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Abstract

Intracerebral haemorrhage (ICH) can lead to secondary insults and severe neurological deficits. Transplantation of neural stem cells
(NSCs) was suggested as an alternative to improve ICH-induced neurological dysfunction. The present study aimed at investigating 
the therapeutic role and long-term survival of foetal NSCs and potential role of foetal NSCs-produced factors in ICH. Our results
demonstrated that foetal NSCs could differentiate into neural axons and dendrites and astrocytes in both in vitro and in vivo conditions,
demonstrated by positive double or triple staining with Hoechst, neuronal specific nuclear protein, neurofilaments and glial fibrillary
acidic protein. Intracerebral transplantation of foetal NSCs 3 days after ICH induction by intrastriatal administration of bacterial collage-
nase could improve the functional performance in the limb-placing test and shorten the duration of the recovery from ICH-induced 
neural disorders. The foetal NSCs may also produce neurotrophic and/or neuroprotective factors during culture, because the culture
medium alone could partially improve functional performance. Thus, our data suggest that the foetal NSCs may be one of the therapeu-
tic candidates for ICH.

Keywords: foetal neural stem cells • differentiation • transplantation • neuron • astrocytes • intracerebral haemorrhage

J. Cell. Mol. Med. Vol 15, No 12, 2011 pp. 2624-2633

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

doi:10.1111/j.1582-4934.2011.01259.x

Introduction

The intracerebral haemorrhage (ICH) is responsible for about 15%
of acute stroke in hospital [1], with 45% of mortality rate in 30
days, of which most survivors have neurological disability [2]. The
ICH-induced haematoma causes a direct mechanical destruction
of brain tissue, followed by inflammation. There is no efficient and
specific therapy for such neurological damage. Neural stem cells
(NSCs) with the ability of proliferation and differentiation have
been considered as a potential therapy for neurological diseases
such as stroke, Parkinson disease, Huntington disease, amy-
otrophic lateral sclerosis and spinal cord injury [3–5].

NSCs has been identified in the embryonic and adult human
brain [6, 7] and also in neurogenic sites, e.g. the subventricular
zone in the wall of the lateral ventricle and the subgranular zone of

the hippocampal dendate gyrus of adult mammalian brains [4, 8,
9]. However, the central nervous system can hardly regenerate
after injury, suggesting the lack of endogenous NSCs and
favourable microenvironment for the survival and differentiation of
NSCs. Transplantation of exogenous NSCs was suggested as an
alternative to treat brain damage. Experimental evidence showed
that transplantation of NSCs or neural progenitor cells could
improve survival rate of animal with stroke and ameliorate neuro-
logical deficits [10–12], although the exact mechanism remains
unclear. In the present study, we isolated, cultured and differenti-
ated foetal NSCs of the mouse into neurons and glial cells to show
that NSCs can act as a potential source of functional cells.
Furthermore, foetal NSCs of the mouse were transplanted to 
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animals with collagenase-induced ICH to investigate differentia-
tion and function. We found that neurons and astrocytes appeared
around the injured brain after the transplantation of foetal NSCs
into the intrastriatal, accompanied with an improvement of func-
tional deficits. The neurons derived from transplanted NSCs
formed axons and dendrites, suggesting that NSCs transplantation
can be used as an alternative of therapies for ICH.

Materials and methods

NSCs isolation and differentiation

The cortex of 14-day-old Sprague-Dawley foetal rat was dissected and
mechanically dissociated into single cells. Isolated cells were seeded and
cultured in DMEM/F12 supplemented with 20 ng/ml epidermal growth
factor, 20 ng/ml basic fibroblast growth factor, 1X N2,1X L-glutamine, 
1X B27, 100 U/ml penicillin and 100 U/ml streptomycin at 37�C, 5% CO2,
for 6 days. After that, the cells were transferred to polylysine coated 6-well
plates and seeded in DMEM/F12 supplemented with 10% foetal bovine
serum for additional 7 days. The cells were then harvested and fixed with
4% paraformaldehyde for 20 min. and rinsed with phosphate-buffered
saline (PBS) for morphological examination. On the other hand, cells were
incubated for 30 min. in the Tris-buffered solution with 1% goat serum, 1%
bovine serum albumin and 0.5% Triton X-100. After the blockage of
nonspecific binding, the cells were permeabilized and followed by a 
60 min. incubation with anti-microtubule-associated protein 2 (MAP-2)
antibody as the neuronal marker of brain tissue (1:1000 rabbit, Chemicon,
Temecula, CA, USA) and anti-glial fibrillary acidic protein (GFAP) antibody
as the specific marker for astrocytes in central nervous system, (1:400
mouse, Chemicon), respectively, at room temperature. Cells were rinsed
with PBS thrice and incubated with the goat anti-rabbit IgG1-Cy3 (1:200,
Chemicon) and goat antimouse IgG1-FITC (1:100, Chemicon). The cells
were stained with Hoechst33342 (10 �g/ml, Sigma), rinsed with PBS
thrice, mounted in Vectashield and examined under a fluorescence micro-
scope (Olympus IX51–12PH) and a laser confocal fluorescence micro-
scope (Olympus FV1000).

Induction of ICH

Forty male Sprague Dawley rats, weighing 280 to 300 g, were used in the
present study. All experimental procedures were approved by the Animal
Care Committee of the University School of Medicine. ICH was induced by
stereotaxic, intrastriatal administration of bacterial collagenase as
described previously [13]. In brief, rats were intraperitoneally injected with
10% chloral hydrate (0.4 ml/100 g) and placed in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA, USA). A burr hole was made
through which a 30-gauge needle was inserted into the striatum (0.1 mm
posterior, 5.0 mm ventral and 2.0 mm lateral to the bregma). The solution
of collagenase VII (0.075 U in 0.5 �l volume, Sigma) was injected into the
striatum with a micro infusion syringe with a fixed needle (Hamilton
87942, Hamilton, Allston, MA, USA) at a rate of 0.25 �l/min. for 2 min.
through an infusion pump (Bioanalytical Systems, West Lafayette, IN,
USA). The needle was left in place for an additional 5 min. after injection to
avoid reflux. Animals were maintained in a separate cage with free access

to food and water under a 12 hr light–dark cycle. The intracerebral
haematoma was examined after collagenase infusion.

NSCs labelling and transplantation

Animals were randomly divided into three groups 3 days after the induc-
tion of ICH: intracerebral transplantation of foetal NSCs labelled with
Hoechst (n � 13) as therapeutic group, culture medium alone (n � 13)
as control group of potential mediators and proteins or PBS (n � 13) as
control group of manipulation. Foetal NSCs were cultured with Hoechst
33342 at a final concentration of 10 �g/ml for 30  min., rinsed twice with
PBS and mechanically dissociated into the cell suspension. The needle
was inserted into the bone hole at 5 mm below the surface of the skull and
then 5 �l cell suspension was injected at the final cell concentration of 
2 � 107 cells/100 �l, 3 days after introduction ICH. The needle was drawn
out slowly 10 min. after cell transplantation. The control animals received
the same process of injection with the same volume of culture medium or
and PBS, respectively.

Behavioural testing

Behavioural testing was performed by two researchers without the
knowledge of treatments 3 days after the introduction of ICH and every
7 days after cell transplantation for 31 days. The modified limb placing
test consisted of two limb placing tasks to assess the sensorimotor
integration of the forelimb and the hindlimb by checking responses to
tactile and proprioceptive stimulation as described previously [14]. The
mouse was suspended 10 cm over a table and the stretch of the fore-
limbs towards the table was observed and evaluated: normal stretch as
0, flexion with a delay (2 sec.) and/or incomplete as 1 score, abnormal
flexion as 2 score. The mouse was positioned along the edge of the table
and the forelimbs were suspended over the edge to allow free move-
ment. Each forelimb (forelimb, second task; hindlimb, third task) was
gently pulled down to check the retrieval and placement. The mouse was
then placed towards the table edge to check the lateral placement of the
forelimb. The score of 9 meant maximal neurological deficit, whereas 
0 points normal.

NSCs differentiation in the brain

Animals were anesthetized and perfused with 100 ml cold PBS and 
100 ml of 4% paraformaldehyde in 0.1 M phosphate buffer through the
heart 28 days after cell transplantation. The brains were fixed for 24 hrs, 
cryoprotected in 30% sucrose for 24 hrs and then sectioned at 10 �m
thickness using cryostat (Leica CM1900, Leica Microsystems, Nussloch,
Germany) at –18�C. Five sections were selected from the needle entry
site identifiable on the brain surface. On basis of pre-labelling of NSCs
with Hoechst 33342, brain sections were stained with specific marker
antibodies to identify transplanted NSCs and other cell types, including
anti-NeuN, a neuronal specific nuclear protein, (1:200 mouse, Chemicon)
and anti-neurofilament (NF), a neuron important structural protein, anti-
bodies (1:200 mouse, Chemicon) for the neuron and anti-GFAP antibod-
ies (1:400 rabbit, Chemicon) for astrocytes, overnight at 4�C. Sections
were rinsed with PBS and then incubated with the goat anti-rabbit IgG1-
Cy3 (1:200, Chemicon) and goat antimouse IgG1-FITC (1:100,
Chemicon) for 60 min. at room temperature. Sections were rinsed with
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PBS, covered with cover slips with Vectashield for immunofluorescence,
and detected under a fluorescence microscope (Olympus IX51-12PH,
Center Valley, PA, USA).

Statistical analysis

Experimental design and workflow was summarized in Figure 1. Data are
presented as means � S.E.M. The statistical significance between group
comparisons for behavioural data was determined by one-way ANOVA and
P-values less than 0.05 were considered as significant.

Results

Mouse foetal NSCs were seeded as the separate cell on day 0 
(Fig. 2A). A few cells then started to adhere on the plate and showed
neurite, while some cells were still floated as single or a small mass
of cells on day 3 (Fig. 2B). Most of cells grew to about 10–100 neu-
rospheres floating as the round mass (Fig. 2C), of which the shapes

were regulatory and oval with condensed cell contacts and smooth
surface and became the matured neurosphere as seen at high mag-
nification (Fig. 2D and E). The immunostaining of nestins as the
marker of NSCs was performed 2 hrs after the neurosphere adhe-
sion on the plate. Most of the neurospheres showed nestin-staining
to be positive (Fig. 2F). Morphologies of NSCs changed and NSCs
differentiated into neurons and astrocytes 7 days after the induction
with DMEM/F12/10% foetal bovine serum.

In order to avoid the potential influence of cellular contacts and
space connections in cell differentiation, the single cell was
isolated, seeded and cultured with the differentiated induction for
7 days. The cell adhered on the plate, formed neurites and differ-
entiated into neurons and astrocytes, as shown in Figure 3. Cells
with Hoechst 33342-positve nuclei showed positive to the staining
of neuron-specific marker MAP-2 (Fig. 3A). The neurons formed
peripheral process like extensions which became more obvious
with the mono-staining of MAP-2 (Fig. 3B). The cell with clear
neural axons and dendrites in the intermediate phase of differenti-
ation from NSCs to neurons was also detected (Fig. 3C). NSCs-
differentiated astrocytes were detected in microscopy with 
(Fig. 3D) and without GFAP staining (Fig. 3E). Some showed the

Fig. 1 Experimental design and workflow.
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Fig. 2 Mouse foetal NSCs were seeded and cultured
on day 0 (�200; A), forming a few neurospheres on
day 3 (�100; B) and a large amount of the neu-
rospheres on days (�100; C). Some became
matured neurosphere as seen at high magnification
(�200 and 400; D and E, respectively). Most of the
neurospheres showed nestin-staining to be positive
(�400; F).

Fig. 3 Morphologies and biomarker-specific staining
of differentiated neurons and astrocytes. The cell
showed positive to the staining of MAP-2 and the
nuclear straining with Hoechst 33342 (A), and
formed clear neurites (B) and clear neural axons and
dendrites in the intermediate phase of differentiation
from NSCs to neurons (C). NSCs-differentiated
astrocytes were detected in the microscopy with (D)
and without GFAP staining (E). Some showed the
matured shape of astrocytes with rich and strong
GFAP staining (F).
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matured shape of astrocytes with rich and strong GFAP staining
(Fig. 3F). The cytoplasm of the astrocytes retracted towards the
nucleus, forming a contracted cell body.

To evaluate and confirm the reproducibility and stability of ICH
model, two animals were killed and the brains were harvested to
check the formation and size of intracerebral haematoma daily for
5 days after the induction of ICH. The results showed consistent
finding that the formation and size of intracerebral haematoma
were clearly detectable at 6 hrs (Fig. 4A), became a clear mass on
day 2 and reached the maximal 3 days after the injection of colla-
genase (Fig 4B). The haematoma was shaped with the clear edge,
and became oval and regular with the mass effect. Behavioural test
demonstrated that the dysfunction of neural system was detectable
from 6 hrs and on after the introduction of ICH and became more
progressive by the time. A number of limb placing tests became
more obviously abnormal 2–3 days after the introduction of ICH on
the right site, including the paralysis of the left (contralateral) fore-
limb, ipsilateral ‘circle-like’ walking, delayed or little contraction of
the left hindlimb, and difficulty of passing through the narrow
wooden barriers and muscular inability of the left hindlimb.
Furthermore, the brain was examined using nuclear magnetic

resonance imaging 3.0T (Signa HDx, GE Healthcare, Pittsburgh,
PA, USA) at scanning of different sequences (AX FSE T2WI, AX FSE
T1WI and AX GRE T2*WI), with the thickness layer of 1.6 mm. 
The normal brain showed the uniform of the density at AX FSE 
T2W scan (Fig. 4C), whereas ICH brain had the round lesion with
low density on the right side (Fig. 4D) 3 days after the induction of
ICH. At high resolution of GRE T2WI, the lesion became clearer
(Fig. 4E), as compared with the FSE T1WI resolution (Fig. 4F).

No animals died of the operation and anaesthesia during the
experiment. The limb-placing test was performed in animals
receiving the intracerebral injection of foetal NSCs, culture medium
alone or PBS 3, 10, 17, 24 and 31 days after the induction of ICH,
as shown in Figure 5. The score of limb-placing test gradually
decreased in ICH animals receiving intracerebral injection of PBS or
culture medium alone by time. There was a significant difference in
animals with the culture medium alone between scores on days 3
and 31 (P � 0.05). The animals transplanted with foetal NSCs
showed significantly better performance on limb placement test
from 3 weeks and on after the induction of ICH, as compared with
those with culture medium alone or PBS (Fig. 5, P � 0.05 or 0.001,
respectively). The scores of limb-placing test in animals with NSCs
transplantation on both post-ICH 24 and 31 days were significantly
lower than those on 3 days (P � 0.01). There was also a signifi-
cance difference of scores in animals transplanted with NSCs
between days 24 and 31 after ICH.

Hoechst-positive NSCs transplanted into ICH haemorrhage
lesion were found to appear in the haemorrhage core (Fig. 6A), the
border of the lesion (Fig. 6B and C) and the injection sites (Fig. 6D
and E), 31 days after induction of ICH. Of those cells, transplanted
foetal NSCs has positive staining with Hoechst alone (Fig. 7A and
B), NeuN alone (Fig. 7C and D), GFAP alone (Fig. 7E and F) and
both of Hoechst and NeuN or Hoechst and GFAP (Fig. 7G and H).
The differentiated neurons had double staining of Hoechst and
NeuN, whereas the astrocytes had Hoechst and GFAP. Some of
differentiated neurons had neuron axon and dendrites with posi-
tive staining of Hoechst, NeurN and NF (Fig. 8). Those could be
compared with eurons and nerve fibres of normal SD mouse brain
(Fig. 9). The transplanted cells with NF, NeuN or both positive
staining were mostly allocated in the peri-hematomal sites, where
only some with GFAP positive staining appeared. Most of the
Hoechst/GFAP double-positive cells were found along the border
of haemorrhagic core.

Discussion

The present study provided solid evidence to show that intracere-
bral transplantation of foetal NSCs could have therapeutic effects
on the functional recovery in ICH and NSCs could differentiate into
neurons and astrocytes. We propose that foetal NSCs can be one
of optimal candidates for the transplantation of stem cells. Our
results may contribute to the strategic consideration and plan of
stem cell therapy for ICH, be helpful for clinicians to design the

Fig. 4 The formation of intracerebral haematoma was detectable at 6 hrs
(A) and reached the maximal 3 days after the injection of collagenase (B).
The examination of the nuclear magnetic resonance imaging showed the
uniform of the density in normal brain at AX FSE T2W scan (C), the round
lesion with low density in ICH brain (D) and the clearer lesion at high res-
olution of GRE T2WI (E), as compared with FSE T1WI resolution (F), 3 days
after the induction of ICH. The lesions or abnormalities were pointed with
red arrow.
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clinical performance and be used as reference for the practical
application of foetal NSCs. Intracerebral transplantation of stem
cells to treat the stroke and ICH has been explored for a decade,
e.g. using bone marrow stem cells [15], NSCs [16], adipose tis-
sue-derived stromal cells [17], umbilical cord multipotent mes-
enchymal stromal cells [18] and peripheral blood stem cells [19].

The efficiency of stem cell transplantation as potential thera-
pies has been suggested to be associated with a number of influ-
encing factors, including cell sources, ability of differentiation and
proliferation, transplanting time and delivery ways, disease sever-
ity and duration, similar to other cells [17]. For example, the intra-
venous injection of NSCs 1 day after ICH induction could improve

Fig. 6 Hoechst-positive NSCs transplanted
into ICH haemorrhage lesion were found to
appear in the haemorrhage core (�400; A),
the border of the lesion (�200 and �400;
B and C) and the injection sites (�100 and
�200; D and E).

Fig. 5 The scores of limb-placing test
measured in animals with intracerebral
injection of foetal NSCs, culture medium
alone or PBS 3, 10, 17, 24 and 31 days
after the induction of ICH. * and ** stand
for the P-values less than 0.05 and 0.01, as
compared with animals receiving the injec-
tion of culture medium alone or PBS at the
correspondent time-points.
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the functional performance for 2 weeks and those transplanted
NSCs migrated selectively to the perihematomal areas and differ-
entiated into a few neurons and most of the astrocytes [16]. It was
questioned whether the effects might result from such early inter-
vention, how many of injected NSCs were accommodated in the
lesson area and how to identify the local or systemic effects.
Another experiment showed that intracerebral transplantation of
NSCs could be used as the late phase therapy for ICH, demon-
strated by the finding that the transplantation of the HB1.F3 gene-
modified human NSC line via a retroviral vector encoding v-myc 1
week after the induction of ICH could improve functional perform-
ance on the Rotarod test and limb placing after 2–8 weeks [21].

F3 per se has the ability to proliferate continuously and differ-
entiate into cells of neuronal and glial lineage. In this particular
study, transplanted human NSCs were identified in the perihe-
matomal areas and differentiated into neurons and astrocytes,
although the potential side effects and toxicity of gene modifica-

tion remain unknown. In the present study, we intracerebrally
transplanted the primary mouse foetal NSCs 3 days after the
induction of ICH, which improved the functional performance in
limb-placing test from the 2 weeks and on. Hoechst-labelled foetal
NSCs transplanted into ICH haemorrhage lesion appeared in the
haemorrhage core, the border of the lesion and the injecting chan-
nel, where foetal NSCs differentiated into neurons and astrocytes.
It would be more helpful if the neuronal axons and dendrites after
transplantation could be qualified to monitor the dynamic alterna-
tions of differentiated cells.

Our results provide the evidence that foetal NSCs without gene
modification could be allocated in the brain, differentiated to neural
axons and dendrites and astrocytes and survived for 31 days till the
killing. Recent studies demonstrated that genetic modification with
glial cell line-derived growth factor in human NSC line could
increase 2- to 3-fold in cell survival of transplanted NSCs at 2 and 8
weeks after transplantation [22]. Genetic modification with Akt1

Fig. 7 Transplanted foetal NSCs in the brain showed positive to the single staining with Hoechst (blue, �400 and �600, A and B), NeuN (green, �400
and �600, C and D) and GFAP (red, �400 and �600, E and F), and to triple staining of Hoechst, NeuN and GFAP (�400 and �600, G and H). The dif-
ferentiated neurons had double staining of Hoechst and NeuN, whereas the astrocytes had Hoechst and GFAP, as pointed with arrows.
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could also provide long-term improved survival (8 weeks) of hNSCs
and behavioural recovery in mouse ICH model [23]. Such F3.Akt1-
modified NSCs increased about 50–100% of cell survival rate at 8
weeks after transplantation, as compared to F3 NSCs. Similar find-
ings were also observed in the intracerebral transplantation of NSC
line genetically modified with the vascular epithelial growth factor
[24]. Those results indicate that multiple factors are involved in the
long-term survival of NSCs. However, such genetic modification of
stem cells generates a number of special concerns and side effects
[25] (e.g. these long-lived cells may represent a reservoir for the
accumulation of proto-oncogenic lesions [26]). Our results showed
that foetal NSCs were able to proliferate and differentiate into neu-
rons and astrocytes both in the in vitro and in vivo conditions.

The mechanism by which transplanted NSCs improve the
functional performance of animals with ICH remains unclear. It
was suggested that such therapeutic effects of NSCs might be
achieved by stimulation of endogenous progenitor cells rather
than integration and differentiation of the infused NSCs [27]. 
The intravenously injected human processed lipoaspirate

mesenchymal stem cells could improve the functional perform-
ance of animals with ICH, but could not be detected in the post
mortem brain, where the number of endogenous progenitor cells
increased 2-fold [27]. Intravascular injection of both mannitol and
bone marrow stem cells significantly improved neurological func-
tional outcome, and increased synaptogenesis, proliferating
immature neurons and neuronal migration, as compared with
either alone [28]. It implies that there are other factors involved in
the effects of transplanted stem cells, demonstrated by the fact
that mannitol can also open the blood–brain barrier by temporar-
ily shrinking the tightly coupled endothelial cells and improving
microcirculation [29]. It is also possible that transplanted NSCs
may activate and direct endogenous repair mechanisms in the
central nervous system, through exposure to specific neuronal
growth factors or by inactivating inhibitory molecules [30].
Another potential is that transplanted NSCs may play an important
role in ICH-induced local and systemic anti-inflammation through
the immune organs, enhancing neuroprotection. It is supported 
by the finding that intravenous injection of NSCs could reduce

Fig. 8 Transplanted foetal NSCs in the brain
showed positive to the single staining with
Hoechst (blue, �400 and �600, A and B),
NeuN plus NF (green, �400 and �600, C and
D) and to triple staining of Hoechst, NeuN and
NF (�400 and �600, E and F). The differenti-
ated neurons with the axons and dendrites had
triple positive staining of Hoechst, NeuN and
NF, as pointed with arrows.

Fig. 9 Neurons and nerve fibres of normal SD
mouse brain.
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ICH-induced brain oedema, leucocyte infiltrations and the activa-
tion of inflammatory mediators, which could disappear after
splenectomy [31]. Although the present study hardly identifies the
precise role of transplanted NSCs per se within the brain, our data
indicate that the NSCs prior to transplantation may produce some
neurotrophic mediators which may also play a role in the improve-
ment of neural function like other cells [20], because the local
injection of the culture medium alone could partially improve the
functional performance in the limb-placing test. Previous findings
demonstrated that transplanted NSCs in the damaged brain or
spinal cord could replace damaged neurons and deliver therapeu-
tic molecules to provide neuroprotection of damaged neurons 
[32, 33]. It was found that NSCs could release glial cell-derived
neurotrophic factor, brain-derived neurotrophic factor, nerve
growth factor and others [34–36].

In conclusion, the present study demonstrated that foetal
NSCs could differentiate into neural axons and dendrites and
astrocytes both in the in vitro and in vivo conditions. Intracerebral
transplantation of foetal NSCs 3 days after the induction of ICH
could improve the functional performance in the limb-placing test,
have long-term survival and shorten the duration of the recovery

from ICH-induced neural disorders. The foetal NSCs may also pro-
duce neurotrophic and/or neuroprotective factors during culture,
because the culture medium alone improved partial functional per-
formance. Thus, our data suggest that the foetal NSCs may be one
of the optimal and therapeutic candidates for ICH.
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