morphology, Neurosci. Lett. 634 (2016)
32–41.

[11] X. Tang, D.L. Falls, X. Li, T. Lane, M.B. Luskin, Antigen-retrieval procedure for
bromodeoxyuridine immunolabeling with concurrent labeling of nuclear DNA and
antigens damaged by HCl pretreatment, J. Neurosci. 27 (2007) 5837–5844.

[12] D. Mitrečić, Current advances in intravascular administration of stem cells for
neurological diseases: a new dose of rejuvenation injected, Rejuvenation Res. 14
(2011) 553–555.

[13] N. Ballout, I. Frappé, S. Péron, M. Jaber, K. Zibara, A. Gaillard, Development and
maturation of embryonic cortical neurons grafted into the damaged adult motor
cortex, Front Neural Circuits 10 (2016), http://dx.doi.org/10.3389/fncir.2016.
00055.

[14] L.H. Thompson, S. Grealish, D. Kirik, A. Björklund, Reconstruction of the nigros-
triatal dopamine pathway in the adult mouse brain, Eur. J. Neurosci. 30 (2009)
625–638.

[15] C. Nicaise, D. Mitrečić, R. Pochet, Brain and spinal cord affected by amyotrophic

lateral sclerosis induce differential growth factors expression in rat mesenchymal
and neural stem cells, Neropath Appl. Neuro. 37 (2011) 179–188.

[16] N. Horie, T. Hiu, I. Nagata, Stem cell transplantation enhances endogenous brain
repair after experimental stroke, Neurol. Med. Chir. (Tokyo) 55 (2015) 107–112.

[17] J.-H. Sun, P.-H. Zheng, L.-L. Wang, J.-J. Li, J.-Z. Wang, Q. Wu, T. Song, W.-J. Liu, Y.-
M. Gao, Survival and differentiation of neuroepithelial stem cells following trans-
plantation into the lateral ventricle of rats, Chin. J. Physiol. 51 (2008) 247–251.

[18] S.E. Park, N.-Y. Jung, N.K. Lee, J. Lee, B. Hyung, S.H. Myeong, H.S. Kim, Y.-L. Suh,
J.-I. Lee, K.R. Cho, D.H. Kim, S.J. Choi, J.W. Chang, D.L. Na, Distribution of human
umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) in canines after
intracerebroventricular injection, Neurobiol. Aging 47 (2016) 192–200.

[19] P. Janowski, T. Walczak, E. Kropiwnicki, K. Jurkiewicz, J.W. Domanska-Janik,
B. Bulte, M. Lukomska, Long-term MRI cell tracking after intraventricular delivery
in a patient with global cerebral ischemia and prospects for magnetic navigation of
stem cells within the CSF, PLoS One (2014), http://dx.doi.org/10.1371/journal.
pone.0097631.

[20] H. Kim, P. Walczak, N. Muja, J.T. Campanelli, J.W.M. Bulte, ICV-transplanted
human glial precursor cells are short-lived yet exert immunomodulatory effects in
mice with EAE, Glia 60 (2012) 1117–1129.

[21] B.D. Yandava, L.L. Billinghurst, E.Y. Snyder, Global cell replacement is feasible via
neural stem cell transplantation: evidence from the dysmyelinated shiverer mouse
brain, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 7029–7034.

[22] C.-C.V. Chen, Y.-H. Hsu, D.M. Jayaseema, J.-Y.J. Chen, D.-Y. Hueng, C. Chang,
White matter tracts for the trafficking of neural progenitor cells characterized by
cellular MRI and immunohistology: the role of CXCL12/CXCR4 signaling, Brain
Struct. Funct. 220 (2015) 2073–2085.

[23] N. Kosi, I. Alić, M. Kolačević, N. Vrsaljko, N. Jovanov Milošević, M. Sobol,
A. Philimonenko, P. Hozák, S. Gajović, R. Pochet, D. Mitrečić, Nop2 is expressed
during proliferation of neural stem cells and in adult mouse and human brain, Brain
Res. 1597 (2015) 65–76.

[24] C. de la Rosa-Prieto, C. Laterza, A. Gonzalez-Ramos, S. Wattananit, R. Ge,
O. Lindvall, D. Tornero, Z. Kokaia, Stroke alters behavior of human skin-derived
neural progenitors after transplantation adjacent to neurogenic area in rat brain,
Stem Cell Res. Ther. (2017), http://dx.doi.org/10.1186/s13287-017-0513-6.

[25] D. Gorup, I. Bohaček, T. Miličević, R. Pochet, D. Mitrečić, J. Križ, S. Gajović,
Increased expression and colocalization of GAP43 and CASP3 after brain ischemic
lesion in mouse, Neurosci. Lett. 597 (2015) 176–182.

[26] M. Abdul-Ghani, L.A. Megeney, Rehabilitation of a contract killer: caspase-3 directs
stem cell differentiation, Cell Stem Cell. 2 (2008) 515–516.

[27] J. Fujita, A.M. Crane, M.K. Souza, M. Dejosez, M. Kyba, R.A. Flavell, J.A. Thomson,
T.P. Zwaka, Caspase activity mediates the differentiation of embryonic stem cells,
Cell Stem Cell. 2 (2008) 595–601.

[28] W. Al-Herz, F. Babiker, Acute intravenous infusion of immunoglobulins protects
against myocardial ischemia-reperfusion injury through inhibition of caspase-3,
Cell. Physiol. Biochem. 42 (2017) 2295–2306.

[29] X. He, Y. Zheng, S. Liu, S. Shi, Y. Liu, Y. He, C. Zhang, X. Zhou, MiR-146a protects
small intestine against ischemia/reperfusion injury by down-regulating TLR4/
TRAF6/NF-(B pathway, J. Cell. Physiol. (2017), http://dx.doi.org/10.1002/jcp.
26124.

[30] P. Washbourne, J.E. Bennett, A.K. McAllister, Rapid recruitment of NMDA receptor
transport packets to nascent synapses, Nat. Neurosci. 5 (2002) 751–759.

[31] K. Gerrow, S. Romorini, S.M. Nabi, M.A. Colicos, C. Sala, A. El-Husseini, A pre-
formed complex of postsynaptic proteins is involved in excitatory synapse devel-
opment, Neuron 49 (2006) 547–562.

[32] S.L. Barrow, J.R. Constable, E. Clark, F. El-Sabeawy, A.K. McAllister,
P. Washbourne, Neuroligin1: a cell adhesion molecule that recruits PSD-95 and
NMDA receptors by distinct mechanisms during synaptogenesis, Neural Dev.
(2009), http://dx.doi.org/10.1186/1749-8104-4-17.

[33] H.-B. Kwon, Y. Kozorovitskiy, W.-J. Oh, R.T. Peixoto, N. Akhtar, J.L. Saulnier,
C. Gu, B.L. Sabatini, Neuroligin-1–dependent competition regulates cortical sy-
naptogenesis and synapse number, Nature Neurosci. 15 (2012) 1667–1674.

[34] R.C. Gutierrez, R. Flynn, J. Hung, A.C. Kertesz, A. Sullivan, G.W. Zamponi, A. El-
Husseini, M.A. Colicos, Activity-driven mobilization of post-synaptic proteins, Eur.
J. Neurosci. 30 (2009) 2042–2052.

[35] K. Yokota, K. Kobayakawa, K. Kubota, A. Miyawaki, H. Okano, Y. Ohkawa,
Y. Iwamoto, S. Okada, Engrafted neural Stem/Progenitor cells promote functional
recovery through synapse reorganization with spared host neurons after spinal cord
injury, Stem Cell Rep. 5 (2015) 264–277.

[36] M. Jurga, M.B. Dainiak, A. Sarnowska, A. Jablonska, A. Tripathi, F.M. Plieva,
I.N. Savina, L. Strojek, H. Jungvid, A. Kumar, The performance of laminin-con-
taining cryogel scaffolds in neural tissue regeneration, Biomaterials 32 (2011)
3423–3434.

N. Kosi et al. Neuroscience Letters 666 (2018) 111–119

119

https://doi.org/10.1016/j.neulet.2017.12.040
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0005
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0005
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0005
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0010
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0010
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0015
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0015
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0015
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0015
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0020
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0020
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0020
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0025
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0025
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0030
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0030
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0030
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0030
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0035
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0035
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0035
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0035
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0035
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0040
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0040
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0045
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0045
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0045
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0050
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0050
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0050
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0050
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0055
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0055
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0055
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0060
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0060
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0060
http://dx.doi.org/10.3389/fncir.2016.00055
http://dx.doi.org/10.3389/fncir.2016.00055
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0070
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0070
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0070
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0075
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0075
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0075
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0080
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0080
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0085
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0085
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0085
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0090
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0090
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0090
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0090
http://dx.doi.org/10.1371/journal.pone.0097631
http://dx.doi.org/10.1371/journal.pone.0097631
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0100
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0100
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0100
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0105
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0105
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0105
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0110
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0110
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0110
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0110
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0115
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0115
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0115
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0115
http://dx.doi.org/10.1186/s13287-017-0513-6
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0125
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0125
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0125
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0130
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0130
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0135
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0135
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0135
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0140
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0140
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0140
http://dx.doi.org/10.1002/jcp.26124
http://dx.doi.org/10.1002/jcp.26124
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0150
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0150
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0155
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0155
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0155
http://dx.doi.org/10.1186/1749-8104-4-17
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0165
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0165
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0165
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0170
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0170
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0170
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0175
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0175
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0175
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0175
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0180
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0180
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0180
http://refhub.elsevier.com/S0304-3940(17)31013-3/sbref0180

	Stroke promotes survival of nearby transplanted neural stem cells by decreasing their activation of caspase 3 while not affecting their differentiation
	Introduction
	Material and methods
	Animals and housing
	Isolation and cultivation of neural stem cells
	Labelling of NSCs
	Middle cerebral artery occlusion (MCAO)
	Magnet resonance imaging
	Stereotaxic injection of NSCs into the mouse brain transplantation (coordinates)
	Western blot
	Immunohistochemistry and immunocytochemistry
	Cell counting
	Statistical analysis

	Results
	Standardized procedure of cell isolation and cultivation before transplantation yielded uniform cell populations
	Expression of synaptic proteins gradually increased during in vitro and in vivo differentiation of NSCs
	Behavior of transplanted neural stem cells depended on the host brain region
	Stroke improved the survival rates of transplanted neural stem cells in the striatum while it had no significant influence on their differentiation or on any of tested parameters of cells transplanted in other regions of brain
	Brain tissue affected by ischemia exhibited high level of remodeling, including increased expression of synaptic markers

	Discussion
	Conflict of interest
	Acknowledgements
	Supplementary data
	References




