Int J Clin Exp Pathol 2013;6(12):2757-2764
www.ijcep.com /ISSN:1936-2625/1JCEP1310028

Original Article
Development of neural stem cells at different sites of
fetus brain of different gestational age

Xiaojuan Yin*, Lihua Li*, Xiaoying Zhang", Yao Yang, Yannan Chai, Xiao Han, Zhichun Feng

Affiliated Bayi Children’s Hospital, Beijing Military Region General Hospital, No 5, Nan Mencang, Dongcheng Dis-
trict, Beijing 100700, China. *Equal contributors.

Received October 11, 2013; Accepted November 7, 2013; Epub November 15, 2013; Published December 1,
2013

Abstract: Objective: This study aimed to investigate the development of neural stem cells (NSCs) in fetal brain, which
may provide experimental evidence for the clinical treatment of brain injury in children. Methods: A total of 60 fetus-
es were collected after labor induction and divided into 6 groups according to the gestational age (16 w, 20 w, 24 w,
28 w, 32 w and 36 w; n=10 per group). The hippocampus, striatum, subventricular zone, frontal lobe, temporal lobe,
occipital lobe and parietal lobe were harvested. In situ hybridization, immunohistochemistry and light microscopy
were done to determine the morphology and quantity of NSCs. Results: NSCs were identified in the brain of fetuses
with different gestational age. NSCs were round, oval, spindle-shaped, starlike, triangular or polygonal. NSC colony
was also observed with symmetrical or asymmetrical division. Single NSC, group-like NSCs and cluster-like NSCs
were found in the different sites of fetal brain, and NCSs interacted with each other via synapses. However, the dis-
tribution, morphology, growth and quantity of NSCs were different in the brain of fetuses with different gestational
age. The number of NSCs reduced with the increase in gestational age, but they were always observed. Conclusion:
The morphology of NSCs in fetal brain is variable and they are widely distributed in the hippocampus, subventricular
zone, striatum and cortex. The number of NSCs reduced with the increase of gestational age.
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Introduction tic effects on degenerative diseases of the ner-

vous system after transplantation of exogenous
Neural stem cells (NSCs) are multipotent cells NSCs, pharmacological regulation of endoge-
that can give rise to various cell types in the nous NSCs or NSC transplantation induced

central nervous system (CNS), including neu-
rons, astrocytes, and oligodendrocytes [1].
NSCs can be generated from either the fetus,
the adult, embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs) [2]. In
adult mammals, neurogenesis is limited to two
brain regions; the subventricular zone (SVZ) by
the lateral ventricles and the subgranular zone
(SGZ) of the dentate gyrus in the hippocampus.
The microenvironment of SVZ and SGZ is ben-
eficial for the survival of NSCs [3-6]. To date,
NSCs have been identified in the cortex, hippo-
campus, striatum, olfactory bulb, and tissues
along the cerebral ventricle (lateral ventricle,
third ventricle and fourth ventricle), diencepha-
lon, midbrain, cerebellum, spinal cord and reti-

regulation of endogenous NSCs, which has
been attributed to the “bypass effect”. The opti-
mal amount of NSCs for treatment, the way in
which NSCs are administered, the time of NSC
transplantation, the interaction between trans-
planted NSCs and immune system and the ther-
apeutic efficacy of NSC transplantation in com-
bination of nerve repair surgery are still being
studied. To timely and completely understand
the therapeutic mechanisms, effectiveness
and safety of NSC transplantation and the
clearance of transplanted NSCs is crucial for
the treatment of degenerative diseases of ner-
vous system with NSCs. Thus, it is cautious to
treat diseases with NSCs in animals and

na [7, 8. humans [9]. As compared to transplantation of
NSCs for the treatment of diseases of nervous
NSCs from specific brain region and those from system, endogenous NSCs/precursor cells are

precursors have been found to exert therapeu- activated to repair the injury, which avoids the
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Figure 1. Morphology of NSCs in the hippocampus of fetuses with different gestational age (SABC, DAB staining,
x200). A: 36 weeks; B: 32 weeks; C: 28 weeks; D: 24 weeks; E: 20 weeks; F: 16 weeks. a: Oval NSCs; b: NSCs in-
teracted with each other via synapses; c: Colony formation for 3 NSCs; d: Big and round NSCs; e: Small and round
NSCs; f: Symmetrical division of NSCs; g: Colony formation from several NSCs.

confounding cells in transplanted NSCs and the
tumorigenesis and immune rejection after NSC
transplantation. In addition, in diseases with
diffused lesions in nervous system, cell trans-
plantation is usually performed repeatedly, and
thus, the therapeutic efficacy is often poor. On
the basis of above findings, auto-repair of ner-
vous system seems to be more feasible [10,
11]. Hypoxic-ischemic brain damage (HIBD) is a
disease of nervous system with multiple
lesions. Neonates are a continuation of fetal
life. We speculate that NSCs are more widely
distributed in neonates than in adults. Thus, to
induce the proliferation and differentiation of
endogenous NSCs has better prospective in
the treatment of HIBD in neonates.

This study aimed to investigate the distribution,
morphology, growth and quantity of NSCs in
fetal brain. Our findings may provide an experi-
mental and theoretical basis for in vivo and in
vitro regulation of proliferation and differentia-
tion of NSCs and the clinical treatment of dege-
nerative disease of nervous system with NSCs.

Materials and methods
Samples

A total of 60 fetuses were collected after labor
induction and divided into 6 groups according
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to the gestational ages (16 w, 20 w, 24 w, 28 w,
32 w and 36 w; n=10 per group). The hippo-
campus, striatum, subventricular zone, frontal
lobe, temporal lobe, occipital lobe and parietal
lobe were harvested from each fetus. Prenatal
ultrasonography showed refractory congenital
heart diseases in these fetuses and induced
labor was required by the mother and her rela-
tives. These refractory congenital heart diseas-
es included persistent truncus arteriosus (PTA),
total abnormal pulmonary venous drainage
(TAPVD), critical tetralogy of Fallot (TOF), critical
aortic stenosis and critical pulmonary stenosis.
Physical examination showed the mothers were
healthy. Informed consent was obtained from
the mothers and this study protocol was
approved by the Ethics Committee of General
Hospital of Beijing Military Region.

Main reagents

Rabbit anti-human Nestin polyclonal antibody
(Chemicon, USA), in situ hybridization kit for
Nestin, DAB kit, SABC kit for immunohisto-
chemistry (Zhongshan Company, China), mRNA
targeting human Nestin (Shanghai Sangon
Biotech Co., Ltd) and digoxin labeled NESTIN
oligonucleotide probes ([1] 5-ATCTT TTCAG
ATGTG GGAGC TCAAT CGACG-3’; [2] 5-CCTCC
TGGAG AGCCC GAGCC GATGA CGAGC-3’; [3]
5-AAGCA AGGTC TACAG AGTCA GATCG CTCAG-

Int J Clin Exp Pathol 2013;6(12):2757-2764
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Figure 2. Morphology of NSCs in the subventricular zone of fetuses with different gestational age (SABC, DAB stain-
ing, x400). A: 36 weeks; B: 32 weeks; C: 28 weeks; D: 24 weeks; E: 20 weeks; F: 16 weeks; a: Star-like NSCs; b:
Oval NSCs; c¢: NSCs interacted with each other via synapses; d: Symmetrical division of NSCs; e: Round NSCs; f:

Spindle-shaped NSCs.

3’) were used in the present study. Other
reagents were domestic and analytically pure.

Immunohistochemistry for Nestin at 7 sites of
fetal brain

Immunohistochemistry was done with SABC
method. Tissue was harvested from embryos,
fixed in 4% paraformaldehyde (PFA), equilibrat-
ed in 30% sucrose at 4°C and frozen in Tissue-
Tek OCT. Cryosections (20 ym) were blocked
with 10% goat serum in 0.1% Triton X-100 at
room temperature and primary antibodies (rab-
bit anti-human nestin polyclonal antibody) was
applied overnight at 4°C. Secondary antibodies
included biotin conjugated goat anti-rabbit I1gG.
Incubation was done at 37°C for 30 min. After
addition of SABC, incubation was done at 37°C
for 30 min, and visualization was done with
DAB for 5 min, followed by counterstaining with
hematoxylin. After washing in water for 1 min,
observation was done under a light microscope
and representative photographs were cap-
tured. In negative control group, the primary
antibody was replaced with 0.01 mol/L KPBS
and the secondary antibody with normal goat
serum.

In situ hybridization for Nestin mRNA at 7 sites
of fetal brain

Tissue was harvested from embryos, fixed in
4% paraformaldehyde (PFA), equilibrated in
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30% sucrose at 4°C and frozen in Tissue-Tek
OCT. Cryosections (15 um) were blocked with
10% goat serum in 0.1% Triton X-100 at room
temperature. Digestion was done with pepsin
in 3% citric acid at 37°C for 100 s, followed by
fixation in 1% paraformaldehyde in /0.1 M PBS
(pH 7.2-7.6) at room temperature for 10 min.
After addition of prehybridization solution, pre-
hybridization was done at 42°C for 4 h. The
digoxin labeled probe in in situ hybridization
solution was added followed by hybridization at
42°C for 20 h. After washing in series of SSC
solution (2x, 0.5%, 0.2x) at 37°C, blocking solu-
tion was added followed by addition of biotinyl-
ated anti-digoxin antibody and subsequent
incubation at 37°C for 90 min. Incubation was
performed with SABC at 37°C for 30 min and
then with biotinylated peroxidase at 37°C for
30 min. Visualization was done with DAB, fol-
lowed by counterstaining with hematoxylin for 1
min. After washing in water for 1 min, observa-
tion was done under a microscope and repre-
sentative photographs were captured. In nega-
tive control group, probes or antibody were not
used.

Quantification and qualification of NSCs in
fetal brain

Cells positive for Nestin protein or Nestin mRNA

had brown granules in the cytoplasm. At 400x,
cells were counted, and a total of 100 grids

Int J Clin Exp Pathol 2013:6(12):2757-2764
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Figure 3. Morphology of NSCs in the striatum of fetuses with different gestational age (SABC, DAB staining, A-C:
x400; D-F: x200). A: 36 weeks; B: 32 weeks; C: 28 weeks; D: 24 weeks; E: 20 weeks; F: 16 weeks; a: Big and oval
NSCs; b: Round NSCs; c: Pleomorphic NSCs; d: Small and oval NSCs; e: Polygonal NSCs.

were included in one field. At different sites,
observation was done in 3 sections, and 10
fields were randomly selected from each sec-
tion. Thus, a total of 300 fields were used for
the detection of total cells and positive cells in
each group. The proportion of positive cells to
total cells was calculated at different sites in
each group, which was used as the proportion
of Nestin positive cells at different sites.

Statistical analysis

Statistical analysis was done with SPSS version
13.0. The proportion of NSCs positive for Nestin
protein and mRNA at different sites was com-
pared with chi square test. A value of P<0.05
was considered statistically significant.

Results
NSCs morphology from fetus brain

In the hippocampus, NSCs were round, oval, tri-
angular or star-like. Most of NSCs were round
and single cell was observed. Symmetrical divi-
sion, colony formed by 2-8 cells and cluster-like
distribution were found. One NSC usually had
0-3 processes. Some NSCs interact with other
neurons via synapses (Figure 1). In the subven-
tricular zone, NSCs were star-like, round, oval or
spindle-shaped, and most of them were star-
like. NSCs had scattered distributed in astro-
cytes and single cell was frequently observed.
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Most NSCs had 1-4 nucleoli. Symmetrical and
asymmetrical division was found in these NSCs
which had 0-2 processes. Some NSCs interact
with other neurons via synapses (Figure 2). In
the striatum, NSCs were round, oval, polygonal
or pleomorphic, and most cells were oval. The
nucleus was vacuole-like and had 1-4 nucleoli.
One NSC had 0-3 processes and single NSC
was found among neurons. Symmetrical divi-
sion was occasionally observed in NSCs with
colony-like distribution (Figure 3). In the cortex,
NSCs were round or oval, or occasionally polyg-
onal. Most NSCs were round and had 1-5 nucle-
oli. NSCs were group-like, had colony-like
growth and presented with regional distribution
(Figure 4).

Proportion of nestin positive NSCs at different
sites of fetal brain

In the brain of fetuses with specific gestational
age, the proportion of nestin positive cells
reduced in the following order: hippocampus,
subventricular zone, striatum, frontal lobe, tem-
poral lobe, parietal lobe and occipital lobe
(P<0.01). At the same site, the proportion of
nestin positive cells reduced with the increase
in gestational age (P<0.01) (Table 1, Figure 5).

Nestin mRNA positive NSCs in fetal brain

In the brain of fetuses with specific gestational
age, the proportion of nestin mRNA positive

Int J Clin Exp Pathol 2013;6(12):2757-2764
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Figure 4. Morphology of NSCs in the cortex of fetuses with different gestational age (SABC, DAB staining, x200). A:
Frontal lobe; B: Temporal lobe; C: Parietal lobe; D: Occipital lobe; a: Group-like growth of NSCs; b: Round NSCs; c:
Oval NSCs; d: Colony-like growth of NSCs.

Table 1. Proportion of Nestin positive cells at different sites of fetal brain (%)

Qroup/ hippocampus subventricular Strigtum frontal temporal parietal occipital X2 Pvalue
site zone lobe lobe lobe lobe

16w 375 31.35 26.93 15.59 12.25 10.09 8.31 13219.62 <0.01
20w 314 28.31 23.37 13.48 10.54 7.73 6.52 10245.49 <0.01
24 w 24.8 22.46 18.70 11.62 9.57 5.42 3.87 9210.018 <0.01
28w 20.2 18.92 15.98 10.52 8.73 4.13 2.58 8014.862 <0.01
32w 17.09 14.97 12.87 9.87 7.53 3.46 1.65 6830.853 <0.01
36w 12.38 10.88 8.57 6.68 4.16 1.98 0.96 5693.014 <0.01
X2 6253.974 4644.602 4050.503 1265.152 1448.848 2275.611 2869.747

P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

40 Discussion

Neuroepithelial stem cell pro-
tein (Nestin) is a specific anti-
gen of NSCs and belongs to
[ hippocampus type VI intermediate filament
protein. Nestin is a major
intermediate filament protein

304

20 4 [ subventricular zone

triat .
B striatum in the central nervous system
[ frontal lobe (CNS) of embryo and mainly
10 [ temporal lobe expressed in the developing

CNS and skeletal muscles.

arietal lobe . . L
Cp Nestin expression initiates

Proportion of NSCs positive for nestin protein

0] [ occipital lobe since the formation of neural
=16W =20W =24W =28W =32W =36W .

plate and becomes disap-

Figure 5. Proportion of Nestin positive cells at different sites of fetal brain. peared when neurons begin

migration and differentiation.
Once the differentiation of

NSCs reduced in the following order: hippocam- neurons completes, the nestin expression
pus, subventricular zone, striatum, frontal lobe, stops. In the CNS of mammalians, change in
temporal lobe, parietal lobe and occipital lobe intermediate filament protein occurs at the key
(P<0.01). At the same site, the proportion of stage of cell differentiation. In the CNS, NSCs
nestin mMRNA positive cells reduced with the express nestin, and the nestin expression
increase in gestational age (P<0.01) (Table 2, reduces rapidly in the order from proliferating
Figure 6). NSCs to neurons. In the nestin gene, an

2761 Int J Clin Exp Pathol 2013;6(12):2757-2764
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Table 2. Proportion of Nestin mRNA positive NSCs at different sites of fetal brain (%)

Group/ . subventricular ) frontal temporal parietal occipital
. hippocampus striatum X2 P-value

site zone lobe lobe lobe lobe

16 W 46.47 41.42 28.51 14.95 12.12 10.1 9.0 23644.08 <0.01
20 W 36.5 355 24.83 13.76 12.57 9.68 7.97 15712.73 <0.01
24 W 30.4 27.36 20.32 12.58 11.03 7.33 6.31 10811.92 <0.01
28 W 22.35 20.57 17.68 11.31 9.28 6.12 4.82 7108.268 <0.01
32W 19.36 17.38 15.31 9.97 8.22 4.98 2.88 6928.515 <0.01
36 W 15.76 13.21 10.48 7.86 5.38 4.45 1.48 6150.322 <0.01
X2 9855.902 8848.345 3697.819 4336.394 1170.125 1435.392 2156.375

P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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Figure 6. Proportion of Nestin mRNA positive NSCs at different sites of fetal brain.

enhancer is found in the intron 2 and can act
on NSCs of CNS. This suggests that there is a
transcriptional regulation of NSCs in the CNS.
Of note, this enhancer in the intron has no influ-
ence on peripheral nervous system [12, 13].
The introns of human nestin gene are geneti-
cally protected, and 2 of 3 introns are shared
with neurofilaments. Before the reclassification
of neurofilaments, nestin and neurofilament
share a precursor [14]. To date, nestin has
been widely used as a marker for NSCs in in
vivo and in vitro studies and employed to iden-
tify NSCs from cells in nervous system [15]. In
the present study, in situ hybridization and
immunohistochemistry were employed to
detect the nestin mRNA and protein, respec-
tively, at 7 sites of human fetal brain, and NSCs
positive for nestin protein and mRNA were
observed in the fetal brain. In addition, the pro-
tein and mRNA expression of nestin showed
similar trend in the fetal brain. These findings
indicate that nestin is a favorable antigen used
to identify NSCs.

2762
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NSCs are primitive neural
cells with incomplete matu-
ration and can be found in
the whole CNS and at dif-
ferent developmental stag-
es of CNS. During the emb-
ryonic development of ner-
vous system, the multiplica-
tion of NSCs origins from
the surface of central canal
connected to the nerviduct.
The central canal finally
forms ventricular system in
adults. Some investigators
speculate that NSCs divide
on the inner surface of
nerviduct and migrate from
the ependyma and dentate
gyrus into specific layer, and these nerve fibers
are also NSCs [16]. NSCs are a group of cells
with self-renewal and differentiation potential,
and in the non-terminal state of differentiation.
NSCs can symmetrically and asymmetrically
divide into new NSCs or differentiate into small
daughter cells which finally differentiate into
three types of cells: neurons, astrocytes and
oligodendrocytes [17]. In previous studies,
NSCs are regarded to origin from the subven-
tricular zone and dentate gyrus [18]. In depth
studies reveal that NSCs also exist in the olfac-
tory bulb, ependyma, and subependymal zone
of rats, and the amount of NSCs in the brain
reduces over gestational age [8]. Subsequently,
NSCs are also identified in the hippocampus,
cortex, striatum and subependymal zone of
humans [19]. However, the alteration of NSCs
during the development of embryonic brain has
never comprehensively studied.

To date, no studies have been conducted to
investigate the changes in the distribution,

Int J Clin Exp Pathol 2013;6(12):2757-2764
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morphology, growth and amount of NSCs over
gestational age. In the present study, in situ
hybridization and immunohistochemistry were
employed to detect the mRNA and protein
expression of nestin (@ marker of NSCs) at 7
sites of the brain of fetuses with different ges-
tational ages. Results demonstrated NSCs
were found in the brain of fetuses with different
gestational age, but the distribution, morphol-
ogy, growth and amount of NSCs varied among
different sites and among fetuses with differ-
ent gestational ages. Our results showed NSCs
were round, oval, spindle-shaped, star-like, tri-
angular or polygonal and had small or large
size. NSCs with symmetrical or asymmetrical
division were also observed, and 2-8 NSCs
could form a colony and presented with group-
like or cluster-like growth. The group-like or
cluster-like NSCs formed NSC colonies or the
center for the generation of new NSCs. Some
NSCs had processes extending to surrounding
cells and interacted with other cells via synaps-
es. The amount of NSCs reduced with the
increase in gestational age. The above charac-
teristics of NSCs have never been reported pre-
viously. One may imagine that any thing has its
special morphology and functions, and the
morphology and structure of cells determine
their biological functions. The morphology and
growth of NSCs in fetal brain indicate that NSCs
with different morphologies, at different sites
of the brain or at different gestational age may
have distinct biological functions. Our results
also revealed that the amount of NSCs at a spe-
cific site reduced with the increase in gestation-
al age; in the brain of fetus with a specific ges-
tational age, the amount of NSCs reduced in
the following order: hippocampus, subventricu-
lar zone, striatum, frontal lobe, temporal lobe,
parietal lobe, and occipital lobe, and significant
difference was observed between any two
sites. These findings indicate that the amount
of NSCs in fetal brain is larger than that in adult
brain. Neonates are a continuation of fetal life
and may develop further into children and final-
ly into adults. Once focal ischemia/hypoxia is
present in the brain, NSCs at other sites may
proliferate and differentiate to repair this injury.
Thus, our results not only uncovered the devel-
opment of NSCs at different sites of the brain of
fetuses with different gestational age, but vali-
dated our hypothesis that to induce the prolif-
eration and differentiation of endogenous
NSCs is better for the treatment of HIBD in
neonates.
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Although great progresses have been achieved
in studies on NSCs, some problems still exist in
the NSC transplantation, such as immune
rejection, reconstruction of morphology and
cell circuit, functional integration and evalua-
tion of shortterm and long-term prognosis.
Thus, it has a long way before the transplanta-
tion of NSCs is used in clinical practice.
Directional induction of NSC differentiation is
crucial for the clinical application of NSCs.
Different types of neural cells might be required
for the repair of lesions of different types or at
different sites in nervous system. Although in
vitro experiments have confirmed that some
substances may induce the directional differ-
entiation of NSCs, the differentiation of NSCs
might vary in distinct environments. Thus, it is
difficult to collect NSCs with the same ancestry,
homogeneity and identical differentiation level.
In addition, the brain is an integrant that can
auto-regulate according to the pathophysiologi-
cal conditions, which can not be mimicked in
vitro due to its complexity, and the direction of
NSC differentiation can not be accurately deter-
mined. In addition, whether transplanted NSCs
induce immune rejection is still controversial.
Thus, the in vivo survival and proliferation of
NSCs are required to further investigated. NSCs
exist in the whole life of mammalians. They may
generate precursor cells and directionally dif-
ferentiate into cells to maintain the homeosta-
sis. Thus, NSCs may self-renew and stay in a
quiescent state. Transplantation of NSCs is a
new strategy for the treatment of brain injury,
and exert therapeutic effects via multiple
mechanisms, such as neural replacement, neu-
roprotection, inflammation and apoptosis [20].
It is accepted that NSCs can be used to treat
nervous system injury and degenerative dis-
eases. However, exogenous NSCs have limita-
tions, and to induce the endogenous NSCs to
repair brain injury may be a better strategy. In
HIBD of neonates, to induce the proliferation
and differentiation of endogenous NSCs may
be a preferred strategy. Of note, the time win-
dow for the induction of NSC proliferation and
differentiation should be paid attention to.

Conclusion

NSCs in fetal brain have distinct morphologies
and are widely distributed in the hippocampus,
subventricular zone, striatum and cortex. The
amount of NSCs reduces over gestational age.
To induce the proliferation and differentiation

Int J Clin Exp Pathol 2013:6(12):2757-2764
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of endogenous NSCs may be a promising and
effective strategy for the treatment of degen-
erative disease of nervous system of children
(including neonates).
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