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Abstract. Purpose: To research the states and feasibility of stem cells for neonatal
hypoxic ischemic encephalopathy (HIE). Methods: In this study, "newborn, hypoxic
ischemic encephalopathy, pathogenesis, stem cell transplantation™ as the key words,
which are searched the papers published in CNKI database and PubMed from January
1984 to December 2016.The efficacy of stem cell for neonatal HIE in animal and
clinical trials are reviewed. Results: There are three types of stem cells for neonatal
HIE including neural stem cells, mesenchymal stem cells and umbilical cord blood
mononuclear stem cells. The methods and delivery routes of stem cell transplantation
include intracerebra, intrathecal, peripheral intravascular and intranasal delivery. A
large number of animal experiments have shown that stem cell for neonatal HIE may
promote the differentiation and proliferation of endogenous stem cells, reduce the
apoptosis of damaged brain tissue and improve the neurobehavioral function of
animals. Clinical trials have shown that stem cell for neurological deficits in neonates
with HIE has been significantly improved. Conclusions: Stem cell transplantation for
neonatal HIE is a promising method, but some problems need to be solved urgently.

Introduction

Neonatal hypoxic ischemic encephalopathy (HIE) is a brain lesion caused by
perinatal hypoxia, which is one of the main causes of neonatal death and disability.
According to reports in the literature, Neonatal HIE occurs in 0.37 to 8 per 1000 live
births in developed countries [1,2,3,4,5] , among of neonates with HIE are about
15-20% of the patients died in the neonatal period and left permanent cerebral palsy,
mental retardation, epilepsy and other neurological disorders in 25-30%
survivors[6,7,8,9]which is bring great spiritual and economic burden to society and
family, and serious damage to the children's quality of life. Mild hypothermia is a safe,
effective and feasible method for the treatment of neonatal HIE, nevertheless, in mild
hypothermia therapy in patients with neonatal HIE, there are still occurred in 44-53%
died or left a moderate and severe neurological dysfunction [10, 11]. In the acute
stage, the use of supportive therapy and rehabilitation training in the later stage has a
certain effect on the recovery of part of brain function in patients, but it can not
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prevent the occurrence of neurological sequelae. In recent years, stem cells are
transplanted into the brain tissue of neonatal HIE, Stem cells may not only survive,
but also may be differentiated into neurons and glial cells, reconstruction of neural
pathways, improve brain damage caused by dysfunction[12],it brings new hope for
the patient of neonatal HIE.

Stem Cell Source and Classification

Stem cells are an undifferentiated and immature cells with the potential to self renew,
highly proliferating and multilineage differentiation which are the origin of tissue and
organ, and are the core component of regenerative medicine.

There are two methods to classify stem cells: (1) According to the developmental
stage of stem cells, they can be divided into embryonic stem cells (ESC ) and somatic
stem cells(SSC). ESC is derived from embryos, are highly undifferentiated cells with
the ability to differentiate all the tissues and organs of animals, because of ethical
issues, the application of the controversial. SSC is derived from many tissues and
organs of adult animals, which can produce new stem cells, but the dynamic balance
of growth and decline of tissues and organs. The potential of SSC is relatively weak,
and does not involve ethical issues, SSC are rich in source, including neural stem cells
(NSC), hematopoietic stem cell (HSC),bone marrow-derived mesenchymal stem cells
( BM-MSC), epidexmis stem cell and so on. SSC may be obtained from the following
as: A. Embryonic cells - directed differentiation of embryonic stem cells or
transplantation differentiation. B. Embryo tissue- formed by the isolated embryonic
tissue, solated cell or cell cultures. C. somatic tissues obtained from cord blood,
placenta, bone marrow, peripheral blood and adipose cells. (2) According to the
developmental potential of stem cells, which may divided into totipotent stem cell
(TSC), pluripotent stem cells (PSC) and unipotent stem cell (USC). TSC have the
potential to form a complete individual, such as embryonic stem cells, it has a strong
ability to differentiate with a similar morphological characteristics of early embryonic
cells; PSC have the potential to differentiate into multiple tissue cells, such as
embryonic stem cells; USC may differentiate into one type or two closely related cell
types, such as neural stem cells, hematopoietic stem cells.

A large number of animal experiments or clinical trials have been shown that stem
cells with paracrine factors not only may effectively repair the damaged tissues and
organ of body, but also it has inestimable value in clinical medicine and market
prospect. Stem cells provide a new method for the treatment of cardiovascular
diseases, metabolic diseases, nervous system diseases, blood system diseases,
autoimmune diseases and other important diseases.

Methods and Delivery Routes of Stem Cell Transplantation

There are many methods for stem cell transplantation, such as intracerebral delivery,
intrathecal delivery, peripheral intravascular delivery, intranasal delivery and
intraperitoneal delivery and so on.

Intracerebral Delivery

The stem cells are injected directly into the brain tissue [13,14 ]. The method is
followed by stereotactic localization, local anesthesia, skull drilling, insertion of
probes and stem cells are injected by micro pump into brain tissue. The advantage of
this method is that stem cells may be concentrated to the focus with surrounding, the
immune reject of peripheral lymphocytes and blood cerebrospinal fluid barrier are
avoided, thereby reducing the loss of stem cells during transplantation and improving
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the transplant efficiency. But the disadvantage of this method is that the stem cells are
injected directly into the brain to penetrate the skull and brain tissue, causing mild
brain injury and the high risk, high request, inconvenience many times, multi-target
injection, intracranial hypertension and so on. Intracerebral delivery is applied for
clinical, the families of patients with a variety of concerns, it is difficult to accept, the
opportunities of treatment often give up.

Intrathecal Delivery

It is called subarachnoid injection, because animal experiments are mostly rats,
lumbar puncture is difficult to achieve, therefore, the lateral intraventricular injection
is instead of lumbar puncture injection [15]. The advantage of this method is that the
transplanted stem cells are injected directly into the subarachnoid space, and the
injury degree is smaller than that intracerebral delivery, clinically, injection of stem
cells by lumbar puncture in children, the families of patients is easy to accept,
however, the lateral intraventricular delivery may cause mild secondary brain injury,
the families of patients is not easy to be accepted. The disadvantage of this method is
that stem cells need to pass the blood-cerebrospinal fluid barrier into brain tissue, at
present, there is still little research on stem cells in this delivery route, and its effect is
to be evaluated.

Peripheral Intravascular Delivery

Animal experiments are performed by internal carotid artery [16] or rat tail vein
injection [17]. The method is that stem cells are injected into the arteries or veins,
stem cells reach the damaged brain tissue through blood circulation. The advantage of
this method is that the operation is simple, the stem cells are widely distributed, and
less interference to nerve tissue, injections may be repeated. The disadvantage is that
the migration of stem cells pass the blood-brain barrier, the passage rate of stem cells
is reduced. When stem cells through the lungs or brain, it may lead to pulmonary or
cerebral thrombosis.

Intranasally Delivery

The stem cells are injected into the nasal mucosa, and the stem cells migrated to the
injured brain tissue via endocytosis of the olfactory neurons or trigeminal ganglion
cells [18]. The advantage is that the stem cells may reach the damaged brain tissue at
a short distance route, less loss of stem cells, injections can be repeated, and the stem
cells can avoid the influence of the blood-brain barrier to reach the damaged brain
region. The intranasally delivery is safe, simple, easy to accept and is a promising
delivery route to transplant

Current Status of Stem Cells for Neonatal HIE

For a long time, it has been believed that brain cells may not regenerate after injury.
However, animal experiments have been shown that stem cells may effectively
promote the recovery of neurological function in neonatal HIE animal model,
therefore, the research on exogenous stem cell transplantation for neonatal HIE has
aroused the interest of many scholars. Up till now, stem cell transplantation is more
common in animal experiments, there are only a few reports of clinical trials.
Nevertheless, it opens up a new way to treat HIE in neonates [19]. At present, the
stem cell types used for neonatal HIE are mainly focused on neural stem cells,
mesenchymal stem cells and human umbilical cord blood mononuclear cells.
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Neural Stem Cells( NSCs)

NSCs have the ability to self renew and differentiate into neurons and glial cells as
well as the ability to migrate and settle in the damaged areas of the central nervous
system. The study found that NSCs widely exists in the embryonic and adult nervous
system, and may be differentiated into neurons, astrocytes and oligodendrocytes in
vivo or in vitro,it has shown to repair for the brain injury. However, the ability of
neural cells to repair themselves is limited [20]. Therefore, it is possible to repair
damaged brain tissue with exogenous stem cells.

Animal experiments show that the human embryonic NSCs are transplanted into
the ventricle of HIE neonatal rats, stem cells can reach to the area of brain damage
along the sub-ventricle zone (SVZ) and corpus callosum, especially in the cerebral
cortex and hippocampus, 85% transplanted cells form hNuc-NF or hNuc-Tublin
positive cells in the cerebral cortex, 60% transplanted cells differentiate into
hNuc-GFAP positive cells [21]. At the same time, stem cells have the function of
enhancing endogenous brain repair [22], stem cells have strong ability of regeneration
and differentiation, if the embryonic stem cell derived neural precursor cells (NPCs)
are transplanted into the deep cerebral motor cortex of neonatal HIE rats, 3 weeks
after implantation, NPCs can be differentiated into neurons in the cortex, the motor
function of rats are improved [23]. pluripotent stem cells of mouse are transplantated
into rat brain,it can be differentiated into neurons and astrocytes [24]. In addition,
the survival, proliferation and differentiation of stem cells depend on the support of
neurotrophic factors brain derived neurotrophic factor (BDNF) can promote the
growth of transplanted stem cells in the injured brain area, and promote the recovery
of neural function[25]. In order to reduce the damage of stem cells into the brain
during the process of transplantation, human embryonic neural stem cells (hNSCs)are
transplantated into the nasal cavity of HIE newborn rats, the results show that hNSCs
are widely distributed in different regions of brain, the expression of cytokine LI-1p,
P-LkPBa, NF-kp and p65 are decreased, the neurological function are improved[26],
intranasally delivery is a non-invasive transplantation method which provides a
simple and convenient method for stem cell for neonatal HIE in the future.

In recent years, human fetal neural stem cells (hNSCs ) transplantation for neonatal
HIE has made great progress in the clinical application, Luan Z et al. study that
hNSCs are transplanted into one case of neurological disability infant who is caused
severe HIE after birth 75 days of ages, twenty eight days after hNSCs transplantation,
remarkable improvement occurred not only in his myotonia but also in his intelligence
and movement, which became similar to those of the normal infants of the same age
[27 ]. Later, they implanted with human neural progenitor cells for 6 cases of neonatal
HIE brain damage, second days after transplantation, all patient's sucking and
swallowing reflex appear, twitch stop, muscle tone are improved, at the same time, all
patients are followed up for 12 months, of 4 cases of infant who mental motor
development and the scale scores reache normal level, 2 cases of cerebral appear
palsy [28]. The results of clinical trials show that NPCs transplantation is safe and
effective for severe neonatal brain injury, and has accumulated valuable experience
for further research and application.

Mesenchymal stem cells (MSCs)

MSCs are a kind of somatic stem cells with self-renewal and multilineage
differentiation potential, which are found in bone marrow, cord blood, adipose tissue
and fetal tissues.
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Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSCs)

BM-MSCs may stimulate the repair process by secreting growth factors and improve
neonatal hypoxic ischemic brain damage. Animal experiments have show that human
or rat BM-MSCs may improve the motor function, learning and memory function,
when BM-MSCs is transplantated into the brains of neonatal HIE rats[29,30]. It is
also found that the glial fibrillary acidic protein and OX42 are more abundant in
region of stem cells [31], and it may promote the differentiation and regeneration of
new cells toward neurons and oligodendrocytes [32]. In addition, the transplanted
BM-MSCs can also promote the up regulation of endogenous repair factors and
improve the sensorimotor function [33]. Animal experiments show that the timing of
stem cell transplantation has a close relationship with the treatment results. Donega V,
et al. studied that PKH-26 labeled cells as BM-MSC in the localization of the brain,
the content of BM-MSC(0.5x10®) are used as the minimum effective dose, the stem
cells are transplanted in the nasal cavity of 9 days old mice with HIE. BM-MSC are
transplanted into mice at 3d or 10 d after HIE, The results show that the stem cells can
reach the diseased area within 24 hours, which may improve the cognitive function
and the sensory motor function; when BM-MSC are implanted into mice at 17d after
HIE, BM-MSC are not detected in the lesion[ 34]. Further studies have shown that
BM-MSC are transplanted by intranasal which may decrease the activity of astrocytes
and microglia in the brain tissue of neonatal rats with HIE, and promote neuronal
regeneration, reduce scar formation [35]. Effects of different neurotrophic factors or
growth factors on BM-MSC in the differentiation and proliferation are significant
differences. In vitro, the brain-derived neurotrophic factor(BDNF), epidermal growth
factor 7(EGFL7), persephin (PSP) or sonic hedgehog(Shh)secreted by MSC,which
can regulate the proliferation and differentiation of neural stem cells. Interestingly,
different gene modified stem cells have different effects on brain damage in neonatal
HIE mice, MSCs-BDNF implanted in HIE mice may significantly improve motor
function and reduce brain lesion size; MSCs-EGFL7 may only improve motor
function, but has effect on lesion size; MSCs-Shh or MSCs-PSP neither improved
outcome nor reduced lesion size [36]. It is of great significance to guide the selection
of different neurotrophic factors or growth factors in stem cell transplantation. In
order to enhance the effect of stem cell transplantation, neurotrophic factor or growth
factor is also the focus of future research.

Umbilical Cord Blood -Derived Mesenchymal Stem Cells (UCB-MSCs)

UCB-MSCs are a more primitive MSC group with the following advantages: (1) a
wide range of sources, easy to collect, easy to expand, no ethical issues; (2) the
proliferation ability of UCB-MSCs are several times faster than BM-MSCs.

Some scholars study that human umbilical cord blood mesenchymal stem cells are
transplanted into HIE rats from intravenous delivery, which may promote the
recovery of rat's behavior and reduce the proliferation of glial cells in cerebral
ischemic area, if ganglioside treatment is given at the same time, which may further
enhance the recovery of nerve function [37]. In addition, there are reports that human
UC-MSCs is transplanted into neonatal HIE rats, it may reduce the damage of brain
tissue apoptosis early after implantation, decreased the expression of Caspase-3; Late
after transplantation, human UC-MSCs may differentiate into neurons and promote
the differentiation of endogenous neural cells [38].In contrast, it has been reported
that the transplanted human UCB-MSCs can only differentiate into microglia and
astrocyte [39], and cannot differentiate into neurons [40].Therefore, what type of
nerve cells are differentiated after stem cell transplantation? It is necessary to clarify.
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Dental Pulp Stem Cells-Derived Stem Cells (DPSCs)

DPSCs have the characteristics of NSCs and MSCs [41]. Recently, some scholars
study that human DPSCs are transplanted into neonatal HIE animal model, the result
show that human DPSCs may reduce the brain injury of mice HIE, inhibition of
proinflammatory cytokines and cell apoptosis[42]; Also find that DPSCs may an
directly differentiate into neurons or glial cells, promote the proliferation of host stem
cell and differentiation into neurons or glial cells, meanwhile, human DPSCs also may
improve the neural behavior of animal[43]. DPSCs as a new member of stem cells, it
will play an key role for nerve injury disease.

Human Umbilical Cord Blood Mononuclear Cells ( HUCB-MCs)

UCB-MC:s is rich in immature stem cells which is an important target for refractory
central nervous system (CNS) diseases. Cord blood transplantation has a strong
potential for nerve regeneration. The mechanism of UCB-MCs for neonatal HIE may
be related to neuroprotection, anti-inflammation, angiogenesis, neurogenesis and
stimulate the release of endogenous neurotrophic factors. It has been demonstrated
that human UCB-MCs are effective for central nervous system (CNS) injury.
UCB-MCs are easier to obtain than other stem cells and safer transplantation [44].
Therefore, umbilical cord blood cell transplantation for neonatal HIE has great
potential and prospects. Animal experiments showed that transplantated human
UCB-MCs into neonatal HIE rats may decrease the activity of microglia, inhibit the
death of neurons and promote the recovery of sensory motor reflex [45], promote
endogenous neural stem cells to differentiate into mature nerve cells [46], promote the
recovery and development of damaged brain cells [47], reduce neurological deficit
[48], UCB-MCs transplantion for neonatal HIE rats may improved learning and
long-term spatial memory [49,50].

In order to promote the passage of UCB-MCs through the blood-brain barrier, the
human UCB-MCs are added into mannitol from intravein delivery, it is found that
the transplanted UCB-MCs may promote the up regulation of brain-derived
neurotrophic factor [51]. Therefore, the human umbilical cord blood stem cells for
reduction of neurological deficit caused by neonatal HIE has great potential [52],
which is the best intervention measures and a wide application prospect.

Conclusions

Animal experiments and clinical trials have shown that stem cell transplantation for
neonatal HIE is significant, In particular, human umbilical cord blood mononuclear
cells is early intervention for neonatal HIE by intranasal delivery, it is a promising
treatment method. However, there are still many problems to be solved in the
treatment of neonatal HIE, For example: the best choice for stem cell types, the best
delivery route of stem cells, the best time for stem cell transplantation, the
reconstruction of the morphological structure of neurons or glial cells after stem cell
transplantation, regulation of stem cell migration, proliferation and differentiation in
vitro as well as the efficacy evaluation of long term and so on. We believe that these
problems are solved, stem cells for neonatal HIE in clinical will be widely carried out.
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