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SUMMARY

Aim: Hypoxic–ischemic encephalopathy (HIE) is a common neurological disease in infants

with persistent neurobehavioral impairments. Studies found that neural stem cell (NSC)

therapy benefits HIE rats; however, the mechanisms underlying are still unclear. The cur-

rent study investigated the efficacy and molecular events of human embryonic neural stem

cells (hNSCs) in neonatal hypoxic–ischemic (HI) rats. Methods: PKH-26-labeled hNSCs

were intranasally delivered to P7 Sprague Dawley rats 24 h after HI. Neurobehavioral tests

were performed at the indicated time after delivery: righting reflex and gait testing at D1, 3,

5, and 7; grid walking at D7 and 14; social choice test (SCT) at D28; and Morris water maze

from D35 to 40. Protein expression was determined by Western blot analysis. Brain damage

was assessed by cresyl violet staining and MBP staining. hNSC distribution and differentia-

tion were observed by in vivo bioluminescence imaging and immunofluorescence staining.

Results: (1) hNSCs migrated extensively into brain areas within 24 h after the delivery,

survived even at D42 with the majority in ipsi-hemisphere, and could be co-labeled with

NeuN or GFAP. (2) hNSCs reduced the upregulation in cytosolic IL-1b, p-IjBa, and NF-jB
p65 levels, whereas enhanced nuclear p65 expression in HI rats at D3 after the delivery. (3)

hNSCs decreased HI-induced brain tissue loss and white matter injury at D42 after the deliv-

ery. (4) hNSCs improved neurological outcomes in HI rats in the tests of righting reflex

(within 3 days), gait (D5), grid (D7), SCT (D28), and water maze (D42). Conclusion:

Intranasal delivery of hNSCs could prevent HI-induced brain injury and improve neurobe-

havioral outcomes in neonatal HI rats, which is possibly related to the modulation of NF-jB
signaling.

Introduction

Perinatal hypoxic–ischemic encephalopathy (HIE) is one of the

major causes of neonatal sensorimotor disabilities, cognitive defi-

cits, and learning and memory disorders [1–3]. Although pro-

longed moderate cerebral hypothermia has been reported to

improve the outcome for HIE children, it still cannot eliminate the

combined risk of disability and death [4]. Neural stem cells (NSCs)

possess multipotential and self-renewal abilities and are well

known with low immunogenicity [5], thus becoming a candidate

for HIE therapy. However, studies focusing on the efficacy and

molecular events of NSCs in HIE are still limited.

Cerebral hypoxia–ischemia (HI) injury initiates biochemical cas-

cade reactions, such as excitatory toxicity, neuroinflammation, and

reactive oxygen species production, which ultimately lead to

neuronal death and white matter injury [6]. Previous studies have

demonstrated that transcriptional factor NF-jB controls transcrip-

tion of series of downstream genes and plays important roles in

inflammation, cell survival, and apoptosis [7–9]. More interest-

ingly, NF-jB inhibition is reported to impair the long-term memory

formation and reconsolidation [10]. These results indicate that

NF-jB signaling is possibly involved in critical cellular and systemic

events in the process of HI-induced brain damage and therapeutic

interventions. Therefore, we asked whether NF-jB signaling partic-

ipates in the protective efficacy of NSCs against HI injury.

In this study, we utilized nasal administration of human embry-

onic neural stem cells (hNSCs) on neonatal rat HI model and eval-

uated protective efficacy of hNSCs on HI injury. Our results found
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for the first time that hNSCs could promote NF-jB translocation

in neonatal HI rats. Additionally, we found that hNSCs could inhi-

bit the IL-1b expression, reduce brain tissue loss and white matter

injury, ameliorate sensorimotor dysfunction, and further improve

long-term learning, memory, and cognitive functions after HI.

Materials and Methods

hNSC Culture and PKH-26 Labeling

Well-characterized human embryonic NSCs were obtained from

Shanghai Angecon Biotechnology Co., Ltd. (Shanghai, China).

Cells were seeded and cultured in growth medium DMEM/F12

(1:1) supplement with 1% B27, 1% NAC, 1% L-glutamine, 1%

sodium pyruvate, 20 ng/mL bFGF, 20 ng/mL EGF, and 10 ng/mL

leukemia inhibitory factor (all from Invitrogen, Carlsbad, CA,

USA). For cell labeling, 2 9 107 single cells were placed in suspen-

sion and washed once using saline. After being centrifuged

(400 9 g) for 5 min, cells were carefully resuspended. PKH-26

ethanolic dye solution (Sigma, St. Louis, MO, USA) was added as

the method described [11]. After centrifugation, 3 9 105 cells

were resuspended in 6 lL saline for intranasal delivery.

Neonatal HI Rat Model and Intranasal Delivery
of hNSCs

All the animal experiments were approved by the Institutional

Animal Care and Use Committee of Fudan University. All efforts

were made to minimize the suffering of animals. Postnatal day 7

Sprague Dawley rats (Shanghai Super-B&K laboratory animal

Corp. Ltd., Shanghai, China) were used to establish HI model

according to the methods described previously [12] with slight

modifications. Briefly, the left common carotid artery of rats was

exposed, isolated, and cut using electrocoagulation knife under

anesthesia with diethyl ether. The duration of anesthesia and sur-

gery were controlled within 5 min. After a 1.5-h recovery period,

pups were exposed to hypoxia (7.8% O2, 92.2% N2) for 120 min

at 37°C and then returned to their dam for the indicated time. Rats

underwent the same surgery without common carotid cutting and

the following hypoxia were served as sham-operation animals.

For intranasal delivery, a total volume of 6 lL cell suspension

solution (3 9 105 cells) or vehicle (saline) was applied at 24 h

after HI, in alternating 3 lL portions for each nostril according to

the method described previously [13]. For animal grouping,

before surgery, all the pups were randomly divided into four

groups: sham + saline, sham + hNSCs, HI + saline, and HI + hNSCs.

The total number of neonatal rats in this study was 138.

Fluorescence Imaging of PKH-26-Labeled Cells

At 3 h after hNSC application, in vivo bioluminescence imaging

was acquired on the head of pups using IVIS Lumina XR Imaging

system (PerkinElmer, Waltham, MA, USA). Total fluorescence

efficiency was analyzed using the software IVIS Lumina II Living

Image 4.3 (PerkinElmer) to reflect the migration and distribution

of hNSCs in the brain. At 24 h after the application, animals were

transcardially perfused with 4% paraformaldehyde in phosphate-

buffered saline under diethyl ether anesthesia, and their brains were

removed. Postfixation and cryoprotection was then performed as

the method described [1]. After that, coronal sections (30 lm)

were cut using a microtome (Leica, Wetzlar, Germany) and

screened for observation of PKH-26-positive cells under fluores-

cence microscopy (Olympus, Tokyo, Japan).

Protein Preparation

At 72 h after hNSC application, cytoplasmic and nuclear protein

extracts from fresh ipsilateral brain tissues were prepared. Briefly,

tissues (150–200 mg) were cut into small pieces in chilled buffer A

(20 mM Hepes, 1 mM MgCl2, 0.5 mM EDTA, 1 mM EGTA,

1 mM DTT, 0.5 mM PMSF, measured pH 7.9, 0.5% Triton X-100,

plus inhibitors) and ruptured by homogenizer on ice. Crude nuclei

pellets were collected after centrifugation at 1000 9 g for 5 min at

4°C. Centrifugation of supernatants at 161,000 9 g for 8 min at

4°C gave pellets as membrane/cytoskeleton and the supernatant

as cytosolic fraction. Crude nuclei pellets were then washed twice

with buffer A, spin at 1000 9 g for 5 min at 4°C, and suspended

with chilled buffer B (20 mM Hepes, 300 mM NaCl, 1.5 mM

MgCl2, 0.2 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF,

measured pH 7.9, 1% SDS, and 10% glycerol, plus inhibitors).

After vortex, ultrasonic disruption and centrifugation at

161,000 9 g for 5 min at 4°C, the supernatant was collected as

nuclear protein extracts. Protein contents of each fraction were

determined by bicinchoninic acid assay (Beyotime Biotechnology,

Beijing, China).

Western Blot

Protein samples (15 lg/lane) from different groups were elec-

trophoresed on 10% SDS–polyacrylamide gel and transferred to

the polyvinyl difluoride membrane (Bio-Rad, Hercules, CA, USA)

as the method described [14]. Peroxidase activity was visualized

with an enhanced chemiluminescence substrate system (ECL;

Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein band

intensities were corrected with b-actin or histone H3, and quanti-

fied using Quantity One (Bio-Rad). The following primary and

secondary antibodies were used: mouse anti-IjB-a (phospho

S32 + S36, 1:500; Abcam), rabbit anti-NF-jB p65 (1:500; Abcam,

Cambridge, UK), rabbit antihistone H3 (1:500; ABclonal, Wuhan,

Hubei, China), rabbit anti-b-actin (HRP conjugate, 1:4000; Cell

Signaling Technology, Danvers, MA, USA), anti-rabbit IgG (HRP

conjugate, 1:2000; Cell Signaling Technology), and anti-mouse

IgG (HRP conjugate, 1:2000; Cell Signaling Technology).

Immunohistochemical Staining

Animals were transcardially perfused as the method described

above 42 days after the hNSC application. Coronal sections

(30 lm) were successively blocked in 0.3% Triton X-100 for

15 min and 2% goat serum for 1 h at room temperature followed

by incubation with the primary antibody diluted with blocking

buffer at 4°C overnight. Appropriately coupled secondary antibod-

ies were used for single or double labeling for 1 h. After washing,

the sections were mounted on glass slides and coverslipped using

fluorescence mounting media Dapi Fluoromount-G (Southern

Biotech, Birmingham, AL, USA). All secondary antibodies were
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tested for cross-reactivity and nonspecific immunoreactivity. For

MBP staining, 2–3 fluorescence images were captured from differ-

ent brain regions in each brain section (illustrated as squares in

Figure 3E) with a fluorescence microscope (Olympus, Japan). The

fluorescence intensity was measured using ImageJ software (NIH,

Bethesda, Maryland, USA). The relative fluorescence intensity of

ipsilateral area was calculated using the following equation: (Fi/

Fc) 9 100%, where Fi: fluorescence intensity of ipsilateral area

and Fc: fluorescence intensity of contralateral area. For quantita-

tive analysis of HuNu+/NeuN+ and HuNu+/GFAP+ cell number, six

coronal sections at bregma (mm) +1.00, +0.48, �0.26, �2.12,

�2.80, and �3.80, respectively, were selected. The following pri-

mary and secondary antibodies were used: rabbit anti-NeuN

(1:300; Abcam), rabbit antiglial fibrillary acidic protein (GFAP,

1:1000; Dako, Glostrp, Denmark), mouse anti-human nuclei

(HuNu, 1:300; Millipore, Billerica, MA, USA), rabbit antimyelin

basic protein (MBP, 1:300; Abcam), Alexa Fluor 594 goat anti-

mouse IgG (1:1000; Life Technologies, Carlsbad, CA, USA), Alexa

Fluor 488 goat anti-rabbit IgG (1:1000; Life Technologies).

Quantification of Brain Tissue Loss

Cryoprotected coronal sections (30 lm) were stained using cresyl

violet (CV) staining [15]. We totally selected 10 sections beginning

from the bregma 1.70 mm to bregma �4.80 mm with an interval

of 540 lm for analysis. The percentage of ipsilateral tissue loss was

calculated using the following equation: (Vc�Vi)/Vc 9 100% [16],

where Vc: volume of unlesioned hemisphere and Vi: volume of

lesioned hemisphere.

Behavioral Tests

All the behavioral tests were scheduled according to Figure 5A

and blindly observed by another examiner. Righting reflex and

gait were performed 1, 3, 5, and 7 days after hNSC application

as the method described [17]. Grid walking was performed 7

and 14 days after hNSC application on a stainless steel grid plate

(40 cm 9 80 cm with a mesh size of 4 cm2), which is elevated

1 m above the floor as the methods described [17,18]. Cognitive

neurological function was evaluated using social choice test

(SCT) [19,20] within a polyvinyl chloride gray box (60 cm 9

90 cm 9 40 cm) with removable partitions separating the box

into three chambers 28 days after hNSC application. The proto-

col illustrated in Figure 5E was according to previous method

[21]. The whole testing was recorded using digital vidicon (Sony,

Tokyo, Japan) and analyzed using an automated tracking soft-

ware package (Ethovision XT; Noldus Information Technology,

Wageningen, the Netherlands) [21]. Preference index was calcu-

lated using the following equation: (dN � dF)/(dN + dF), where

dN: the duration (second) in the chamber containing novel con-

specific and dF: the duration (second) in the chamber containing

familiar conspecific. The ability of spatial learning and memory

was evaluated 35 days after hNSC application using Morris

water maze as the method described [22] within an open circu-

lar water-filled pool (120 cm diameter 9 50 cm height, temper-

ature at 22 � 1°C). Animals’ swimming behavior was recorded

using an overhead video camera connected to an automated

tracking software package (Ethovision XT; Noldus Information

Technology).

(A)

(B)

(C)

Figure 1 Migration and distribution of human embryonic neural stem cells (hNSCs) after intranasal delivery. (A) Representative in vivo bioluminescence

imaging of the head of P8 SD rat at 3 h after intranasal delivery of PKH-26 (red)-labeled hNSCs (3 9 105 cells/animal). (B) Statistical analysis of the total

fluorescence efficiency in the brain (n = 3 for each group). ***P < 0.001 versus saline-treated group. (C) Brain sections of HI + hNSC rats 24 h after

intranasal delivery of PKH-26-labeled hNSCs. DAPI (blue) staining was used to demonstrate the nuclei of both host cells and hNSCs. The hNSCs (red,

arrows) were found in the area of the olfactory bulb, cortex, corpus callosum, and hippocampus. Scale bar represents 100 lm. HI, hypoxic–ischemic.
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6.0

(Graph Pad software, San Diego, CA, USA) and Excel software

(Microsoft Corporation, Redmond, WA, USA). Values are

expressed as mean � SEM. The data of Western blotting analysis

and brain tissue loss of hemisphere were subjected to ordinary

one-way analysis of variance (ANOVA) followed by multiple com-

parisons. Analysis of in vivo bioluminescence imaging, righting

reflex, gait, grid walking, cumulative duration in each chamber in

SCT, data in Morris water maze, and brain tissue loss of sections

were performed by two-way ANOVA followed by multiple com-

parisons. Unpaired two-tailed multiple t-test was used for data of

preference index in SCT and fluorescence intensity in MBP stain-

ing. For all analysis, the changes were considered as statistically

significant if the P-value was <0.05.

(A) (B)

(E) (F)

(G) (H)

(C) (D)

Figure 2 Human embryonic neural stem cells (hNSCs) regulated NF-jB signaling and reduced IL-1b expression. IL-1b, phosphorylated IjBa, and NF-jB

p65 expression were detected at day 3 after intranasally delivery using Western blot analysis. (A, C, E, G) Representative bands after Western blotting. (B,

D, F, H) Relative intensities. Hypoxic–ischemic (HI) injury increased cytosolic IL-1b, phosphorylated IjBa, and NF-jB p65 expression, whereas hNSCs

reversed the alterations. Note that for nuclear NF-jB, hNSCs significantly enhanced the expression. n = 3 for each group. CE, cytosolic extract; NE,

nuclear extract. Arrow indicates the protein molecular weight 17 kDa. *P < 0.05, **P < 0.01 versus HI + hNSC rats; #P < 0.05, ##P < 0.01 versus

sham + saline rats.
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Results

Migration and Distribution of hNSCs After
Intranasal Delivery

Migration and distribution of hNSCs after intranasal delivery in

the brain was investigated in two separate ways. First, IVIS

Lumina XR Imaging system (PerkinElmer) was used to catch the

in vivo bioluminescence imaging on the heads of neonatal rats at

3 h after intranasal administration (Figure 1A). The efficiency of

total PKH-26 fluorescence [(p/second/cm2/sr)/(lW/cm2) ] in the

brain of sham + hNSCs and HI + hNSC rats were much higher

than those in the sham + saline and HI + saline rats (P < 0.001,

Figure 1B). No significant changes were observed between the

two hNSC-delivered groups. To further verify the migration and

distribution of hNSCs, we observed PKH-26-labeled cells under

fluorescence microscopy at 24 h after intranasal delivery. PKH-

26-positive cells were detected throughout the layers of the olfac-

tory bulb, cerebral cortex, corpus callosum, and hippocampus in

both HI + hNSCs (Figure 1C, arrows) and sham + hNSCs rats

(data not shown).

(A) (B)

(E) (F)

(C)

(D)
a

b

c

d

Figure 3 Long-term effects of human embryonic neural stem cells (hNSCs) on brain damage. (A) Representative CV- stained sections showing the brain

tissue loss 42 days after intranasal delivery. Scale bar represents 2 mm. Percentage of tissue loss in sections (B) and ipsi-hemisphere (C) were calculated.

hNSC application significantly reduced hypoxic–ischemic (HI)-induced tissue loss (n = 5 for HI + saline rats, n = 6 for HI + hNSCs). *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001 versus HI + saline rats; #P < 0.0001 versus sham-operation rats. (D) Representative images showing fluorescence

intensities of MBP 42 days after intranasal delivery. (a, b) Sections of HI + saline rats. (c, d) Sections of HI + hNSC rats. Scale bars represent 600 lm. (E)

Diagram illustrated the observation areas for each brain region. (F) Relative fluorescence intensities in the corpus callosum, cortex, striatum, and

hippocampus in HI + saline rats were significantly less than those in HI + hNSC rats (n = 3 for each group). *P < 0.05 versus HI + hNSC rats. CV, cresyl

violet.
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hNSCs Inhibit IL-1b Expression and Promote NF-
jB Translocation After HI

We examined the level of cytosolic IL-1b using Western blot anal-

ysis at day 3 after intranasal administration. As shown in Fig-

ure 2A,B, HI injury significantly upregulated ipsilateral IL-1b level

in HI + saline rats (P < 0.05 vs. sham + saline rats), whereas hNSC

application remarkably reduced IL-1b expression level (P < 0.05

vs. HI + saline rats). We also detected phosphorylated IjBa and

NF-jB protein expression in the ipsilateral hemisphere 3 days after

(A) (B)

(E) (F) (G)

(C) (D)

Figure 4 Long-term survival and differentiation of human embryonic neural stem cells (hNSCs) in hypoxic–ischemic (HI) rat brain. (A–D) Representative

immunohistochemically stained brain sections in HI + hNSC rats (A, B) and in HI + saline rats (C, D) 42 days after intranasal delivery. Scale bars represent

50 lm (10 lm inset). (E) Diagram of distribution of HuNu-positive cells in hNSC-treated HI rats. Note that ipsilateral hemisphere is smaller than

contralateral hemisphere because of HI-induced brain tissue loss. Total cell numbers of the GFAP+/HuNu+ (F) and NeuN+/HuNu+ (G) in ipsilateral or

contralateral hemisphere were statistically analyzed. n = 3 for each group. **P < 0.01, ***P < 0.001 versus HI + hNSCs; ##P < 0.01, ###P < 0.001 versus

HI + saline rats.
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intranasal administration. As shown in Figure 2C–F, levels of

cytosolic Ser32 and Ser36 phosphorylation IjBa and NF-jB p65

were significantly higher in HI + saline rats when compared with

those in sham + saline rats (P < 0.01). hNSCs notably depressed

the HI-induced upregulation in phosphorylated IjBa and NF-jB
p65 (P < 0.05 vs. HI + saline rats, Figure 2C–F). The content of

nuclear NF-jB p65 level was unchanged in HI + saline when com-

pared with sham + saline rats, but significantly increased in

HI + hNSC rats (P < 0.01 vs. HI + hNSCs, Figure 2G,H).

hNSCs Ameliorate Brain Tissue Loss and White
Matter Injury After HI

To quantify long-term effects of hNSCs on brain tissue loss, CV

staining was used at day 42 after the hNSC application. As shown

in Figure 3A–C, ipsilateral tissue loss was significantly increased

in HI + saline rats (P < 0.0001 vs. sham + saline rats). hNSC

application significantly reduced the percentage of brain tissue

loss (P < 0.0001 vs. HI + saline rats, Figure 3C) induced by HI.

MBP is the specific marker of mature oligodendrocytes. We per-

formed immunohistochemistry to evaluate MBP levels 42 days

after hNSC application. As shown in Figure 3D–F, relative fluores-

cence intensities of MBP in the corpus callosum, cortex, striatum,

and hippocampus in HI + saline rats were significantly less than

those in HI + hNSC rats (P < 0.05).

Long-Term Survival and Differentiation of hNSCs
in HI Rat Brain

The long-term survival and differentiation of hNSCs in HI rats was

examined 42 days after intranasal delivery. Immunostaining con-

firmed that the majority of HuNu (a specific marker of human

nuclei)-positive cells were observed in ipsi-hemisphere of

HI + hNSC rats, and co-existed with NeuN or GFAP (Figure 4A,

B). No HuNu-positive cells were seen in HI + saline rats (Fig-

ure 4C,D). The distribution region of HuNu-positive cells in the

brain of HI + hNSC rats was illustrated in Figure 4E. Moreover, in

HI + hNSC rats, HuNu+/NeuN+ and HuNu+/GFAP+ cells in the

ipsi-hemisphere were significantly more than those in the contra-

hemisphere (P < 0.001 for HuNu+/GFAP+ cells, P < 0.01 for

HuNu+/NeuN+ cells, Figure 4F,G).

hNSCs Improve Neurological Outcomes After HI

We performed behavioral tests of righting reflex, gait test, grid

walking, SCT, Morris water maze following the sequence illus-

trated in Figure 5A. The sensorimotor function in righting reflex

and gait test was impaired after HI. As shown in Figure 5B, at both

day 1 and 3 after treatment, HI + hNSC rats spent much less time

(second) than HI + saline rats (P < 0.05 for day 1, P < 0.01 for

day 3, respectively) on righting themselves. Meanwhile,

HI + hNSC rats moved outside the circular paper faster than

HI + saline rats (P < 0.05, Figure 5C) at day 5 after intranasal

administration. No significant difference was observed between

groups of HI + hNSCs and HI + saline at day 7 after hNSC admin-

istration, which indicated that sensorimotor impairment after HI

injury might be improved in association with the development of

neonatal rats. Similar results on sensorimotor functional impair-

ment were observed in grid walking at day 7 after hNSC applica-

tion. As shown in Figure 5D, the fault ratio in right forelimb

significantly increased after HI injury in HI + saline rats and

decreased in HI + hNSC rats (P < 0.05 vs. HI + saline rats) at day

7 but not day 14 after hNSC delivery. These observed differences

were not due to the overall changes in motor activity, because

there was no significant difference in the total steps among groups

(data not shown).

Rats were tested in the SCT for sociability and social novelty

preference following the protocol illustrated in Figure 5E at

day 28 after intranasal administration. As shown in Figure 5F,

in the acclimation trial, no differences among groups were

observed in time spent duration in L and R, which indicated

that there is no position preference in all rats. In the sociability

trial, sham-operation and HI + hNSC rats prefer to spend much

longer time (second) staying in R (C1 contained room) than in

L (empty room, P < 0.001 vs. R), whereas HI + saline rats did

not show the social preference. In the social novelty trial,

sham-operation and HI + hNSC rats tended to spend more time

in L (novel C2 contained) than in R (nonnovel C1 contained),

while the HI + saline rats showed the reverse tendency. To

measure recognition of novelty over familiarity, preference

index scores were examined. Remarkable decrease in prefer-

ence index was observed in HI + saline rats when using center

point (P < 0.05 vs. sham + saline rats) and nose point

(P = 0.0568 vs. sham + saline rats) for statistical analysis. hNSC

treatment reversed these reduction (P < 0.05 vs. HI + saline

rats, Figure 5G,H).

Morris water maze was performed 35 days after hNSC applica-

tion to evaluate long-term spatial learning and memory ability. In

the acquisition trial (Figure 5I), HI + saline rats showed decreased

spatial learning ability with significantly increased escape latency

(second) (P < 0.001 vs. sham-operation rats) at the training days.

HI + hNSC rats showed better learning ability with remarkable

Figure 5 Human embryonic neural stem cells (hNSCs) ameliorated the impairment in sensorimotor, learning, memory, and cognition after hypoxic–

ischemic (HI). (A) Time schedule for the induction of HI, hNSC application and the time points for various behavioral tests. (B, C) Performance of righting

reflex (B) and gait testing (C) in groups of sham + saline (n = 23), sham + hNSCs (n = 24), HI + saline (n = 17), and HI + hNSCs (n = 17). (D) Performance

of grid walking (n = 12 for each group). *P < 0.05, **P < 0.01 versus HI + hNSC rats. (E–H) Performance of social choice test (SCT). (E) Experimental

testing design of SCT. (F) Cumulative time spent in chamber L or R was analyzed for each group. Note that HI + hNSC rats showed consistent preference

with sham-operation rats in both sociability and social novelty, whereas HI + saline rats displayed opposite preference in social novelty. HI + hNSC rats,

but not HI + saline rats, showed similar preference index of both nose point (G) and center point (H) with sham-operation rats. n = 12 for each group. L,

Left chamber; R, Right chamber. #P < 0.05 versus sham + saline; *P < 0.05 versus HI + saline rats; ***P < 0.001 for L versus R. (I–K) Performance of

Morris water maze. (I) In acquisition trial, HI + saline rats had significantly longer latency than HI + hNSCs and sham-operation rats. In retention trial, both

the percentage of time spent in target quadrant (J) and frequency across the platform (K) was reduced in the HI + saline rats, when compared with

sham + saline and HI + hNSC rats. n = 12 for each group. *P < 0.05, **P < 0.01, ***P < 0.001 versus HI + saline; #P < 0.001 versus sham + saline rats.
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(A)

(B)

(E) (F)

(G)

(H)

(I) (J) (K)

(C) (D)
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reduction in escape latency at the 3rd, 4th and 5th day of training

when compared with HI + saline rats (P < 0.05 for the 3rd day,

P < 0.01 for the 4th and 5th day). There was no statistically signif-

icant difference among groups in swimming time and distance

(data not shown). In the retention trial, significant reduction in

the percentage of time spent in the target quadrant (P < 0.01) and

frequency across the platform (P < 0.001) were observed in

HI + saline rats, when compared with HI + hNSC rats (Figure 5J,

K).

Discussion

Among cell therapy studies, intranasal delivery has been reported

to be noninvasive and relatively safe in comparison with invasive

intracranial transplantation [23,24]. In the present study, we

intranasally delivered 3 9 105 hNSCs and found that these fluo-

rescence-labeled cells could rapidly bypass the blood–brain bar-

rier, migrate and distribute into extensive brain regions in both

hemisphere. The migration routes are possibly from nasal mucosa

through cribriform plate along olfactory neural pathway into

brain regions and cerebrospinal fluid [25]. The dosage and admin-

istration time we used are according to our previous work and

others [26,27]. These results further confirmed the applicability of

intranasal delivery and support the notion that hNSCs have the

homing instinct toward the CNS [25].

Previous studies showed that HI injury induces rapid activa-

tion in microglia and astrocyte, which then produce various

pro-inflammatory cytokines [6,28]. In the present study, IL-1b
expression level increased after HI injury, indicating that neu-

roinflammatory responses are activated. In agreement with

the study described in a rat stroke model [29], we observed a

remarkable reduction in IL-1b level 3 days after hNSC treat-

ment. Our findings suggest that hNSC application could mod-

ulate the immune response in the CNS and thus protecting

the neurons and glial cells against inflammatory injury.

Transcriptional factor NF-jB functions in both protective and

damaging pathways during brain injury [30]. Studies found that

IjBa plays important roles in regulating NF-jB signaling via medi-

ating cytosolic-nuclear translocation of NF-jB [31]. In this study,

we found a coincident upregulation in cytoplasmic NF-jB p65

and phosphorylated IjBa protein expression 4 days after HI

occurred, and remarkable repression 3 days after hNSC treatment.

These results could be supported by previous work because reduc-

tion in cytosolic phosphorylated IjBa and NF-jB results in strong

neuroprotection against HI injury [30,32].

Despite the significant increase in cytosolic NF-jB p65 and

phosphorylated IjBa expression, we did not find any changes

in nuclear NF-jB p65 level after HI. Our results differ from

previous study, which reported that nuclear NF-jB p65 level

upregulates within 3 h after HI [32]. This discrepancy might

due to the different observation time points because we

detected p65 levels at day 4 after HI injury. Previous studies

have demonstrated that during persistent stimulation, cytosolic

IjBa can enter into the nucleus, help removing NF-jB p65/

p50 dimers from DNA binding site, and backing to the cyto-

sol, thus decrease nuclear NF-jB level [33–36]. In the present

study, we suppose that at day 4 after HI, the persistent stimu-

lation from HI-induced biochemical cascades triggers this feed-

back regulation and limits nuclear NF-jB localization. Further

researches are needed to evaluate how the dynamic changes

in cytosolic-nuclear NF-jB/IjBa translocation are modulated

during the process of HI-induced brain injury. Interestingly, in

our study, we observed a remarkable increase in nuclear NF-

jB p65 level in hNSC-treated rats, which suggested that

hNSCs could maintain the NF-jB signaling at day 4 after HI

injury. The enhanced nuclear NF-jB p65 expression is possi-

bly related to the hNSC-induced suppression on NF-jB feed-

back regulation, as hNSCs have been proved to reduce

neuroinflammation in our and other’s work [29]. hNSC-in-

duced nuclear NF-jB signaling upregulation might be protec-

tive in neurofunctional recovery of HI rats. Such speculation

could be supported by previous studies, as hNSCs have been

demonstrated to promote neural circuit remolding via synaptic

reconstruction [26,37,38], and several studies have also

reported that NF-jB plays important roles in synaptic signal-

ing modulation, learning/memory, and cognition [39–41].

Therefore, these results indicate that hNSCs may improve

neural plasticity via upregulating NF-jB signaling.

Our previous work found that hNSC transplantation improves

sensorimotor outcomes in a middle cerebral artery occlusion rat

model [27]. In the present study, we further confirmed that

hNSCs promote neurobehavioral recovery against HI injury in

both sensorimotor ability and long-term learning, memory, and

cognition. Exogenous hNSCs maintained survival and differenti-

ated into both neurons and astrocytes in lesioned area even at the

last observation day (42 days after hNSC application), which was

possibly due to the pro-survival effect of enhanced growth fac-

tors/trophic factors in lesion area [42]. Therefore, our results indi-

cated that hNSCs may repair brain injury through cell

replacement in HI rats.

In conclusion, our results found that hNSC treatment signifi-

cantly reduced brain tissue loss and white matter injury, amelio-

rated sensorimotor disabilities, and improved learning, memory,

and cognitive deficits after HI. Additionally, we provided the first

evidence that hNSCs could promote NF-jB translocation and

downregulate the expression of IL-1b 3 days after intranasal

delivery in neonatal HI rats. These findings demonstrated that

intranasal delivery of hNSCs 24 h after HI resulted in both early

and long-term protective effects, which possibly involves the

molecular modulation of NF-jB signaling.
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