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Abstract
Aims: Hypoxic‑Ischaemic Brain Damage (HIBD) remains a common sequelae of various nervous system 

diseases. Human Umbilical Cord derived Mesenchymal Stem Cells (hUC‑MSCs) transplantation was considered to 
be promising in treating HIBD. However, the best route of administration to transplant hUC‑MSCs remains open. In 
this study, we systematically compared the three routes of administration. The Intravenous (IV), Intracerebral (IC) 
and Intranasal (IN) administration for the first time to guide the best clinical practice.

Methods: The HIBD rat models were built on the 7
th

 (PN7) day after birth of rats. The three routes of administration 
of hUC‑
HIBD+IC) were compared with HIBD and sham group on motor function learning and memory function improvement 

birth of rats. Moreover, the pathological tests were used to compare the pathological repair effects of three routes 
of administration: The morphological changes of brain tissue were tested by Haematoxylin and Eosin staining (HE 
staining); the proliferation of reactive astrocytes were compared by detecting the expression of Glial Fibrillar Acidic 
Protein (GFAP) by immunohistochemistry; and the number of neuronal apoptosis in cortex and hippocampus were 
compared by TUNEL staining.

Results: The motor function of rats in HIBD group was significantly lower than that in sham group on the PN10, 
both in hanging wire and vertical pole tests (p<0.0001). This shows the effectiveness of our HIBD model. All of the 
three routes of administration groups showed significant improvement of motor and learning function, reducing the 
liquefaction necrosis, GFAP expression and apoptosis rate of nerve cells in cerebral cortex and hippocampus of 
HIBD rats. Among the three routes of administration groups, the functional improvement and pathological repair 
effect of Intracerebral (IC) and Intranasal (IN) administration were better than those of Intravenous (IV) administration 
stem cells. And no significant difference between intracerebral and intranasal administration. As Intranasal (IN) 
administration is more compliant and convenient in clinical practice than Intracerebral (IC) administration, thus we 
suggest that Intranasal (IN) administration is the best route of administration of hUC‑MSCs on HIBD treatment.
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Introduction
HIBD is a non-progressive injury, which caused by insufficient 

oxygenation/perfusion of fetal and neonatal brain tissue due to various 
perioperative infections, placental abnormalities, metabolic disorders 
or abnormal coagulation function [1]. Because of the high demand for 
energy in the brains of fetuses and newborns, they are more vulnerable 
to hypoxia-ischaemia. When hypoxia and ischemia occur, microglia and 
astrocytes are activated and the release of various harmful substances 
and inflammatory factors increases, resulting in the destruction of the 
blood-brain barrier and the dysfunction of mitochondrial function, 
which leads to neuronal necrosis and apoptosis [2]. The death of nerve 
cells is widely known as non-renewable. Therefore, if this kind of injury 
is not effectively repaired, HIBD will be often the sequelae of various 
nervous systems, such as CP, seizures, mental retardation and so on, 

which have a great impact on the growth and development of children 
themselves, their social activities and family members.

With the progress of medical technology, the identification of 
HIBD can be realized by a variety of auxiliary examinations, such as 
bedside EEG, craniocerebral ultrasound, craniocerebral CT and MRI, 
etc., but only therapeutic hypothermia has been effectively approved. 
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Hypothermia treatment can reduce child mortality and the risk of 
moderate to severe injury [3], but its functional recovery is limited and 
must begin within 6 hours of birth [4]. What’s more, it cannot repair 
and replace the lost neurons. In addition, the adverse complications 
caused by hypothermia itself also need to be vigilant. For example, 
the prolongation of hypothermia treatment time or the decrease of 
temperature will increase the mortality of children [5] and increase the 
death of brain cells in animals [6]. Even a recent multicenter randomized 
controlled study showed that hypothermia not only did not reduce 
18-month-old infant mortality or moderate to severe injuries, but also 
significantly increased the number of deaths in developing countries 
[7]. Therefore, we urgently need to find a new treatment for HIBD.

In recent years, the repair effect of stem cells on nervous system 
has also been recognized by many experts [8-11]. In particular, hUC-
MSCs are relatively easy to obtain, and there are nearly no ethical 
problems, the immunogenicity is also low. HUC-MSCs also have all 
the characteristics of other stem cells, such as multi-differentiation 
potential, strong value-added ability and so on, so it is considered to 
be promising cells [12,13]. HUC-MSCs have also been proved to be 
effective by many preclinical studies and initial clinical trials in the 
treatment of HIBD and sequelae such as CP [14-17]. However, if 
the specific treatment plan is to be implemented on a large scale in 
children, there are still many problems to be solved, such as which way 
of transplantation can restore the neurological function of children 
better, have less side effects and be stable for a long time. The IV 
transplantation is the most widely used approach in early clinical trials 
[18], which is relatively easy to operate and has a high acceptability of 
family members and patients. Although it is still unknown whether 
it can pass through the blood-brain barrier, many experts believe 
that the IV transplantation can play a therapeutic role by regulating 
the secretion of peripheral related immune factors [19,20]. However, 
it should be noted that even if IV-transplanted cells cannot enter the 
central nervous system and play a protective role, its first-pass effect 
in lung, liver and other peripheral organs needs to be considered [21] 
and whether there are adverse effects on peripheral organs and tissues 
is still unknown. The IC transplantation is considered to be a better 
way in animal experiments because it can directly ignore the blood-
brain barrier to reach the brain [22]. It not only makes the number of 
stem cells reach the brain injury area more, but also reduces the risk 
of damage to the peripheral tissue. Many studies [23,24] believe that 
IC transplantation cannot only regulate the expression of neurotrophic 
factors in the brain, promote the differentiation of endogenous neural 
stem cells, but also replace the dead nerve cells. However, it is highly 
invasive and risk and the maneuverability of repeated transplantation is 
small. It is also necessary to consider the acceptance of family members 
and patients in clinical practice, so the clinical application is limited. 
And although IN administration of pharmaceuticals has a long history, 
the administration of stem cells from the nose is also a new treatment 
which has only been implemented in recent ten years. It has been 
known that cells can bypass the blood-brain barrier directly through 
the nasal mucosa, migrate along the olfactory nerve pathway to the 
olfactory bulb and other parts of the brain, or move along the surface of 
the cortex into cerebrospinal fluid and then into the brain parenchyma 
[25]. Many preclinical studies have also confirmed the feasibility of 
transplantation of stem cells by IN transplantation in the treatment of 
HIBD [26,27]. But it remains question that how to get more stem cells 
through the nasal mucosa, the appropriate volume of transplantation 
fluid and it is unknown what the effect of administration is to compare 
the other two ways. There are no clinical reports of IN transplantation 

of stem cells in the treatment of HIBD yet.

Therefore, in this study, we compared for the first time the most 
widely used the IV transplantation, the IC transplantation, which 
had been considered to be effective in recovery and the new IN 
transplantation in recent years, in order to pave the way for the clinical 
application of stem cells in the treatment of HIBD in children.

Materials and Methods 

Cell culture

Were hUC-MSCs obtained from stem cell research center of 
Taihe hospital were cultured in DMEM containing 10% FBS (Gibco 
Invitrogen, USA), penicillin (100 U/mL) and streptomycin (100 
µg/mL). Upon attaining about 80% cell confluence, the cells were 
trypsinized and passaged. In the following experiments, we used the 3rd 
to 5th passages cells.

HIBD model

Healthy PN7 clean rats (SPF grade, Sprague-Dawley), weighing 
(15+5) g, a total of 78 rats (regardless of sex), provided by the 
Experimental Animal Center of Hubei University of Medicine. The 
construction of HIBD model based on the modified RICE as previously 
described [28]. In simple terms, PN7 rats were anesthetized and placed 
on an operating table with a 37℃ constant temperature heating pad. 
The right common carotid artery of rats was exposed surgically, the 
sheath was opened, the nerves and veins were separated. We ligated the 
distal and proximal ends of the right common carotid artery with 6-0 
surgical silk thread and severed in the middle. The operation time is less 
than 15 minutes. The rats after the operation were placed on a heating 
pad (37℃) and put back to the female when they woke up. After 2 
hours of recovery, the rats were transferred to an anoxic chamber 
with a heating pad (37℃) and exposed to a mixture (containing 8% 
oxygen+92% nitrogen) of hypoxia for 2 hours. In Sham group, the right 
common carotid artery was isolated only after anesthesia, no ligation 
and no cut, then put back to the female rats after anaesthesia woke up.

Study design

Previous studies showed that there was no significant difference in 
behavior and pathology among the HIBD group, the HIBD with PBS 
administration group and the HIBD with fibroblasts administration 
group, so HIBD group was directly used as injury control group 
in our experiments. In order to evaluate the effect of hUC-MSCs 
transplantation in different ways on HIBD rats, PN7 rats were randomly 
divided into five groups: 1) a Sham group (n=14); 2) a HIBD group 
(n=16); 3) a HIBD+IV group (Intravenous injection hUC-MSCs after 
rats suffered from HIBD) (n=16); 4) a HIBD+IN group (Intranasal 
administration of hUC-MSCs after rats suffered from HIBD) (n=16); 
5) a HIBD+IC group (Intracerebral administration of hUC-MSCs after 
rats suffered from HIBD) (n=16). The brief timeline of the experiment 
is shown in the Figure 1A.

Similar to Rosenblum et al., hUC-MSCs transplantation was 
performed on the 7th day (PN14) after HIBD in rats, and the number of 
hUC-MSCs was 0.5 × 106/head [29]. In HIBD+IV group, 0.5 ml hUC-
MSCs suspension was injected intravenously through tail vein and the 
puncture point was pressed with clean cotton swabs for 2 minutes to 
prevent leakage. In HIBD+IN group, 6 ul hUC-MSCs suspension was 
dripped into the nasal cavity of the anesthetized rats by the Hamilton 
syringe a total of 12 ul/rat and only one side of the nasal cavity was 
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kit, ZSGB-BIO, PV-6001, China) at room temperature for 1 hour 
and then DAB was added for 5 minutes to develop the color. After 
conventional dehydration and sealing, the tablets were observed 
under light microscope (Olympus BX53+DP74, Japan). The Cells and 
Standard software was used to collect images under the same exposure 
conditions, and FIJI Image-J v1.52p software was used to process the 
images. 8-10 visual fields were selected to quantify the positive cells in 
each part of the coronal section. The cell density was measured by the 
number of positive cells per HPF (400x). Then the positive staining area 
was statistically analyzed to reconfirm the results of cell density.

TUNEL apoptosis

According to the instructions of TUNEL kit (One Step TUNEL 
Apoptosis Assay Kit, Beyotime, C1088, China), 3 or more sections 
in each group were stained with TUNEL. The brain tissue slices were 
dewaxed and hydrated and soaked in distilled water for 3 minutes, 
then reacted with protease K at 37℃ for 30 minutes. After cleaning 
with PBS for 3 times, each slice was treated with 50 ul TUNEL reaction 
solution and reacted in a wet box at 37℃ for 1 hour. The nucleus was 
stained with DAPI and sealed with sealant containing anti-fluorescent 
quenching agent. We selected 3-5 random visual fields of cortex and 
hippocampus from each sample to count the number of TUNEL-
positive cells and calculated the apoptosis rate, which was equal to the 
number of TUNEL-positive cells/total number of cells × 100%.

Statistical analysis

Statistical analysis and chart drawing of the data are carried out by 
using Prism v8.0.2 software (GraphPad Software, San Diego, CA, USA). 
A two-tailed student’s t-test was used for comparisons of two groups 
of samples with normal distributions. When there are two sets of data 
for comparison, we choose a one-way Analysis of Variance (ANOVA) 
with Tukey’s multiple comparison post-hoc test, and when we need 
to evaluate two independent variables, we use two-way ANOVA 
with Tukey’s post hoc test. The measured data are represented by 
mean+standard deviation. Only when p<0.05 was considered to have 
statistical difference.

Results

Behavioral dysfunction of HIBD

PN7 rats had irritability and cyanosis after hypoxia and ischemia 
for half an hour. With the prolongation of time, fecal incontinence, 
even rotation to the left and reversal of angular arch appeared gradually, 
while some rats showed inhibition of activity. Rats who automatically 
rotate to the left when lifting their tails after attacked were selected to 
continue the following steps. Individuals who rotate poorly or die in the 
process were excluded. A total of 72 rats were considered qualified and 
selected for following experiments.

Comparison of motor and cognitive function improvement 
of HIBD by three hUC-MSCs transplantation ways

In order to investigate the effects of hUC-MSCs transplantation on 
growth and motor function of HIBD rats by different ways, the weight 
of rats had been monitored dynamically and hanging wire and vertical 
pole tests were carried out in PN10 and PN21.

As shown in Figure 1B, the weight gain of the three hUC-MSCs 
treatment groups was significantly faster than that of the HIBD group, 

dripped into one side at a time to prevent asphyxia. After drip, the 
rats were placed on their backs for at least 10 minutes until they were 
completely absorbed and replaced with the other side. In HIBD+IC 
group, 5 ul hUC-MSCs suspension was injected from the left lateral 
ventricle with brain stereotactic apparatus and Hamilton syringe at a 
speed of 1 ul/min. Stop injection for 2 minutes at each injection of 2 
ul, stop injection for 5 minutes after injection and slowly pull out the 
Hamilton syringe, seal skull with bone wax, suture wound and disinfect.

Functional tests

Preliminary evaluation of the success of the model through the head 
rotation behavior of rats on the same day after hypoxia and ischemia. On 
the 3rd day after injury (PN10), in order to further determine whether 
the model was successful or not, we evaluated the neurobehavior of 
rats in each group by hanging wire test and vertical pole test [8]. We 
evaluated the neuromuscular development ability of rats by hanging 
wire test. First, take a wire cage cover of the right size, place the rat on 
it, gently shake the rat three times to make the rat grasp the wire and 
then reverse it. The rat will hold on to the wire with his limbs to prevent 
falling. We need to place a box full of sawdust under the wire to protect 
the falling rat. The distance between the box and the wire should be 
greater than 20 cm to prevent the rats from falling intentionally. Finally, 
use the stopwatch to record the falling time of each rat. The vertical 
pole test was used to experiment the motor balance ability of rats. First 
of all, take a horizontal wooden pole, put the rat in the center. And 
then we gently move the wooden rod from the horizontal position to 
the vertical position, the rat falls to stop moving and record the angle 
between the wooden rod and the ground when the rat falls.

On PN21, as before, we carried out hanging wire test and 
vertical pole test to see if the motor function of rats improved after 
transplantation of stem cells through different ways. And then began to 
prepare the MWM test to evaluate the learning and memory function 
of rats in each group, as previously described [30]. Briefly, on the first 
day of the test, rats were exposed to a visible platform, using the time 
and distance they reached the platform to assess their movement and 
vision while swimming. From day 2 to day 5, the invisible platform was 
used to train to enhance their learning and memory ability and the 
time when the rats arrived at the platform was recorded. The platform 
was removed on the 6th day and the memory function was evaluated by 
recording the target quadrant wandering time within 60 s.

Histopathological staining

At the end of behavioral experiment, the rats in each group were 
killed after anesthesia and the brain was taken after perfusion with 4℃ 
saline and 4% paraformaldehyde. The brain tissue was fixed in 10% 
paraformaldehyde for 24 hours and embedded in paraffin. The coronal 
section of brain was made with embedded wax block, the thickness of 
which was 5 μm, dewaxed in xylene in turn, hydrated with gradient 
alcohol and then stained with Haematoxylin and eosin. The histologic 
changes of the cortex and hippocampus of the five groups were observed 
under light microscope.

Immunohistochemistry

In each group, 5 slices of brain tissue were dewaxed and rehydrated 
and blocked with 5% bovine serum albumin. The brain tissue slices 
were incubated with the primary antibody to glial fibrillar acidic 
protein (anti-GFAP antibody, Abcam, ab7260, 1:3000, UK) overnight 
at 4℃, then incubated with the secondary antibody (Rabbit two-step 
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The pathological changes of HIBD by three hUC-MSCs 
transplantation ways

By observing the overall specimens of brain tissue, we found 
that the brain tissue on the right of HIBD rats was atropd HIBD and 
obvious liquefaction necrosis was observed and white infarction foci 
were found around them, while the reduction or even disappearance of 
local necrotic foci and infarction foci could be observed in three stem 
cell transplantation groups. We observed the pathological changes of 
cerebral cortex and hippocampus by HE staining. The results showed 
that the atrophy of cortex and hippocampus could be seen obviously 
in HIBD group than that in sham group under lower magnification 
of injured lateral brain tissue. Under high magnification microscope, 
the normal cells of cortex and hippocampus were disordered and 
more inflammatory cells were infiltrated, as well as necrotic nerve 
cells with nuclear pyknosis, nuclear fragmentation and deep staining 
of cytoplasm. However, the transplantation of stem cells in three ways 
showed significant improvement (Figure 3)

In order to compare the effect of stem cell transplantation on 
astrocytes in brain tissue of HIBD rats, we compared the expression 
of GFAP in cortex and hippocampus of each group. When brain tissue 
is injured by ischemia and hypoxia, the main changes of astrocytes are 
the increase of cell body area and cell number, so we compared the area 
of GFAP positive expression and the number of GFAP positive cells to 
make the results more reliable. We found that the positive expression 
of GFAP in cortex and hippocampus increased significantly after 
HIBD, while stem cell transplantation could significantly decrease the 
expression of GFAP. The decrease of GFAP expression in hippocampal 
DG region of HIBD+IN group was more obvious than that of HIBD+IV 
group, but there was no significant difference between HIBD+IC group 
and HIBD+IN group. Even, no significant difference was shown in 
the improvement of GFAP expression in the cortex between the three 
treatment groups (Figures 4A-4C).

and the weight gain of the HIBD+IC group was more obvious than 
that of the HIBD+IV and HIBD+IN groups and the weight gain of the 
HIBD+IC group was even faster than that of the sham group on PN21. 
The motor function of rats in each HIBD experimental group was 
significantly lower than that in sham group on the PN10, both in hanging 
wire and vertical pole tests. And on the PN21, the transplantation of 
hUC-MSCs through three routes distinctly improved the behavioral 
function of hypoxia-ischemic rats. The behavioral function of the 
HIBD+IV group was still lower than that of sham group, and the 
improvement of HIBD+IC group was also better than HIBD+IV group 
in hanging wire test on the PN21, but no significant difference between 
HIBD+IN group and HIBD+IC group (Figures 1A-1D).

To investigate the improvement of learning and memory function 
in HIBD rats by hUC-MSCs, we carried out the MWM test. It shows the 
representative trajectory of swimming in each group of rats in the MWM 
test. There was no significant difference in escape latency and path 
length among the five experimental groups during the visible platform. 
This suggests that neither HIBD nor hUC-MSCs transplantation 
groups damaged the visual acuity and activity of rats while swimming. 
We also found that as the number of training sessions increases, the 
time for subjects to reach the platform gradually decreased. And the 
escape latency of HIBD+IN and HIBD+IC group from 3rd to 5th day 
of learning was significantly lower than that of HIBD group, but IV 
injections did not show statistical differences. In addition, the escape 
latency of HIBD+IN and HIBD+IC group was similar to that of Sham 
group on the 5th day, which also means that IN and IC transplantation 
can obviously improve the learning and memory function of HIBD 
rats, almost catch up with the normal level. However, in evaluating 
memory retention ability, transplantation through the three routes 
showed statistical differences of time in target quadrant compared with 
the HIBD group, which the HIBD+IC group seemed better (Figures 
2A-2D).

Figure 1:  hUC‑MSCs transplantation promote cognitive function in rats with HIBD. (A) The time line of hUC ‑MSCs transplantation in rats with HIBD; (B) Weight 
gain of rats in each experimental group after operation and hUC‑MSCs treatment. hUC‑MSCs therapy could increase the body weight of HIBD rats and even on 
PN21 day, the weight of HIBD+IC group was faster than that of sham group; (C) Hanging wire test. After ischemia and hypoxia injury, the retention time on the 
wire was significantly shortened, while the residence time on the wire was significantly prolonged after hUC-MSCs treatment. The retention time on the wire in the 
HIBD+IC group was longer than that in the HIBD+IV group; (D) Vertical pole test. hUC‑MSCs treatment improved the duration on pole of the rats after ischemia and 
hypoxia injury. Note: ( ) Sham; ( ) HIBD; ( ) HIBD+IV; ( ) HIBD+IN; ( ) HIBD+IC; ( ) sham; ( ) HIBD; ( ) HIBD+IV; ( ) HIBD+IN; ( ) HIBD+IC. 
Significance: n=8‑‑ 14 rats per group; *, **, ****

A

C D

B

 represent p<0.05, 0.01 and 0.0001 respectively compared to the sham group; #, ##, #### represent p<0.05, 0.01 and
 0.0001 compared  to the  HIBD group and “&” represent p<0.05 compared to the HIBD+IV group.
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Figure 3: hUC‑MSCs transplantation relieve cerebral tissue pathological changes in HIBD rats. Representative images of HE staining in the hippocampus and 
cortex after HI insult are shown. HE staining showed that the atrophy of damaged hippocampus and cerebral cortex became smaller, the local cell structure was 
disordered, the inflammatory cells infiltrated and the number of necrotic nerve cells increased. Scale bar: 750  m (40×) or 100

 
Sham                     HIBD                  HIBD+IV         HIBD+IN              HIBD+IC

Figure 2: hUC‑
swimming paths of the rats in these group; (B) No difference in escape latency and path length were observed for all rat groups during visible platform conditioning 
trial; (C) Rats in HIBD+IN and HIBD+IC group performed significantly better in learning than rats in HIBD group, which was nearly comparable to the sham rats 
during invisible platform learning trials; (D) Rats in HIBD group showed obvious memory impairment and hUC-MSCs therapy could reverse it. But no significant 
difference in memory performance among the HIBD+IV, HIBD+IN and HIBD+IC groups was observed during the memory test trial. Note: ( ) Sham; ( ) HIBD; 
( ) HIBD+IV; ( ) HIBD+IN; ( ) HIBD+IC. Significance: n=10‑17 rats per group. *,**, *** represent p<0.05, 0.01 and 0.001 respectively compared to the HIBD 
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th
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Figure 4: hUC‑MSCs transplantation can reduce the proliferation of astrocytes in HIBD rats. Glial Fibrillary Acidic Protein (GFAP) immunohistochemistry 
was performed to assess the degree of proliferation of astrocytes in the hippocampus (CA1, CA3 and DG regions) and cortex. (A) Representative images of 
immunohistochemical analysis of GFAP positive cells in the hippocampus and cerebral cortex of rats in each group; (B) The % coverage of GFAP in CA1, CA3, 

***, **** espectively compared 

A

B C

(40×) (400×)DG and cortex; (C) The number of GFAP positive cells per high magnification (400×).  Scale bar: 200 μm . 
Note:

 n=4-6 rats per group. Note: 
 represent p<0.001 and 0.0001 respectively compared to the sham group;  represent p<0.05, 0.01, 0.001 and 0.0001 r#, ##, ### , ####

“&”to the HIBD group; 
“&”

 represent p<0.05 compared to the HIBD+IV group.

 or 20 μm 
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HIBD+IC group and HIBD+IN group was lower than that of HIBD+IV 
group, but there was no significant difference between the former two 
groups. Besides, the apoptosis rate of HIBD+IC group on the cerebral 
cortex was significantly lower than that of HIBD+IV group (Figures 
5A-5D).

The apoptosis rate of nerve cells in the right cerebral cortex and 
hippocampus of rats in each group was detected. The results showed 
that the apoptosis rate of neurons in cortex and hippocampus of the 
HIBD group was significantly higher than that of sham group, while 
the apoptosis rate of three stem cell treatment groups was significantly 
lower than that of HIBD group. The apoptosis rate in hippocampus of 

Figure 5: hUC-MSCs transplantation can inhibit apoptosis of neurons in HIBD rats. (A,B) Detection of apoptosis rate (TUNEL-Positive Nuclei/Total Nuclei × 
100%) of neurons in the hippocampus of rats by TUNEL staining; (C,D) Detection of apoptosis rate of neurons in the cerebral cortex of rats by TUNEL staining. 

‑5 rats per group. 

*

,

A B

C D

 represent p<0.05 and 0.0001 respectively compared to the sham group; #### represent p<0.0001 compared to the HIBD group. Note:  n=3Note: 
&&,&&& represent p<0.01, 0.001 respectively compared to the HIBD+IV group.
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ability. It indicates that the intervention of stem cells through IC and 
IN has a more significant therapeutic effect on the brain tissue area in 
charge of learning and memory function in HIBD rats.

The brain areas in charge of learning and memory function are 
mainly located in the hippocampus, especially the CA1, CA3 and DG 
regions, while the cortex is the advanced center for further processing 
memory and behavioral movement. According to the overall brain 
tissue specimens of our experiment, the injury area of HIBD to rat 
brain is also mainly manifested in hippocampus and cortex. Therefore, 
from the microcosmic point of view, we choose to quantify the damage 
of hippocampus and cortex by pathological staining to compare the 
therapeutic effect. Glial cells in the central nervous system mainly 
include astrocytes, microglia and oligodendrocytes, which play an 
important role in maintaining human health activities. Among them, 
astrocytes seem to play a more extensive role [43]. When HIBD 
occurred, the release of various harmful factors increased, astrocytes 
and microglia were activated and the expression of inflammatory factors 
was up-regulated, resulting in neuronal necrosis and apoptosis [44]. 
In the process, astrocytes proliferation is thought to last longer, play a 
more significant role and damage more [45]. Therefore, the protection 
of the nervous system from the reactive proliferation of astrocytes 
seems to play a greater role. The expression of GFAP in astrocytes is 
up-regulated after central nervous system injury, so it is widely used as a 
marker of the responsiveness of astrocytes [46]. We detected the repair 
of neuronal necrosis in cerebral cortex and hippocampus by hUC-MSCs 
transplantation by HE staining and detected the reactive proliferation 
of astrocytes by GFAP. We found that the transplantation of stem cells 
through IV, IN and IC could significantly repair the injured and necrotic 
neurons in the cerebral cortex and hippocampus of rats and decrease 
the proliferation of reactive astrocytes. The improvement of the area of 
astrocytes in DG area in HIBD+IN group was more obvious than that 
in HIBD+IV group. Besides, as previously studied [47], the blow to rats 
by HIBD also includes inducing neuronal apoptosis. In this study, the 
number of apoptotic cells in the cerebral cortex and hippocampus of 
rats decreased significantly after stem cell transplantation, indicating 
that stem cell transplantation can reduce the apoptosis of nerve cells 
induced by HIBD. Among them, the reduction of apoptotic neurons 
in the hippocampus was more obvious in the HIBD+IC and HIBD+IN 
group than in the HIBD+IV group, whereas it was more obvious in the 
HIBD+IC group for apoptotic neurons in the cortex. It means that the 
intervention of hUC-MSCs through lateral ventricle and nasal cavity 
has a better effect on improving the apoptosis of nerve cells in the brain 
tissue of HIBD rats than through intravenous intervention, which is 
basically consistent with our behavioral results.

To sum up, our study shows that transplantation of stem cells by 
three ways has therapeutic effect on HIBD. In terms of neurological 
recovery, damaged tissue repair, astrocytes proliferation and neuronal 
apoptosis, the therapeutic effect of IC and IN interventions was stronger 
in HIBD rats compared to the IV intervention route, while there was 
no significant difference between the first two intervention routes. 
Previous studies on the optimal pathway for stem cells intervention 
have also been conducted, focusing on the peripheral (venous, arterial) 
pathway and the local (lateral ventricular) pathway. During the same 
7-week time frame, IC transplantation maybe is preferable to IV 
transplantation for delivery of hUC-MSCs during subacute phases 
of stroke [39]. This is similar to our results. IC intervention is the 
direct delivery of all stem cells into the brain using a brain stereotaxic 
instrument and is undoubtedly the fastest and the way to maximize 
the number of cells reaching the local area of brain injury. And clinical 
experiments have shown that interventional therapy through IC route 

Discussion 
It was known that HIBD may lead to neuropsychotic disorders such 

as cerebral palsy seizures and learning difficulties in children. More 
and more studies have shown the effectiveness of hUC-MSCs in the 
treatment of HIBD and related sequelae [31-33]. However, so far, most 
of the studies are still in the initial clinical trial stage [34], which has 
to be attributed to the fact that there are still many problems related to 
hUC-MSCs that have not been solved. For example, the most suitable 
dose, the most appropriate time window and the best effective way of 
stem cell transplantation.

There are many theories about the optimal dose and time window 
of stem cells transplantation. Some researchers believe that the 
minimum effective dose of stem cells in nasal transplantation is 0.5 
× 106, the higher dose will not be more effective, but the lower dose 
has no obvious therapeutic effect [35]. Because the Hamilton syringe 
is needed in nasal or lateral ventricle transplantation and the volume 
of transplanting fluid is limited, the concentration of cell suspension 
should also be taken into account in the selection of the number 
of cell transplants. Higher concentration may aggregate into cell 
mass and affect cell activity and lower concentration may not active 
therapeutic effect. 5 × 10^4 cells/ul is considered to be the most 
appropriate cell transplantation concentration [36]. Therefore, the 
number of cells selected in this experiment was 0.5 × 10^6 cells. The 
problem of transplantation time also needs to be considered. Premature 
transplantation may not be conducive to the survival of stem cells in the 
brain microenvironment, late transplantation may result in glial scar 
formation and a large number of irreversible necrosis of neurons. So 
we decided to do the transplantation on the 7th day after the injury [37]. 
In order to make the results more reliable, this experiment unified the 
dose and time of transplantation of stem cells in three groups.

It was known that perinatal hypoxia-ischemic encephalopathy 
mainly causes motor and cognitive impairment in children [38]. And the 
cognitive function of the individual mainly includes feeling, perception, 

model, we found that the behavior of rats after hypoxia and ischemia 
was also manifested in the decline of motor balance and cognitive 
function (learning and memory). The motor and balance ability of rats 
in each group were compared by hanging wire and vertical pole test 
(Figure 1). It was found in PN10 that the rats in HIBD group showed 

day after transplantation of stem cells (PN21), the three ways showed 
obvious therapeutic effect, especially the IC transplantation showed 
better motor function improvement effect than IV transplantation in 
the hanging wire test, but there was no significant difference compared 
with IN transplantation. It is unclear whether this is related to the 
IC-transplanted cells can reach the local part of brain injury more. 
Similar results have been shown in other experiments [39,40] and 
stem cells tracking techniques have been used to determine that IC 
transplantation is faster and more numerous than IV transplantation 
[41,42]. In the vertical pole test, transplantation of stem cells through 
three ways improved the motor balance ability of rats, but the degree 
of improvement among the three pathways did not show significant 
statistical difference. Therefore, we speculate that the functional areas 
of the brain affected by intervention of stem cells in different ways may 
be different. This was also verified by the MWM test. HIBD rats exhibit 
significant impairment in learning memory function and stem cells 
intervention reduces the extent of this functional impairment, especially 
through the IC and IN transplantation and even the IC transplantation 
has a more pronounced improvement in short-term memory retention 

obvious motor backwardness and lack of balance ability. On the 7
th

 th

memory, thinking
,

 and so on. Through the construction of HIBD rat 

Umbilical Cord Mesenchymal Stem Cells (hUC-MSCs) in Hypoxic-Ischaemic Brain Damage (HIBD) Rat Model. Diagnos Pathol Open 9:236.

Volume 9 • Issue 4 • 1000236



Citation: Zhou L, Zheng K, Zhang R, He G, Xu J, et al. (2024) Systematic Comparison Suggesting Intranasal Transplantation was the Best Route of Administration of Human 
Umbilical Cord Mesenchymal Stem Cells (hUC-MSCs) in Hypoxic-Ischaemic Brain Damage (HIBD) Rat Model. Diagnos Pathol Open 9:236.

Page 9 of 11

Diagn Pathol Open, an open access journal 

Kun Zheng conduct some experiments and revised the draft, Ruibo 
Zhang, Guangzhen He, Jinyun Xu, Hao Jiang, Lan Ren, Miao Zhou and 
Liang Zhao contributed on experiment design and draft revision. Yan 
Liao and Zeqin Fu contributed on human umbilical cord mesenchymal 
stem cells culture. Wenting Liu and Jiaowei Gu supervised the whole 
project.

Funding
This study was supported by the Science and Technology Program 

of Hubei Province, China (No.2013BCB002, NO.2021CFB158), Key 
Research Project of Hubei Provincial Department of Education (No. 
D20222106), Innovative Research Program for Graduates of Hubei 
University of Medicine (No. YC2021023) and National Natural Science 
Foundation of China (No. 32060150).

Competing Interests
The authors declare no conflict of interest.

Availability of Data and Materials
The data and materials are available for academic use upon request.

Ethics Statement
The experiment was approved by the Animal Ethics Committee of 

Hubei University of Medicine.

References
1. Leavy A, Mateos EMJ (2020) Perinatal brain injury and inflammation: 

Lessons from experimental murine models. Cells 9.  

2. Qin X, Cheng J, Zhong Y, Mahgoub OK, Akter F, et al. (2019) 
Mechanism and treatment related to oxidative stress in neonatal 
hypoxic-ischemic encephalopathy. Front Mol Neurosci 12:88.  

3. Bonifacio SL, Hutson S (2021) The term newborn evaluation for 
hypoxic-ischemic encephalopathy. Clin Perinatol 48:681-695.  

4. Reinboth BS, Koester C, Abberger H, Prager S, Bendix I, et al. (2016) 
Endogenous hypothermic response to hypoxia reduces brain injury: 
Implications for modeling hypoxic-ischemic encephalopathy and 
therapeutic hypothermia in neonatal mice. Exp Neurol 283:264-275.  

5. Mietzsch U, Radhakrishnan R, Boyle FA, Juul S, Wood TR, et al. 
(2020) Active cooling temperature required to acHIBDve therapeutic 
hypothermia correlates with short-term outcome in neonatal hypoxic-
ischaemic encephalopathy. J Physiol 598:415-424.  

6. Alonso-Alconada D, Broad KD, Bainbridge A, Chandrasekaran M, 
Faulkner SD, et al. (2015) Brain cell death is reduced with cooling by 
3.5°C to 5°C but increased with cooling by 8.5°C in a piglet asphyxia 
model. Stroke 46:275-278.  

7. Thayyil S, Pant S, Montaldo P, Shukla D, Oliveira V, et al. (2021) 
Hypothermia for moderate or severe neonatal encephalopathy in 
low-income and middle-income countries (HELIX): A randomised 
controlled trial in India, Sri Lanka and Bangladesh. Lancet Glob Health 
9:e1273-e1285.  

8. Ding H, Zhang H, Ding H, Li D, Yi X, et al. (2017) Transplantation 
of placenta-derived mesenchymal stem cells reduces hypoxic-ischemic 
brain damage in rats by ameliorating the inflammatory response. 
Cellular and Molecular Immunology 14:693-701.  

9. Guo Q, Zhang J, Zheng Z, Li X, Wang F, et al. (2020) Lentivirus-
mediated microRNA-26a-modified neural stem cells improve brain 

has certain curative effect on the short-term movement [48]. However, 
when performing lateral ventricular interventions, we also need to be 
aware of the side effects associated with the intervention route itself. 
In addition to direct puncture injuries and infectious complications, 
the sudden delivery of fluid and extracorporeal cells directly into the 
brain may also cause secondary damage by triggering an immune 
response in the brain. Besides, IC transplantation requires a high level 
of instrumentation and operator skill. IN transplantation is a non-
invasive treatment method, which will hardly cause damage to the 
body and is easy to be repeated. It is a promising treatment method. 
And it has now been shown to have significant therapeutic effects in 
neurological disorders [49,50]. IN-transplanted cells can ignore the 
blood-brain barrier and rapidly pass through the olfactory nerve into 
the brain [51,52]. Moreover, IN-transplanted stem cells could still be 
detected locally in brain tissue several months later [53]. This seems 
to indicate that the IN pathway is more advantageous in terms of long-
term therapeutic effects. Therefore, the combination of safety, efficacy 
and compliance may make IN intervention of stem cells more valuable 
in clinical applications compared to IC intervention. However, research 
on IN-transplanted stem cells is still mainly focused on animals, 
including non-human primates and has been preliminarily shown to 
be effective [25], although the relevant clinical evidence is still lacking.

The main purpose of our study on the effect of different stem cell 
intervention pathways on the repair of HIBD is to provide further 
reference value for the application of stem cells in clinical practice. 
Therefore, in addition to taking into account the therapeutic effect, 
we also need to include enforceability, acceptability and low adverse 
reactions in our thinking. Our study shows that IC as well as IN are 
superior to IV routes in terms of therapeutic efficacy, while there is no 
statistically significant difference between the first two comparisons. 
When applied to clinic, IN transplantation may be a more performant, 
more acceptable and less invasive approach. However, IN intervention 
with stem cells is still an emerging treatment and further research is 
needed to determine whether it is feasible to apply it in humans, as 
well as the appropriate dose, duration and preparation before the 
intervention. Additionally, even we have established a systematic 
evaluation method and system through this experiment, due to 
financial and time constraints, we have not done further research on the 
differentiation and homing of hUC-MSCs from each transplantation 
pathway in rats, nor the optimal transplantation dose and time 
window. And in the future, we can investigate more deeply in terms 
of therapeutic mechanisms, the optimal transplantation dose and time 
window, to facilitate the construction of clinical guidelines [54-57].

Conclusion
Conclusively, this report overall, hUC-MSCs transplantation can 

reduce brain injury and motor and cognitive impairment caused by 

more effective. In the future, if applied to clinical practice, intranasal 
transplantation may be an option that can be treated multiple times and 
is more compliant and convenient. However, it is worth noting that the 
stability and safety of intranasal transplantation still need to be further 
studied.

Ethical Approval 
All the animals’ experiments are approved by the ethical review of 

animal welfare in Hubei University of Medicine.

Authors’ Contributions 
Linyan Zhou conducted the experiments and wrote the initial draft, 

HIBD
,

 and transplantation through the intracerebral and intranasal is 

Volume 9 • Issue 4 • 1000236

https://www.mdpi.com/2073-4409/9/12/2640
https://www.mdpi.com/2073-4409/9/12/2640
https://www.frontiersin.org/journals/molecular-neuroscience/articles/10.3389/fnmol.2019.00088/full
https://www.frontiersin.org/journals/molecular-neuroscience/articles/10.3389/fnmol.2019.00088/full
https://www.sciencedirect.com/science/article/abs/pii/S0095510821000531?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0095510821000531?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0014488616301893?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0014488616301893?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0014488616301893?via%3Dihub
https://physoc.onlinelibrary.wiley.com/doi/epdf/10.1113/JP278790
https://physoc.onlinelibrary.wiley.com/doi/epdf/10.1113/JP278790
https://physoc.onlinelibrary.wiley.com/doi/epdf/10.1113/JP278790
https://www.ahajournals.org/doi/10.1161/STROKEAHA.114.007330?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.ahajournals.org/doi/10.1161/STROKEAHA.114.007330?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.ahajournals.org/doi/10.1161/STROKEAHA.114.007330?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.thelancet.com/journals/langlo/article/PIIS2214-109X(21)00264-3/fulltext
https://www.thelancet.com/journals/langlo/article/PIIS2214-109X(21)00264-3/fulltext
https://www.thelancet.com/journals/langlo/article/PIIS2214-109X(21)00264-3/fulltext
https://www.nature.com/articles/cmi201599
https://www.nature.com/articles/cmi201599
https://www.nature.com/articles/cmi201599
https://www.nature.com/articles/cmi201599
https://onlinelibrary.wiley.com/doi/10.1002/jcp.29043
https://onlinelibrary.wiley.com/doi/10.1002/jcp.29043


Citation: Zhou L, Zheng K, Zhang R, He G, Xu J, et al. (2024) Systematic Comparison Suggesting Intranasal Transplantation was the Best Route of Administration of Human 
Umbilical Cord Mesenchymal Stem Cells (hUC-MSCs) in Hypoxic-Ischaemic Brain Damage (HIBD) Rat Model. Diagnos Pathol Open 9:243.

Page 10 of 11

Diagn Pathol Open, an open access journal Volume 9 • Issue 4 • 1000243

nervous system. Cell Transplant 27:501-514.  

26. Huang J, Pong K, Yang F, Ji Z, Lin J, et al. (2022b) Human pluripotent 
stem cell-derived ectomesenchymal stromal cells promote more robust 
functional recovery than umbilical cord-derived mesenchymal stromal 
cells after hypoxic-ischaemic brain damage. Theranostics 12:143-166.  

27. Lu S, Li K, Yang Y, Wang Q, Yu Y, et al. (2022) Optimization of an 
intranasal route for the delivery of human neural stem cells to treat a 
neonatal hypoxic-ischemic brain injury rat model. Neuropsychiatr Dis 
Treat 18:413-426.  

28. Vannucci RC, Vannucci SJ (2005) Perinatal hypoxic-ischemic brain 
damage: Evolution of an animal model. Dev Neurosci 27:81-86.  

29. Rosenblum S, Wang N, Smith TN, Pendharkar AV, Chua JY,  et al. 
(2012) Timing of intra-arterial neural stem cell transplantation 
after hypoxia-ischemia influences cell engraftment, survival and 
differentiation. Stroke 43:1624-1631.  

30. Huang J, Pong KU, Yang F, Ji Z, Lin J, et al. (2022a) Human pluripotent 
stem cell-derived ectomesenchymal stromal cells promote more robust 
functional recovery than umbilical cord-derived mesenchymal stromal 
cells after hypoxic-ischaemic brain damage. Theranostics 12:143-166.  

31. Boruczkowski D, Zdolinska-Malinowska I (2019) Wharton’s jelly 
mesenchymal stem cell administration improves quality of life and self-
sufficiency in children with cerebral palsy: Results from a retrospective 
study. Stem Cells Int 2019.  

32. Dong H, Li G, Shang C, Yin H, Luo Y, et al. (2018) Umbilical Cord 
Mesenchymal Stem Cell (UC-MSC) transplantations for cerebral 
palsy. Am J Transl Res 10:901-906.   

33. Xie B, Chen M, Hu R, Han W, Ding S, et al. (2020) Therapeutic 
evidence of human mesenchymal stem cell transplantation for cerebral 
palsy: A meta-analysis of randomized controlled trials. Stem Cells Int 
2020.  

34. Shariati M, Esfahani RJ, Bidkhori HR, Sabouri E, Mehrzad S, et al. 
(2022) Cell-based treatment of cerebral palsy: Still a long way ahead. 
Curr Stem Cell Res Ther 17:741-749.  

35. Donega V, van Velthoven CTV, Nijboer CH, Bel FV, Kas MJH, et al. 
(2013) Intranasal mesenchymal stem cell treatment for neonatal brain 
damage: Long-term cognitive and sensorimotor improvement. Plos 
One 8:e51253.  

36. Zheng T, Weiss MD (2022) Neonatal transplant in hypoxic injury. 
Methods Mol Biol 2389:155-164.  

37. Yasuhara T, Hara K, Maki M, Mays RW, Deans RJ, et al. (2008) 
Intravenous grafts recapitulate the neurorestoration afforded by 
intracerebrally delivered multipotent adult progenitor cells in neonatal 
hypoxic-ischemic rats. J Cereb Blood Flow Metab 28:1804-1810.  

38. Herz J, Bendix I, Felderhoff-Müser U (2022) Peripheral immune cells 
and perinatal brain injury: A double-edged sword? Pediatr Res 91:92-
403.  

39. Noh JE, Oh SH, Park IH, Song J (2020b) Intracerebral transplants of 
GMP-grade human umbilical cord-derived mesenchymal stromal cells 
effectively treat subacute-phase ischemic stroke in a rodent model. 
Front Cell Neurosci 14:546659.  

40. Zhang L, Li Y, Romanko M, Kramer BC, Gosiewska A, et al. (2012) 
Different routes of administration of human umbilical tissue-derived 
cells improve functional recovery in the rat after focal cerebral 
ischemia. Brain Res 1489:104-112.  

41. Doeppner TR, Ewert TA, Tonges L, Herz J, Zechariah A, et al. (2012) 

injury in rats with cerebral palsy. J Cell Physiol 235:1274-1286.  

10. He M, Shi X, Yang M, Yang T, Li T, et al. (2019) Mesenchymal stem 
cells-derived IL-6 activates AMPK/mTOR signaling to inhibit the 
proliferation of reactive astrocytes induced by hypoxic-ischemic brain 
damage. Exp Neurol 311:15-32.  

11. Vu Q, Xie K, Eckert M, Zhao W, Cramer SC, et al. (2014) Meta-analysis 
of preclinical studies of mesenchymal stromal cells for ischemic stroke. 
Neurology 82:1277-1286.  

12. Cozene BM, Russo E, Anzalone R, Rocca GL, Borlongan CV, et al. 
(2021) Mitochondrial activity of human umbilical cord mesenchymal 
stem cells. Brain Circ 7:33-36.  

13. Liau LL, Ruszymah BHI, Ng MH, Law JX (2020) Characteristics and 
clinical applications of Wharton’s jelly-derived mesenchymal stromal 
cells. Curr Res Trans Med 68: 5-16.  

14. Gu J, Huang L, Zhang C, Wang Y, Zhang R, et al. (2020) Therapeutic 
evidence of umbilical cord-derived mesenchymal stem cell 
transplantation for cerebral palsy: A randomized, controlled trial. Stem 
Cell Res Ther 11:43.  

15. Huang L, Zhang C, Gu J, Wu W, Shen Z, et al. (2018) A randomized, 
placebo-controlled trial of human umbilical cord blood mesenchymal 
stem cell infusion for children with cerebral palsy. Cell Transplant 
27:325-334.  

16. Shintaku H (2021) Prevention and treatment of cerebral palsy with cord 
blood stem cells and cord-derived mesenchymal stem cells. Neural 
Regen Res 16:672-673.  

17. Zdolinska-Malinowska I, Boruczkowski D, Holowaty D, Krajewski 
P, Snarski E (2022) Rationale for the use of cord blood in hypoxic-
ischaemic encephalopathy. Stem Cells Int 2022:9125460.  

18. Detante O, Jaillard A, Moisan A, Barbieux M, Favre IM, et al. (2014) 
Biotherapies in stroke. Rev Neurol (Paris) 170:779-798.  

19. Acosta SA, Tajiri N, Hoover J, Kaneko Y, Borlongan CV, et al. (2015) 
Intravenous bone marrow stem cell grafts preferentially migrate to 
spleen and abrogate chronic inflammation in stroke. Stroke 46:2616-
2627.  

20. Cheng Y, Zhang J, Deng L, Johnson NR, Yu X, et al. (2015) 
Intravenously delivered neural stem cells migrate into ischemic brain, 
differentiate and improve functional recovery after transient ischemic 
stroke in adult rats. Int J Clin Exp Pathol 8:2928-2936.  

21. Ohshima M, Taguchi A, Tsuda H, Sato Y, Yamahara K, et al. (2015) 
Intraperitoneal and intravenous deliveries are not comparable in terms 
of drug efficacy and cell distribution in neonatal mice with hypoxia-
ischemia. Brain Dev 37:376-386.  

22. Noh JE, Oh SH, Park IH, Song J (2020a) Intracerebral transplants of 
gmp-grade human umbilical cord-derived mesenchymal stromal cells 
effectively treat subacute-phase ischemic stroke in a rodent model. 
Front Cell Neurosci 14.  

23. Gao L, Xu W, Li T, Chen J, Shao A, et al. (2018) Stem cell therapy: 
A promising therapeutic method for intracerebral hemorrhage. Cell 
Transplant 27:1809-1824.  

24. Huang P, Freeman WD, Edenfield BH, Brott TG, Meschia JF, et 
al. (2019) Safety and efficacy of intraventricular delivery of bone 
marrow-derived mesenchymal stem cells in hemorrhagic stroke model. 
Scientific Reports 9:5674.  

25. Galeano C, Qiu Z, Mishra A, Farnsworth SL, Hemmi JJ, et al. (2018) 
The route by which intranasally delivered stem cells enter the central 

https://journals.sagepub.com/doi/10.1177/0963689718754561
https://www.thno.org/v12p0143.htm
https://www.thno.org/v12p0143.htm
https://www.thno.org/v12p0143.htm
https://www.thno.org/v12p0143.htm
https://www.dovepress.com/optimization-of-an-intranasal-route-for-the-delivery-of-human-neural-s-peer-reviewed-fulltext-article-NDT
https://www.dovepress.com/optimization-of-an-intranasal-route-for-the-delivery-of-human-neural-s-peer-reviewed-fulltext-article-NDT
https://www.dovepress.com/optimization-of-an-intranasal-route-for-the-delivery-of-human-neural-s-peer-reviewed-fulltext-article-NDT
https://karger.com/dne/article/27/2-4/81/104915/Perinatal-Hypoxic-Ischemic-Brain-Damage-Evolution
https://karger.com/dne/article/27/2-4/81/104915/Perinatal-Hypoxic-Ischemic-Brain-Damage-Evolution
https://www.ahajournals.org/doi/10.1161/STROKEAHA.111.637884
https://www.ahajournals.org/doi/10.1161/STROKEAHA.111.637884
https://www.ahajournals.org/doi/10.1161/STROKEAHA.111.637884
https://www.thno.org/v12p0143.htm
https://www.thno.org/v12p0143.htm
https://www.thno.org/v12p0143.htm
https://www.thno.org/v12p0143.htm
https://onlinelibrary.wiley.com/doi/10.1155/2019/7402151
https://onlinelibrary.wiley.com/doi/10.1155/2019/7402151
https://onlinelibrary.wiley.com/doi/10.1155/2019/7402151
https://onlinelibrary.wiley.com/doi/10.1155/2019/7402151
https://pubmed.ncbi.nlm.nih.gov/29636880/
https://pubmed.ncbi.nlm.nih.gov/29636880/
https://pubmed.ncbi.nlm.nih.gov/29636880/
https://onlinelibrary.wiley.com/doi/10.1155/2020/5701920
https://onlinelibrary.wiley.com/doi/10.1155/2020/5701920
https://onlinelibrary.wiley.com/doi/10.1155/2020/5701920
https://www.eurekaselect.com/article/118643
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0051253
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0051253
https://link.springer.com/protocol/10.1007/978-1-62703-574-3_13
https://journals.sagepub.com/doi/10.1038/jcbfm.2008.68
https://journals.sagepub.com/doi/10.1038/jcbfm.2008.68
https://journals.sagepub.com/doi/10.1038/jcbfm.2008.68
https://www.nature.com/articles/s41390-021-01818-7
https://www.nature.com/articles/s41390-021-01818-7
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2020.546659/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2020.546659/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2020.546659/full
https://www.sciencedirect.com/science/article/abs/pii/S0006899312016460?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0006899312016460?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0006899312016460?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1002/jcp.29043
https://www.sciencedirect.com/science/article/abs/pii/S0014488618304473?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0014488618304473?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0014488618304473?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0014488618304473?via%3Dihub
https://www.neurology.org/doi/10.1212/WNL.0000000000000278
https://www.neurology.org/doi/10.1212/WNL.0000000000000278
https://journals.lww.com/brci/fulltext/2021/07010/mitochondrial_activity_of_human_umbilical_cord.8.aspx
https://journals.lww.com/brci/fulltext/2021/07010/mitochondrial_activity_of_human_umbilical_cord.8.aspx
https://www.sciencedirect.com/science/article/abs/pii/S2452318619300364?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2452318619300364?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2452318619300364?via%3Dihub
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-019-1545-x
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-019-1545-x
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-019-1545-x
https://journals.sagepub.com/doi/10.1177/0963689717729379
https://journals.sagepub.com/doi/10.1177/0963689717729379
https://journals.sagepub.com/doi/10.1177/0963689717729379
https://journals.lww.com/nrronline/fulltext/2021/16040/prevention_and_treatment_of_cerebral_palsy_with.12.aspx
https://journals.lww.com/nrronline/fulltext/2021/16040/prevention_and_treatment_of_cerebral_palsy_with.12.aspx
https://onlinelibrary.wiley.com/doi/full/10.1155/2022/9125460
https://onlinelibrary.wiley.com/doi/full/10.1155/2022/9125460
https://www.sciencedirect.com/science/article/abs/pii/S0035378714010169?via%3Dihub
https://www.ahajournals.org/doi/10.1161/STROKEAHA.115.009854
https://www.ahajournals.org/doi/10.1161/STROKEAHA.115.009854
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4440110/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4440110/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4440110/
https://www.brainanddevelopment.com/article/S0387-7604(14)00158-2/abstract
https://www.brainanddevelopment.com/article/S0387-7604(14)00158-2/abstract
https://www.brainanddevelopment.com/article/S0387-7604(14)00158-2/abstract
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2020.546659/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2020.546659/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2020.546659/full
https://journals.sagepub.com/doi/10.1177/0963689718773363
https://journals.sagepub.com/doi/10.1177/0963689718773363
https://journals.sagepub.com/doi/10.1177/0963689718754561


Citation: Zhou L, Zheng K, Zhang R, He G, Xu J, et al. (2024) Systematic Comparison Suggesting Intranasal Transplantation was the Best Route of Administration of Human 
Umbilical Cord Mesenchymal Stem Cells (hUC-MSCs) in Hypoxic-Ischaemic Brain Damage (HIBD) Rat Model. Diagnos Pathol Open 9:243.

Page 11 of 11

Diagn Pathol Open, an open access journal Volume 9 • Issue 4 • 1000243

50. Yu-Taeger L, Stricker-Shaver J, Arnold K, Bambynek-Dziuk P, Novati 
A, et al. (2019) Intranasal administration of mesenchymal stem 
cells ameliorates the abnormal dopamine transmission system and 
inflammatory reaction in the R6/2 mouse model of huntington disease. 
Cells 8: 595.  

51. Vaes JEG, van Kammen CM, Trayford C, van der Toorn A, Ruhwedel 
T, et al. (2021) Intranasal mesenchymal stem cell therapy to boost 
myelination after encephalopathy of prematurity. Glia 69:655-680.  

52. Wu H, Zhou Y, Wang Y, Tong L, Wang F, et al. (2021) Current state and 
future directions of intranasal delivery route for central nervous system 
disorders: A scientometric and visualization analysis. Front Pharmacol 
12:717192.  

53. Alizadeh R, Boroujeni ME, Kamrava SK, Tehrani AM, Bagher Z, et 
al. (2021) From transcriptome to behavior: Intranasal injection of late 
passage human olfactory stem cells displays potential in a rat model of 
parkinson’s disease. ACS Chem Neurosci 12:2209-2217.  

54. Allen NJ, Bennett ML, Foo LC, Wang GX, Chakraborty C, et al. (2012) 
Astrocyte glypicans 4 and 6 promote formation of excitatory synapses 

via
 GluA1 AMPA receptors. Nature 486:410-414.  

55. Alvarez JI, Dodelet-Devillers A, Kebir H, Ifergan I, Fabre PJ, et al. 
(2011) The Hedgehog pathway promotes blood-brain barrier integrity 
and CNS immune quiescence. Sci 334:1727-1731.  

56. Chung WS, Clarke LE, Wang GX, Stafford BK, Sher A, et al. (2013) 
Astrocytes mediate synapse elimination through MEGF10 and 
MERTK pathways. Nature 504:394-400.  

57. Molofsky AV, Kelley KW, Tsai HH, Redmond SA, Chang SM, et 
al. (2014) Astrocyte-encoded positional cues maintain sensorimotor 
circuit integrity. Nature 509:189-194.  

Transduction of neural precursor cells with TAT-heat shock protein 
70 chaperone: Therapeutic potential against ischemic stroke after 
intrastriatal and systemic transplantation. Stem Cells 30:1297-1310.  

42. Li L, Jiang Q, Ding G, Zhang L, Zhang ZG, et al. (2010) Effects of 
administration route on migration and distribution of neural progenitor 
cells transplanted into rats with focal cerebral ischemia, an MRI study. 
J Cereb Blood Flow Metab 30:653-662.  

43. Giovannoni F, Quintana FJ (2020) The role of astrocytes in CNS 
inflammation. Trends Immunol 41:805-819.  

44. Mota-Rojas D, Villanueva-García D, Solimano A, Muns R, Ibarra-Ríos 
D, et al. (2022) Pathophysiology of perinatal asphyxia in humans and 
animal models. Biomedicines 10:347.  

45. Xian P, Hei Y, Wang R, Wang T, Yang J, et al. (2019) Mesenchymal 
stem cell-derived exosomes as a nanotherapeutic agent for amelioration 
of inflammation-induced astrocyte alterations in mice. Theranostics 
9:5956-5975.  

46. Sofroniew MV (2014) Astrogliosis. Cold Spring Harb Perspect Biol 
7:a020420.  

47. Sato Y, Tsuji M (2021) Diverse actions of cord blood cell therapy for 
hypoxic-ischemic encephalopathy. Pediatr Int 63:497-503.  

48. Chiu TL, Baskaran R, Tsai ST, Huang CY, Chuang MH, et al. (2022) 
Intracerebral transplantation of autologous adipose-derived stem cells 
for chronic ischemic stroke: A phase I study. J Tissue Eng Regen Med 
16:3-13.  

49. Farfán N, Carril J, Redel M, Zamorano M, Araya M, et al. (2020) 
Intranasal administration of mesenchymal stem cell secretome reduces 
hippocampal oxidative stress, neuroinflammation and cell death, 
improving the behavioral outcome following perinatal asphyxia. Int J 
Mol Sci 21:7800.  

via

https://www.mdpi.com/2073-4409/8/6/595
https://www.mdpi.com/2073-4409/8/6/595
https://www.mdpi.com/2073-4409/8/6/595
https://onlinelibrary.wiley.com/doi/full/10.1002/glia.23919
https://onlinelibrary.wiley.com/doi/full/10.1002/glia.23919
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2021.717192/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2021.717192/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2021.717192/full
https://pubs.acs.org/doi/abs/10.1021/acschemneuro.1c00225
https://pubs.acs.org/doi/abs/10.1021/acschemneuro.1c00225
https://pubs.acs.org/doi/abs/10.1021/acschemneuro.1c00225
https://www.nature.com/articles/nature11059
https://www.nature.com/articles/nature11059
https://www.science.org/doi/abs/10.1126/science.1206936
https://www.science.org/doi/abs/10.1126/science.1206936
https://www.nature.com/articles/nature12776
https://www.nature.com/articles/nature12776
https://www.nature.com/articles/nature13161
https://www.nature.com/articles/nature13161
https://academic.oup.com/stmcls/article/30/6/1297/6404498?login=false
https://academic.oup.com/stmcls/article/30/6/1297/6404498?login=false
https://academic.oup.com/stmcls/article/30/6/1297/6404498?login=false
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.238
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.238
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.238
https://www.cell.com/trends/immunology/abstract/S1471-4906(20)30156-3?elqTrackId=cabf64b382de4cad842b65d2a92c4daa
https://www.cell.com/trends/immunology/abstract/S1471-4906(20)30156-3?elqTrackId=cabf64b382de4cad842b65d2a92c4daa
https://www.mdpi.com/2227-9059/10/2/347
https://www.mdpi.com/2227-9059/10/2/347
https://www.thno.org/v09p5956.htm
https://www.thno.org/v09p5956.htm
https://www.thno.org/v09p5956.htm
https://cshperspectives.cshlp.org/content/7/2/a020420.short
https://onlinelibrary.wiley.com/doi/full/10.1111/ped.14604
https://onlinelibrary.wiley.com/doi/full/10.1111/ped.14604
https://onlinelibrary.wiley.com/doi/abs/10.1002/term.3256
https://onlinelibrary.wiley.com/doi/abs/10.1002/term.3256
https://www.mdpi.com/1422-0067/21/20/7800
https://www.mdpi.com/1422-0067/21/20/7800
https://www.mdpi.com/1422-0067/21/20/7800

