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Sox2-overexpressing neural stem cells alleviate
ventricular enlargement and neurological dysfunction in
posthemorrhagic hydrocephalus
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Abstract

Neural stem cells (NSCs) have the potential for self-renewal and multidirectional differentiation, and their transplantation has achieved good efficacy in a variety
of diseases. However, only 1%—10% of transplanted NSCs survive in the ischemic and hypoxic microenvironment of posthemorrhagic hydrocephalus. Sox2 is an
important factor for NSCs to maintain proliferation. Therefore, Sox2-overexpressing NSCs (NSC**?) may be more successful in improving neurological dysfunction
after posthemorrhagic hydrocephalus. In this study, human NSC*®? was transplanted into a posthemorrhagic hydrocephalus mouse model, and retinoic acid

was administered to further promote NSC differentiation. The results showed that NSC** attenuated the ventricular enlargement caused by posthemorrhagic
hydrocephalus and improved neurological function. NSC**? also promoted nerve regeneration, inhibited neuroinflammation and promoted M2 polarization (anti-
inflammatory phenotype), thereby reducing cerebrospinal fluid secretion in choroid plexus. These findings suggest that NSC** rescued ventricular enlargement
and neurological dysfunction induced by posthemorrhagic hydrocephalus through neural regeneration and modulation of inflammation.

Key Words: angiogenesis; cerebrospinal fluid; hippocampal transplantation; inflammation; microglia; neural stem cells; neurogenesis; posthemorrhagic
hydrocephalus; retinoic acid; Sox2

Introduction more than 70% of patients within 10 years of operation undergo shunt failure
and need multiple surgical operations (Karimy et al., 2020; Dong et al., 2024).
Furthermore, endoscopic ventriculostomy requires more advanced surgical
techniques and carries high perioperative risks, and there are still many
unknowns regarding its long-term outcomes (Jeong and Jurisch-Yaksi, 2023).
Importantly, even if the ventricle size decreases after surgery, the neurological
deficits that have already occurred in some patients are often difficult to
completely reverse (Hersh et al., 2021). Thus, there is an urgent need to find
new therapeutic strategies to provide better treatment options for patients
with PHH.

Posthemorrhagic hydrocephalus (PHH) often occurs after germinal matrix
hemorrhage in preterm infants with low body weight (< 1500 g) and
intraventricular hemorrhage (IVH) in adults (Garcia-Bonilla et al., 2022). It
is characterized by enlarged ventricles, which cause increased intracranial
pressure, ischemic-hypoxic damage, axonal breakage, synaptic loss,
microglial activation and astrocytic hyperplasia (Garcia-Bonilla et al., 2022),
resulting in severe cognitive and motor impairments. Currently, the main
treatment modalities are a cerebrospinal fluid (CSF) shunt or endoscopic
ventriculostomy, which can resolve symptoms in the short term. Yet, some
studies have reported that more than 50% of patients within 2 years and  Neural stem cell (NSC) transplantation has been considered the most
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promising therapeutic measure for the treatment of neurological disorders
such as Parkinson’s disease, motor neuron disease, and hemorrhagic
cerebrovascular diseases (Temple, 2023; Sheikh et al., 2024). This is because
NSCs can differentiate into neurons and integrate into the existing synaptic
network to replace damaged or lost neurons (Zhang et al., 2019; Ji et al.,
2023). Additionally, NSCs can play a paracrine role by releasing nutritional and
immunomodulatory factors that regulate many pathogenic pathways involved
in the development of PHH (Garcia-Bonilla et al., 2022). Recent studies
have demonstrated that human NSC (hNSC) transplantation significantly
improves motor and cognitive functions in murine models of Parkinson’s and
Huntington’s diseases, and have also shown that hNSCs differentiate into
neurons, glial cells and oligodendrocytes in model mice (Park et al., 2021;
Baloh et al., 2022). However, after PHH, transplanted NSCs do not survive
and reproduce in the microenvironment of ischemia and hypoxia; a previous
study showed that only 1%—10% of transplanted NSCs survive (Wang et al.,
2024). Therefore, transplantation of gene-edited NSCs that promote NSC
proliferation and differentiation may be more effective for slowing disease
progression, enhancing cell function, or controlling cell states in specific
disease conditions (Temple, 2023; Wang et al., 2024).

Sex-determining region Y-box 2 (Sox2), as an important stem cell transcription
factor, maintains NSC self-renewal, promotes nervous system development
and maintains NSC numbers in vivo through a Sox2-dependent autocrine
mechanism. A previous study showed that Sox2 deficiency led to impaired
hippocampal neural regeneration and a reduced number of NSCs (Pagin et
al., 2021). Retinoic acid (RA) is a metabolite of vitamin A that promotes the
differentiation of NSCs into neurons (Kubickova et al., 2023). Therefore, it is
reasonable to believe that transplantation of hNSCs transfected with Sox2 and
concomitant administration of RA would better promote the functional and
structural repair of PHH through three mechanisms. First, the self-renewal
and differentiation ability of NSCs would be enhanced to more effectively
differentiate into mature effector cells to replace damaged cells. Second, the
paracrine mechanism of NSCs would provide neuroprotection (Rajendran
et al., 2025). Third, the local microenvironment would be regulated by
modulating inflammation (Zhang et al., 2023).

In this study, human embryonic NSCs transfected with Sox2 were transplanted
into the hippocampus of a PHH C57BL/6j mouse model. We investigated
the effect and safety of this application by observing the behavioral changes
of the model mice before and after the transplantation, and by detecting
the changes in their neural regeneration and inflammatory factors. The
findings will help provide a theoretical basis for the clinical treatment of PHH.
Furthermore, we have compiled the most recent advances in NSC engineering
and presented viable techniques for enhancing hNSC survival and treatment
efficiency in the harsh microenvironment of PHH.

Methods

Animals

To conduct our experimental procedures, 6- to 8-week-old C57BL/6j male
mice (weighing 18-24 g) were used, and all experimental procedures were
approved by the Experimental Animal Ethics Committee of West China
Hospital (Approval No. 20230426002). The C57BL/6j strain was sourced
from the Laboratory Animal Center of Sichuan University (Chengdu,
Sichuan Province). The animals were maintained in a specific pathogen-free
environment with controlled temperature (20°C to 26°C) and humidity (40%
to 60%), a 12-hour light/dark cycle, and ad libitum access to food and water.
Given the reported anti-neuroinflammatory effects of estrogen, female mice
were excluded from the study to prevent potential confounding influences of
steroid hormones. All animal experiments adhered to the National Institutes
of Health guidelines for the Care and Use of Laboratory Animals (National
Research Council, 2011) and were approved by the Animal Care and Use
Committee of Sichuan University (approval No. 20230426002) on April 26,
2023.

The mice were randomly divided into a sham group, IVH group (PHH group),
sham transplantation group (PBS group), NSC group, and experimental group
(NSC** group) using a blinded allocation method. The weight changes of
each group were recorded daily.

Mouse model of intraventricular hemorrhage
The IVH model was established using a previously published method (Cao et
al., 2023). Specifically, mice were anesthetized via intraperitoneal injection

of pentobarbital (40 mg/kg; Sigma, St. Louis, MO, USA) and secured in a
stereotaxic apparatus (RWD Life Science Co., LTD, Shenzhen, Guangdong,
China). The dorsal aspect of the skull was shaved, and the skin was incised
along the midline of the neck using a new surgical blade. Under sterile
conditions, the skin was retracted bilaterally using Barraquer retractors
(Harvard Apparatus, Hopkinton, MA, USA) to expose the underlying muscles
and the top of the skull. The skull surface was cleaned with a 0.9% saline
solution and dried with sterile gauze sponges (Covidien, Mansfield, MA, USA).
The periosteum was etched with hydrogen peroxide to reveal the fontanelle.
Once the skull was dry, a high-speed drill was used to create a 1-mm burr
hole (coordinates relative to bregma: x = 1.0 mm, y = —=0.5 mm) above
the right lateral ventricle. A sterile 1-mL microinjector was used to collect
approximately 40 pL of autologous blood from the tail vein of each mouse,
which was then transferred to a 100 pL syringe (Hamilton, Reno, NV, USA)
and injected into the right ventricle through the burr hole (Cao et al., 2023)
(coordinates relative to bregma: z =-2.5 mm) at a rate of 5 uL/min. Following
the injection, the needle was left in place for 20 minutes before being slowly
withdrawn at a rate of 0.5 mm/min. The incision was closed using absorbable
surgical sutures with a simple continuous stitch. Mice in the sham surgery
group underwent scalp incision, skull perforation and needle insertion.

Primary extraction of neural stem cells

NSCs were obtained from the telencephalon of a 10- to 12-week
postconception human fetus, after elective pregnancy termination. The use of
hNSCs was approved by the Medical Ethics Committee of West China Hospital
(Chengdu, Sichuan Province, China; approval No. 2023-527; June 20, 2023),
and their use for therapeutic application adheres to medical ethics. For hNSC
collection, the fetal brain cortex was peeled off under aseptic conditions,
and the surface blood vessels were removed and then rinsed three times
with phosphate buffer saline (PBS). In culture medium containing Dulbecco’s
modified Eagle medium/nutrient mixture F-12 (Wandao Biotechnology
Development Co., Ltd., Chengdu, China), the fetal brain cortex was fully
sheared with ophthalmic scissors, and then digested with Accutase (Cat#
A1110501, Gibco, Waltham, MA, USA) for approximately 5 minutes. The
tissue was then washed with PBS three times, followed by pipetting to break
up the cell mass. The cell suspension was transferred into a centrifuge tube
and centrifuged at 1000 r/min for 5 minutes. The supernatant was removed
and filtered with a 70-mesh filter. NSCs were cultured in a serum-free medium
supplemented with epidermal growth factor (20 ng/mL, Peprotech, Andover,
NJ, USA), basic fibroblast growth factor (10 ng/mL, Peprotech), and B27 (10%,
Gibco) on vessels coated with laminin (20 ug/mL, Sigma) in an incubator
at 37°C and humidified atmosphere containing 5% CO,. Neurospheres
approximately 150 um in diameter were formed by incubation for 3—4 days,
and the solution was aspirated with a micropipette and passed through 100-
um and 40-um filters for mechanical dispersion. Immunofluorescence staining
showed that nestin and Sox2 were highly expressed in the neurospheres. After
two passages, the cells were used for the experiments. For differentiation,
culture vessels were coated with a thin layer of Matrigel™ (1:30 dilution) in
plain Dulbecco’s modified Eagle medium for 18 hours at 4°C, followed by 30
minutes at 37°C. The coating solution was then replaced with prewarmed
differentiation medium (Dulbecco’s modified Eagle medium/nutrient mixture
F-12 + 20% fetal bovine serum) before cell seeding. To test its effects on NSC
differentiation, RA (1 um/uL, Wandao Biotechnology Development Co., LTD)
was added to the differentiation medium every 4 days, for a total of eight
times.

Lentivirus transfection

Construction of the GFP-expressing lentivirus, Sox2-expressing lentivirus, GFP
+ Sox2-expressing lentivirus and luciferase + Sox2-expressing lentivirus was
previously described (Favaro et al., 2009). The NSC spheres were mechanically
dispersed and digested with Accutase into single cells, which were then
inoculated into 6-well plates at 2 x 10° cells/well. The cells were transduced at
multiplicities of infection of 10 overnight. The following day, the medium was
changed to serum-free NSC medium (Wandao Biotechnology Development
Co., LTD). Lentivirus-transfected NSC**“ cells, NSC®**** cells and NSC"ferse+
cells were prepared.

Cell transplantation

All mice were injected intraperitoneally with cyclosporine A (10 mg/kg,
Wandao Biotechnology Development Co., LTD) 2 days before surgery and
5 mg/kg daily after surgery until execution. We transplanted 5 pL cells (1 x
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10°) into the NSC and NSC*>* mice. The grafting procedure was similar to
that of the PHH model construction, except that a 25-plL syringe (Hamilton,
Reno, NV, USA) containing 5 pL of PBS or cell suspension was used. Cells were
transplanted into the right hippocampus (coordinates relative to bregma: x
=2.5mm, y=-2.0 mm, z=-2.2 mm). Following the injection, the needle
was left in place for 10 minutes before being slowly withdrawn at a rate of
0.5 mm/min. Then, the original graft puncture site was inserted with an Alzet
Osmotic Pump (Model 813280PPKXXC+1004+1004 Adaptive Transfer Nuclear
Magnetic Resonance Pipeline, RWD Life Science Co., Ltd) containing a total
of 11 umol RA. The slow-release capsule pump had a delivery rate of 0.11
ulL/h, which was equivalent to an infusion of 8.13 uM of RA for 28 days, and
was buried under the dorsal subcutis and secured with dental cement. After
drying the cement, the incision was closed using absorbable surgical sutures
with a simple continuous stitch.

Luciferase reporter assay

Longitudinal in vivo imaging results following the NSC transplantation
were performed at 3, 7, 14, 21, and 28 days. Luciferase fluorescence intensity
was analyzed using the Steady-Glo Luciferase assay system (E2520, Promega,
Madison, WI, USA) according to the manufacturer’s protocol.

Luciferase+Sox2

Magnetic resonance imaging

Mice were anesthetized using a 2% isoflurane—air mixture (Wandao
Biotechnology Development Co., Ltd) during magnetic resonance imaging
(MRI). MRI was conducted using a 7.0-Tesla MR scanner (Bruker BioSpec
70/30 MRI, Billerica, MA, USA). A total of 18 coronal slices covering the
entire brain were acquired with the following parameters: T2 fast spin-
echo sequence, repetition time 4000 ms, echo time 60 ms, field of view 35
x 35 mm?, matrix 256 x 256, slice thickness 0.5 mm, echo time 2.5 ms and
repetition time 100 ms. We used the software Slicer (version 5.6.1, https://
slicer.org) to perform the three-dimensional reconstructions (Fedorov et
al., 2012; Gonzalo Dominguez et al., 2016). After we segmented the target
structure, we used the Model Maker module to generate a surface volume.
The bilateral ventricles were outlined, and the ventricular volume was
determined.

Open field test

The open field test was conducted to investigate the neuropsychiatric
changes in sham group and IVH group at 31 days post-operation, and in PBS,
NSC and NSC*** groups at 28 days after transplantation (Wei et al., 2021).
Specifically, a square open-field arena (100 x 100 cm?) with black inner walls
and a white floor was prepared. The floor was artificially divided into nine
grid sections by the computer system. A digital camera tracking system (Pine
Technology, Inc., San Mateo County, CA, USA) was installed above the arena
to monitor the movement trajectories of the mice. Mice were acclimated to
the experimental environment before testing. During the experiment, each
mouse was placed at the center of the arena. Each trial lasted for 5 minutes,
during which the movements, total duration of active behavior and time spent
in the central area were recorded. After each trial, the mice were removed
from the arena, and the inner walls and floor were thoroughly cleaned to
eliminate any residual cues, such as urine, feces, or odors, thereby preventing
contamination of subsequent trials.

Morris water maze test

The Morris water maze test was performed in sham and IVH groups at 31
days post-operation, and in PBS, NSC and NSC* groups at 28 days after
transplantation using previously published experimental procedures (Vorhees
and Williams, 2006). Mice were placed in a metal pool (50 cm deep and
200 cm in diameter) filled with water that was made opaque using titanium
dioxide powder. The pool was divided into four quadrants, and a submerged
platform (1-1.5 cm below the water surface, 6 x 6 cm”) was positioned in
the target quadrant. Mice were trained to locate the submerged platform
within 60 seconds. They then underwent 5 days of acquisition training using
a random set of starting points within the four quadrants. Latency times were
recorded and averaged daily. On day 6, the submerged platform was removed
and the animals completed a 60-second probe trial. The number of platform
crossings, distance traveled and time spent in the target quadrant were
measured.

Tissue preparation and biopsy
Mice were anesthetized via intraperitoneal injection of pentobarbital (40
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mg/kg) and euthanized by cervical dislocation. The brains were harvested
and fixed in 4% paraformaldehyde for 24 hours at room temperature. The
brain tissues were then embedded in paraffin and sectioned into 4-pm slices.

Images of the tissue slices were directly captured under natural light for
histopathological biopsy examination.

Western blot analysis

Protein was extracted from mouse hippocampus, choroid plexus and cultured
neurospheres or adherent differentiated cells. The total protein concentration
of the supernatant was measured using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). Protein samples were heated
at 95°C for 10 minutes. Equal amounts of protein (30 pg, the sample volume
was adjusted based on the measured protein concentration) were separated
by 8%—12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to 0.45-pum polyvinylidene fluoride membranes. The membranes
were blocked with 5% skim milk, washed twice with Tris-buffered saline
with Tween 20 (5 minutes per wash), and then incubated with primary
antibodies. The membranes were washed four times (5 minutes per wash)
with Tris-buffered saline with Tween 20 and then incubated with horseradish
peroxidase-conjugated secondary antibody. The information on antibodies
used in this study and corresponding experimental conditions are listed in
Additional Table 1. Immunoreactive bands were detected using enhanced
chemiluminescence. Finally, the optical density ratio of the target protein to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was calculated using
Imagel software (version 7.4, National Institutes of Health, Bethesda, MD,
USA) (Schneider et al., 2012).

Immunofluorescence staining

For immunofluorescence, the 4-um paraffin sections were initially
deparaffinized by incubating the slides in xylene for 10 minutes (twice), 100%
ethanol for 5 minutes (twice), 95% ethanol for 5 minutes (twice) and 70%
ethanol for 5 minutes (once). Following this, the sections were washed for 5
minutes in distilled water, subjected to antigen retrieval using citrate-based
buffer (Retrieve-all system 1, Biolegend, San Diego, CA, USA) at 95°C for 30
minutes, then washed again three times with PBS with Tween 20. Separately,
cells were washed three times in PBS and then fixed in 4% paraformaldehyde
for 15 minutes at room temperature. Next, the cells were permeabilized
with 0.3% Triton X-100 for 15 minutes. Both the cells and brain sections
were incubated in blocking solution (10% goat serum in PBS with Tween 20)
for 1 hour at room temperature. The information on antibodies used in this
study and corresponding experimental conditions are listed in Additional
Table 1. After three washes with PBS with Tween 20, secondary antibodies
and 4',6-diamidino-2-phenylindole (5 ug/mL, Biolegend) were applied to
the sections, which were then incubated for 2 hours at room temperature.
Finally, the sections were treated with an anti-fluorescence quencher sealer
(Servicebio, Wuhan, Hubei, China), and images were captured within 8 hours
using fluorescence microscopy (Zeiss, Jena, Germany). A researcher blinded
to experimental groups examined the stained slides under a fluorescence
microscope and randomly selected four positions at a 20x or 40x field of view
to capture images. The average percentage of positive cells was analyzed
using ImageJ software.

Flow cytometry

To perform flow cytometry analysis, cultured neurospheres were collected
and digested into single cells by mechanical dispersion and Accutase enzyme.
The cells were centrifuged and fixed with 4% paraformaldehyde for 30
minutes. After fixation, the cells were collected by centrifugation and washed
twice with PBS to remove excess fixative. Next, the cells were resuspended
in PBS containing 0.1% saponin permeabilization buffer and incubated on
ice for 10 minutes to facilitate membrane permeabilization. Subsequently,
the cells were washed twice with PBS and resuspended in PBS containing 1%
bovine serum albumin to reduce nonspecific binding, and then incubated
with directly labeled antibodies in the dark. Following incubation, the cells
were washed three times with PBS and analyzed using a flow cytometer (BD
Biosciences, San Jose, CA, USA). Data processing and analysis were performed
using FlowJo software (Tree Star, Ashland, OR, USA).

Enzyme-linked immunosorbent assay

A hippocampal tissue block was excised and washed in precooled PBS
to remove the blood. The tissue block was then transferred into a glass
homogenizer and 0.9% saline was added at the ratio of weight (mg): volume
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(uL) = 1:9 in an ice-water bath. The tissue was mechanically homogenized
and prepared as 10% homogenate, then centrifuged at 2500 x g for 10
minutes. The supernatant was collected for the assay using enzyme-linked
immunosorbent assay (ELISA) kits (EK0527, EK0394, Boster Bio, Anaheim, CA,
USA). The procedures were performed according to a previously published
method (Wang and Zhang, 2022).

Statistical analysis

The data analyses were performed by independent researchers who did not
participate in the design or execution of the experiments. Before the study
began, an analysis was conducted to determine that a minimum sample size
of n =5 for behavioral assessment and n = 3 for biochemical analysis would
provide sufficient statistical power with a = 0.05 (two-tailed). Statistical data
were analyzed using one-way or two-way analysis of variance, followed by
post hoc Tukey’s honestly significant difference test to compare differences
between three or more groups using GraphPad Prism (version 10.0.0 for
Windows, GraphPad Software, Boston, MA, USA, www.graphpad.com).
Differences between two experimental groups were assessed using Student’s
t-test. All data are presented as the mean + standard deviation. A P-value <
0.05 was considered statistically significant.

Results

Construction and transplantation of NS
To investigate our hypothesis, we first extracted embryonic stem cells from
human embryonic brains for cultivation. After extracting the stem cells, we
propagated NSCs and transduced Sox2 using lentiviruses to increase Sox2
expression in the NSCs. Double immunofluorescence staining for nestin
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and Sox2 showed that the lentivirus-transduced NSCs had higher Sox2
fluorescence intensity, quantitative analysis of the mean fluorescent intensity
of Sox2 before and after transfection was 48.30 + 3.51 and 66.39 * 5.49,
respectively (P < 0.05; Figure 1A and B). We also extracted proteins from the
NSCs and performed western blot analysis, the Sox2 expression normalized to
GAPDH demonstrated a 1.6-fold elevation from 0.79 + 0.08 (pre-transduction)
to 1.29 + 0.06 (post-transduction) (P < 0.05; Figure 1C and D). Additionally,
immunofluorescence assay using a GFP reporter gene also confirmed
the successful construction of NSC** cells using lentivirus (Figures 1E).
Research has shown that RA plays a crucial role in NSC differentiation during
development (Pagin et al., 2021). Here, we used flow cytometry to analyze
neuronal differentiation in the different groups,which showed NeuN" cells in
NSC, NSC* and NSC** with RA groups were 33.11%, 50.90% and 57.91%,
respectively (Figure 1F and G). The results showed that Sox2 promoted
the proliferation of NSCs, and RA further enhanced this proliferation.
Subsequently, we used double immunofluorescence staining to examine the
differentiation of NSCs into neural progenitor cells (DCX") and neurons (NeuN’).
After adding RA, the number of DCX" cells decreased significantly, whereas
the number of NeuN" cells increased from 18.46% to 37.04% (Figure 1H and I).

Subsequently, we used a brain microinjection pump to inject the NSC*”*** or

NSC™?*“®=< into the hippocampus of PHH mice (Figure 2A). Figure 2B shows
that the transplanted NSC***°"" cells were all located in the hippocampus,
even with enlarged ventricles after PHH. After the transplantation, we closely
monitored the distribution of the transplanted NSC**?"““*™* cells using an in
vivo imaging system at various time points. Our results showed that starting
at 14 days after transplantation, the NSCs rapidly proliferated and gradually
spread throughout the whole brain at subsequent time points (Figure 2C).

Figure 1 | Transfection and differentiation
of NSC*%,

(A) Representative images of nestin (green,
fluorescein isothiocyanate) and Sox2 (red,
rhodamine) immunoreactivity in NSCs
before and after transfection, observed
by fluorescence microscopy. Scale bars:
50 um. (B) Mean fluorescence intensity
of Sox2. (C) Representative bands of
Sox2 expression in NSCs before and after
transfection. (D) Quantitative analysis of
Sox2 protein expression. (E) Representative
images of NSCs transfected with Sox2 +
GFP, observed by fluorescence microscopy.
Scale bars: 50 um. (F) Flow cytometry
analysis of the proportion of NeuN" cells.
(G) Flow cytometry of NeuN" cells. (H)
Representative images of NeuN (green,
Coralite488) and DCX (red, Cyanine-3)
expression in different groups, observed
by fluorescence microscopy. Scale bars:
NSC*?, 20 pum; NSC*?+RA, 50 um. () Mean
fluorescence intensity of NeuN"™ cells. All
data are presented as the mean + SD (n = 3).
G *P < 0.05, ***P < 0.001 (Student’s t-test).
DAPI: 4',6-Diamidino-2-phenylindole; DCX:
doublecortin; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; GFP: green
fluorescent protein; NeuN: neuron-specific
nuclear protein; NSCs: neural stem cells; RA:
retinoic acid; Sox2: sex-determining region
Y-box 2.
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NSC** transplantation ameliorates ventricular volume enlargement
induced by intraventricular hemorrhage

To investigate the effects of NSC transplantation on mice with PHH, MRI
was used to examine the ventricular morphology and measure ventricular
size. Quantitative analysis of ventricular volume showed that there was no
statistical significance between the 1 day (1.86 + 0.28 mm®) and the 31 day
(2.62 +0.65 mm”) in sham group. At the same time, it was found that ventricle
enlargement appeared significantly in IVH3d group (5.46 + 1.09 mm?), while
the extent of ventricle enlargement was significantly delayed in the pt-3w
group (6.09 + 1.21 mm?). The largest increase in ventricle size during the
acute phase occurred 3 days after IVH (Figure 3A and B). Therefore, we chose
this time point for NSC*? transplantation, which corresponds to the clinical
time frame when ventriculoperitoneal shunting is typically required due to
high intracranial pressure. Following transplantation, we further monitored
the changes in ventricular size via MRI. We found that NSC**** transplantation
significantly reduced the ventricular size in IVH mice at the same time point
(Figure 3A and B). The effect was not observed in the control group that
received PBS injections.

NSC** transplantation ameliorates learning, cognitive, and memory
functions in intraventricular hemorrhage mice

To investigate the effects of NSC** transplantation on learning, cognitive, and
memory functions in IVH mice, we conducted the open field and Morris water
maze tests. In the open field test, IVH mice had reduced total movement
distance (9.37 + 1.95 m) and spent more time in the corners (80.47% +
4.88%) (Figure 4A—C). However, these changes were significantly improved
following NSC transplantation. Specifically, NSC*” transplantation increased
the movement distance of the mice. This suggests that NSC** transplantation
helped restore the neurological and motor function deficits and enhanced
exploratory behavior in IVH mice. Similarly, in the Morris water maze, IVH
mice had a significantly reduced number of platform crossings (0.67 + 0.52)
and spent less time in the target quadrant (24.94% + 3.08%), suggesting
impaired learning and memory functions. However, in NSC group, the number
of platform crossings increased significantly, although the time spent in the
target quadrant did not change (Figure 4D—F). However, in NSC**? group, the
number of platform crossings and the time spent in the target quadrant were
significantly improved.

NEURAL REGENERATION RESEARCH @
H X
www.nrronline.org .~

Figure 2 | Human NSC transplantation into PHH
mouse model.
(A) Experiment timeline and illustration of the
extraction of human NSCs from embryonic brains,
their cultivation and induction to overexpress SOX2,
followed by transplantation into a PHH mouse model
for behavioral assessment. (B) Coronal section showing
PHH model by IVH. The biopsy and MRI images showed
that the NSC****°" transplantation site was located
in the hippocampus. Scale bars: 2 mm and 200 pm,
respectively. (C) Longitudinal in vivo imaging results
following the NSC*>?*“™* transplantation. Red
circle indicates the region of interest. dpt: Day post-
transplamtation; GFP: green fluorescent protein; IVH:
intraventricular hemorrhage; MRI: magnetic resonance
imaging; NSCs: neural stem cells; PHH: posthemorrhagic
hydrocephalus; ROI: region of interest; Sox2: sex-
determining region Y-box 2.

Behavioral
evaluation

28 dpt o 0

NSC** transplantation promotes neuronal regeneration, angiogenesis, and
M2 polarization of microglia in mice with intraventricular hemorrhage
Next, we investigated the specific mechanisms by which transplanted NSCs
improve neurological function in IVH mice. Hippocampal neuronal activity
is fundamental to learning and memory formation (Tobin et al., 2019).
Therefore, we examined the expression of DCX cells in the hippocampus,
which can indirectly reflect neuronal regeneration. The average DCX
fluorescence intensity shown by immunofluorescence was 3183.85 + 210.18
(sham group), 1226.27 + 92.87 (IVH group), 1755.97 + 100.35 (NSC group)
and 2535.07 + 183.90 (NSC*” group), respectively. Our results showed that
after NSC transplantation, the IVH-induced decrease in the number of DCX-
positive cells in the hippocampus was improved. This improvement was
greater when NSC**? were transplanted (Figure 5A and B).

In addition, we examined the effects of transplanted NSCs on angiogenesis
and synaptophysin expression. Compared with sham group (0.99 * 0.15),
the relative fluorescence intensity of CD31 was significantly decreased in the
IVH group (0.36 + 0.40), but not in the Trans NSC*** group (0.77 + 0.07). The
relative fluorescence intensity of SYP in sham, IVH and Trans NSC**? groups
were 1271.67 + 18.30, 119.83 + 26.00 and 410.50 + 20.90, respectively
(Figure 6A—C). The results showed that IVH downregulated synaptophysin
and CD31 expression, and that NSC transplantation increased synaptophysin
expression. NSC transplantation did not improve CD31 expression, but NSC**
transplantation restored the downregulation of CD31 expression induced by
IVH. We also investigated the impact of NSC transplantation on microglia.
Double immunofluorescence staining showed the percentages of Iba-1 &
iNOS positive cells in sham group, IVH group and NSC** group were 6.77% +
1.70%, 61.3% + 5.44% and 14.13% + 2.83%, respectively, and the percentages
of Iba-1 & CD206 positive cells were 14.65% + 2.26%, 9.08% + 1.88%, and
32.97% + 4.20%, respectively. The results showed that NSC transplantation
reduced the increase in M1-type microglia (inducible nitric oxide synthase
(iINOS)*/ionized calcium-binding adapter molecule 1 (Iba-1)) induced by IVH.
NSC transplantation did not significantly induce polarization of microglia
towards the M2 phenotype (CD206"/Iba-1"), whereas NSC*** transplantation
promoted M2-type polarization of microglia (Figure 6D—F).
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Percentage of probe
quadrant duration

Figure 3 | Morphological changes in
the ventricles before and after NSC***
transplantation.

(A) Representative images of ventricular
morphology at multiple time points
after IVH. (B) Quantitative analysis of
ventricular volume in different groups.
All data are presented as the mean + SD
(n=5). ***P < 0.001 (one-way analysis
of variance followed by post hoc Tukey’s
honestly significant difference test). The
pt*™ group refers to the group in which
mice were transplanted with the same
dose of PBS after 3 days of IVH, and
pt™™ group refers to the group in which
mice underwent all surgical procedures
without IVH and transplantation. IVH:
Intraventricular hemorrhage; ns: not
significant; NSC: neural stem cell; PBS:
phosphate-buffered saline; pt: post-
transplantation; Sox2: sex-determining
region Y-box 2.

Figure 4 | NSC** transplantation
improves neurocognitive functions in
IVH mice.

(A) Representative tracing images from
the open field test. (B) Quantification
of the distance traveled for each group
in the open field test. (C) Percent time
spent in the corner zones for each group
in the Morris water maze. (D) Number
of crossings for each group. (E) Percent
time spent in the probe quadrant for
each group. All data are presented as
the mean + SD (n = 5). *P < 0.05, **P <
0.01, ***P < 0.001 (one-way analysis of
variance followed by post hoc Tukey’s
honestly significant difference test). (F)
Representative tracing images from the
Morris water maze. IVH: Intraventricular
hemorrhage; ns: not significant; NSC:
neural stem cell; PBS: phosphate-
buffered saline; pt: post-transplantation;
Sox2: sex-determining region Y-box 2.
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Figure 5 | NSC*? transplantation
upregulation of DCX expression in
mouse hippocampus.

(A) Representative images of
immunofluorescence staining
for DCX (red, cyanine-3). Scale
bars: 100 um; enlarged images,
20 um. (B) Relative fluorescence
intensity of DCX. All data are
presented as the mean + SD (n =
5). **P < 0.01, ***P < 0.001 (one-
way analysis of variance followed
by post hoc Tukey’s honestly
significant difference test). DAPI:
4' 6-Diamidino-2-phenylindole; DCX:
doublecortin; IVH: intraventricular
hemorrhage; ns: not significant;
NSC: neural stem cell; PBS:
phosphate-buffered saline; Sox2:
sex-determining region Y-box 2.

Figure 6 | NSC*” transplantation
promotes neurodegeneration,
angiogenesis, and regulation of
microglial polarization in mouse
hippocampus.

(A) Representative images of
immunofluorescence staining for
CD31 (red, cyanine-3) and SYP (red,
cyanine-3). (B) Statistical analysis of
the relative fluorescence intensity of
CD31 in A. (C) Statistical analysis of
the relative fluorescence intensity
of SYP in A. (D) Percentages of
Iba-1- and iNOS-positive cells in
F. (E) Percentages of Iba-1- and
iNOS-positive cells in F. All data
are presented as the mean + SD
(n=5). **P <0.01, ***P < 0.001
(one-way analysis of variance
followed by post hoc Tukey’s
honestly significant difference
test). (F) Representative images
of immunofluorescence staining
for Iba-1 (green, Coralite488)/
iNOS (red, cyanine-3) and Iba-1
(green, Coralite488)/CD206 (red,
cyanine-3). Scale bars: 50 pm. The
arrows indicate areas in insets. DAPI:
4',6-Diamidino-2-phenylindole; Iba-
1: ionized calcium-binding adapter
molecule 1; iNOS: inducible nitric
oxide synthase; IVH: intraventricular
hemorrhage; NSC: neural stem cell;
PBS: phosphate-buffered saline;
Sox2: sex-determining region Y-box
2; SYP: synaptophysin.
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NSC*? transplantation attenuates intraventricular hemorrhage-induced
TLR4 inflammatory SPAK-NKCC1-AQP-1 pathway activation in mice
Considering our findings that NSC** transplantation promoted the activation
of M2 microglia to exert anti-inflammatory effects, and we next examined the
protein expression of CSF-related signaling pathways in the choroid plexus
before and after transplantation by western blot assay. Expression of Na-K-
Cl cotransporter 1 (NKCC1) in the choroid plexus was increased after IVH (P
< 0.001), and was highest 3 days after IVH, which was maintained at 1 week.
NF-kB was highly expressed 2 weeks after IVH and aquaporin-1 (AQP-1) and
Na'/K" ATPase expression decreased after IVH (P < 0.01). Although serine-
threonine STE20/SPS1-related proline-alanine-rich kinase (SPAK) and toll-
like receptor 4 (TLR4) expression did not change significantly, we found an
increase in phosphorylated serine/threonine protein kinase (p-SPAK) (Figure
7A and B). The NSC*> group showed a similar trend (Figure 7C and D). We
then compared protein expression in the IVH group, the PBS group and the
NSC*** group (Figure 7E and F). The gray values of NKCC1 normalized by
GAPDH in sham group, IVH 3d, IVH 31d and NSC*? groups (4 weeks post-
transplantation) were 0.22 + 0.04, 1.06 + 0.14, 0.43 + 0.03 and 0.26 + 0.04,
respectively, the results showed NKCC1 was highly expressed in the early
stage of the IVH group, and had a tendency to decrease over time, and the
NSC**? group was the closest to the sham group. AQP-1 and Na'/K" ATPase
were decreased in the IVH group, and then gradually increased and were
similar to the normal levels after 1 month. The highest expression of AQP-1
was found in the NSC*? group, which could be related to the proliferation of
choroid plexus epithelial cells after transplantation. Additionally, p-SPAK and
NF-kB showed high expression after IVH, but were also abnormally increased
in the PBS group, which could be due to a combined infection or other
reasons (Figure 7E and F).

NSC** transplantation reduces the expression of proinflammatory factors
while enhancing the expression of anti-inflammatory and neurotrophic
factors in the hippocampus of intraventricular hemorrhage mice

We detected the expression of proinflammatory factors tumor necrosis
factor-alpha (TNF-a) and interleukin (IL)-1B in the hippocampal region
by ELISA (Figure 8A and B), and found that their expression levels were
significantly increased after IVH (P < 0.01). NSC transplantation reduced their
expression, and the decrease was greater with NSC*** transplantation. The
proinflammatory factors TNF-a and IL-6 and the anti-inflammatory factor
IL-10 had low expression in the sham group (Figure 8C and D), and their
expression increased after IVH. NSC transplantation reduced their expression
levels, and the decrease was greater with NSC*? transplantation. Additionally,
we found that the expression of neurotrophic factors brain-derived growth
factor (BDNF) and nerve growth factor (NGF) increased after transplantation
of NSC and NSC**?, and the expression of the same factors was shown to be
higher in the NSC** group by western blot assay.

Discussion

We showed that hNSC*>? transplantation led to significant behavioral
improvements, reduced ventricular size compared with pre-transplantation
size and substantial neural regeneration in the hippocampal region of PHH
model mice. Additionally, we observed an increase in anti-inflammatory
factors and a decrease in proinflammatory factors in CSF. These findings
suggest that hNSC*? transplantation is both safe and effective for treating
PHH.

In this study, we cultivated hNSC using fetal brain tissue and transfected
Sox2 by lentivirus. Its sphere-forming rate and expansion rate increased
significantly after transfection, the diameter of the cell spheres became
larger, and the interval of fluid exchange also changed from 3—4 days before
transfection to 1-2 days after transfection (data not shown), indicating that
its self-renewal ability increased substantially. /n vitro flow cytometric analysis
of NSC and NSC** groups indicated that Sox2 promoted the proliferation of
NSCs, and as the number of NSCs increased, so did the number of neurons
that differentiated. This is consistent with the results in a previous study
(Bertolini et al., 2019), which showed that after Sox2 knockdown in vivo,
both SHH and Wnt, the key factors to maintain NSC proliferation, decreased
significantly, resulting in impaired neural regeneration and reduced NSC
number in the hippocampus.

For in vitro experiments, NSC*“ cells were cultured in differentiation medium

with and without RA for 4 weeks. Flow cytometry showed that administration
of RA increased the proportion of NSCs differentiating into neurons.

Additionally, in vivo experiments 4 weeks after transplantation showed that
the number of neurons increased significantly after NSC**? transplantation
and combined RA. These findings suggest that RA administration augmented
the effect of NSC transplantation. This may be because the controlled release
of RA from the osmotic pump would promote Wnt2b expression, enhance
NeuroD1 and Prox1 expression, promote B-catenin synthesis, and thus
promote the differentiation of NSC into neurons (Huang et al., 2021). RA
upregulates the expression of NeuroD1, which is an important transcription
factor for NSC differentiation into neurons (Gao et al., 2009). Upregulation of
NeuroD1 was also shown to promote astrocyte reprogramming into neurons
(Wang and Zhang, 2022).

We also found that the mean fluorescence intensity of DCX- and
synaptophysin-positive cells were elevated in both transplanted NSCs
and NSC*** groups compared with the IVH group, suggesting that NSC
transplantation had a substitution effect, and that NSC** transplantation
was more efficacious. The newly generated neurons may originate
from transplanted NSCs or from endogenous NSCs. The generation of
endogenous neurons may be explained by multiple reasons. First, the anti-
inflammatory effect produced by the transplanted NSCs may improve the
local microenvironment and facilitate the survival and differentiation of
endogenous NSCs. Second, the continuous administration of RA could
promote the generation of endogenous neurons (Shibata et al., 2021).
Third, even apoptotic transplanted NSCs can have neuroprotective effects by
secreting peroxidedoxin-1 and galectin-1 (Karimy et al., 2020). However, a
previous study showed that after RA was added to NSC medium, NSC markers,
such as Sox2 and nestin, were decreased, S100B-positive cells were increased,
and there was no significant correlation between neuronal markers (NeuN"
and MAP2") and RA, which suggested that RA may be more likely to promote
the differentiation of NSCs to astrocytes (Gong et al., 2023). In contrast,
Kubickova et al. (2023) reported that the expression of neuronal protein
increased with the increase of RA concentration. Here, we demonstrated
through both in vivo and in vitro experiments that RA promoted the
differentiation of NSCs into neurons, which suggests that RA promotes the
differentiation of NSCs into both neurons and astrocytes (Chu et al., 2015).

We constructed a PHH model by intraventricular injection of autologous
blood, which was confirmed by MRI to have enlarged ventricles and
neurological deficits, both of which improved with NSC transplantation.
PHH can cause ventricle enlargement and increased intracranial pressure,
resulting in intracranial hypoxic-ischemic damage. This is followed by
increased glycolysis, lipid peroxidation, oxidative stress, and activation of
calcium-dependent proteolytic enzyme to destroy axons, which leads to axon
stretching and destruction, and reduced connections between neurons (Kahle
et al., 2016, 2024). Further, electrophysiological assays have documented
attenuation of long duration enhancement in hippocampal neurons,
suggesting that the postsynaptic integration process is disrupted (Yin et al.,
2018). We chose the hippocampal dentate gyrus region for transplantation
because this is one of the two regions in which NSCs reside and is an
important site for neurogenesis (Vicidomini et al., 2020). Additionally,
previous findings suggest that Sox2 expression is more sensitive to NSC
proliferation and neural regeneration in the hippocampal region than in the
subventricular zone (Favaro et al., 2009). Because ventricular enlargement
causes the hippocampal position to shift after the occurrence of PHH, we
used the following target coordinates relative to bregma: x = 2.5 mm, y =-2.0
mm, z = —2.2 mm. MRI images and fluorescence imaging of postoperative
tissue sections showed that the graft was located in the hippocampal region.

For ventricle enlargement after IVH, we found that the first sharp enlargement
of the ventricles appeared 3 days after modeling. Although a previous study
showed that CSF secretion in the choroid plexus is high during 1-7 days after
IVH (McAllister et al., 2017), we thought that the sharp enlargement of the
ventricles at this time was mainly due to obstruction. Then, 1 to 2 weeks
after IVH, the ventricles slowly enlarged and temporarily shrunk, which
was possibly due to obstruction relief after hematoma absorption and the
decrease of CSF secretion due to a sharp increase in intracranial pressure
(Holste et al., 2024). At 3 weeks after IVH, the enlargement of the ventricles
may be due to the formation of ventricular scars, fibrosis, or arachnoid
scars that led to damage of lymphatic pathways, which would in turn lead
to the obstruction of CSF circulatory pathways. We chose 3 days after IVH
for cell transplantation because the PHH mice often showed cognitive and
motor deficits at this time point. Moreover, it has also been shown that early
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Figure 8 | NSC*? transplantation decreases the expression of proinflammatory factors and increases the expression of anti-inflammatory factors and neurotrophic factors in

hippocampus.

(A, B) ELISA results of TNF-a (A) and IL-1B (B) in hippocampus. (C) Typical western blot bands of TNF-a, IL-6, IL-10, BDNF, and NGF. (D) Statistical analysis of proteins. All data are
presented as the mean + SD (n = 5). **P < 0.01, ***P < 0.001, vs. Sham group (one-way analysis of variance followed by post hoc Tukey’s honestly significant difference test). BDNF:
Brain-derived growth factor; ELISA: enzyme-linked immunosorbent assay; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IL: interleukin; IVH: intraventricular hemorrhage; NGF:
nerve growth factor; NSC: neural stem cell; PBS: phosphate-buffered saline; SD: standard deviation; Sox2: sex-determining region Y-box 2; TNF-a: tumor necrosis factor-alpha.

transplantation is most effective in ischemia and hypoxia caused by increased
intracranial pressure due to hydrocephalus (Wang et al., 2024). In that study,
transplantation within 48 hours of the onset of cerebral ischemia and hypoxia
resulted in a significantly higher NSC survival rate than transplantation after
6 weeks, although theoretically, transplantation after inflammation has
subsided is more likely to increase NSC survival rate (Wang et al., 2024). In
the present study, we found that early transplantation significantly enhanced
endogenous repair mechanisms, such as axonal plasticity, angiogenesis and
neuroprotection. Moreover, it has been shown that interventions early after
PHH result in lower rates of patient mortality and severe neurological deficits,
whereas intervention when the patient’s condition has worsened results in a
significantly worse prognosis (Cizmeci et al., 2020).

In this study, we found that the numbers of hippocampal DCX" cells and
synaptophysin fluorescence intensity in the transplanted NSC and NSC**
groups were significantly higher than those in the IVH group, suggesting
that the transplanted cells survived and established synaptic connections
with the graft. These findings indicate an increase in neural regeneration in
the hippocampal area. A previous study reported that the number of newly
generated immature neurons was significantly positively correlated with
cognitive scores, and more DCX" cells was associated with better cognitive
ability (Tobin et al., 2019). Using immunofluorescence, we also detected new
blood vessels in the hippocampus growing to the grafted area within 1 month
after NSC transplantation. Immunofluorescence staining also suggested that
angiogenesis increased over time, which may be due to the fact that NSC
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transplantation can induce increased secretion of vascular endothelial growth
factor and promote the regeneration of blood vessels by activating the JAK2/
STAT3 signaling pathway (Zhang et al., 2019). It has also been shown that
angiogenesis and neural regeneration may share some of the same signaling
pathways, such as stromal cell-derived factor-1 and angiopoietin-1 (Paro et
al., 2023). Moreover, it was shown that even a small number of surviving
transplanted NSCs secrete trophic factors to repair tissue damage through
paracrine effects (Xiong et al., 2021). We detected the neuroprotective
factors BDNF and NGF in the hippocampus by western blot assay and found
that expression in the PHH group decreased over time, and that NSC*™?
transplantation reversed this phenomenon. A previous study showed
that NSCs promote the expression of chemokine receptors and adhesion
molecules under the action of BDNF (Sortino et al., 2024), which is conducive
to the migration of NSC and tissue repair (Yang et al., 2022). Additionally,
transplanted NSCs may stimulate the proliferation and migration of
endogenous NSCs by secreting fibroblast growth factor 2, insulin-like growth
factor, BDNF, vascular endothelial growth factor and chemokines (e.g., matrix
metalloproteinase and monocyte chemotactic protein-1) (Wang et al., 2024).
Neurons differentiated from transplanted NSCs also extended axons and
formed synapses from the injury site, thereby supporting neurological repair
(Wang et al., 2024). Finally, through the water maze and open field tests, we
found that both NSC and NSC*** transplantation improved the neurological
dysfunction of PHH mice, and that the effect of NSC*“ transplantation was
greater.

Microglia are intrinsic immune cells within the central nervous system and
have three phenotypes, M1 (characterized by amoeboid bodies), intermediate
and M2 (characterized by long, bifurcated protrusions), that shift in response
to changes in the environment (Guerrero and Sicotte, 2020). The intermediate
phenotype can be activated into the M1 phenotype after interferon-y or
lipopolysaccharide stimulation, which then secretes proinflammatory factors
(e.g. glutamate, reactive oxygen species and nitric oxide) that contribute to
neurodegeneration. Microglia can also be stimulated by IL-4 or IL-13 to M2-
type activation, which upregulates the expression of regeneration factors,
such as Argl. We found that the IVH group had a significant increase in M1-
type iINOS'/Iba-1" cells and a significant decrease in M2-type CD206"/Iba-
1" cells, which was rescued by transplantation of NSC***. We also detected
inflammatory factors in the hippocampal region by ELISA and found low levels
of proinflammatory factors in the sham group. In the IVH group, both TNF-a
and IL-1B were significantly increased compared with those in the sham
group. Transplanted NSC and NSC*? reduced their expression in IVH mice (P
< 0.001), and the effect was greater with transplanted NSC**?. Western blot
assay showed similar changes in TNF-a and IL-6, and showed that the anti-
inflammatory factor IL-10 was increased after transplantation. These findings
suggest that transplanted NSCs exerted an immunomodulatory effect for at
least 30 days, promoting M2 phenotype activation, reducing the expression of
proinflammatory factors TNF-a, IL-1B and IL-6, downregulating M1 phenotype
microglia activity, maintaining blood—brain barrier permeability, and reducing
the inflammatory waterfall cascade response (Lockard et al., 2022). A previous
study showed that the levels of inflammatory factors, such as IL-6, IL-4, TNF-a
and TGF-B1, in the peripheral blood or CSF correlated with hydrocephalus
symptoms, and in particular were positively correlated with cognitive deficits
(Thwaites et al., 2007). Further, targeted therapy of inflammatory pathway
molecules has been shown to restore the abnormal secretion state of the
choroid plexus, ependymal stripping, tissue injury and scar formation of the
ventricle wall and glymphatic system (Karimy et al., 2020). The findings here
indicate that NSC transplantation reduces the concentration of inflammatory
factors in brain tissue, thus improving the clinical symptoms of PHH.

We found that the PHH model induced by IVH resulted in increased
proinflammatory factors, which can lead to ventricular wall fibrosis and
ependymal detachment, and in turn can cause reactive gliosis, destroy the
lymphatic circulation pathway and then aggravate hydrocephalus (Ding et al.,
2019). However, abnormal CSF secretion by the choroid plexus, rather than
impaired lymphatic circulation, is the main factor leading to hydrocephalus
(McAllister et al., 2017). The ability of the choroid plexus to produce CSF
is dynamically regulated by inflammation, known as immune-secretory
plasticity, which is one of the important pathological mechanisms of PHH.
In rodents, approximately 80% of CSF is produced by the choroid plexus
(Steffensen et al., 2018). The remaining CSF may be derived from the brain
interstitial fluid. Therefore, we examined the expression of proteins related
to the SPAK-NKCC1-AQP-1 signaling pathway associated with CSF secretion

by choroid plexus tissues before and after transplantation. NF-kB, NKCC1,
Na/K-ATP and AQP-1 were significantly increased 3—7 days after IVH. It is
possible that blood metabolites, such as methemoglobin and ferric ions, bind
to TLR4 receptors on the surface of choroid plexus cells (Kwon et al., 2015),
which activate the NF-kB signaling pathway and promote the secretion of
inflammatory factors (e.g. TNF-a and IL-1), and regulate SPAK. SPAK integrates
and converts information from the surrounding environment, such as NF-kB
and its regulated inflammatory factors including TNF-q, IL-1B and INF-y (Karimy
et al., 2020), and phosphorylates the NKCC1 cotransporter on the parietal
membrane of the choroid plexus. This then opens AQP-1 on the CSF side of
choroidal epithelial cells, forming an osmotic pressure gradient that drives
CSF from the blood to the cerebral ventricle. It was previously reported that
NF-kB activation increased the rate of CSF secretion from the choroid plexus
epithelium by more than 3-fold (Karimy et al., 2017). In the present study, we
found that NSC** transplantation reduced the expression of proteins related
to this signaling pathway, which suggests that NSC** transplantation slowed
down CSF hypersecretion by the choroid plexus, thereby reversing ventricle
enlargement and the symptoms related to hydrocephalus. Therefore, we
believe that targeted treatment of inflammation in the choroid plexus would
not only resolve CSF hypersecretion in the choroid plexus, but also block the
secondary tissue damage caused by inflammation. Focusing on inflammation
allows us to shift the perception of hydrocephalus as a lifelong neurological
disorder to a preventable neuroinflammatory disorder.

Overall, because of the complexity of the pathological mechanisms of PHH,
it is particularly important to develop multifunctional therapeutic modalities
that can simultaneously address multiple pathological mechanisms. This is
the first time that NSC**? transplantation was applied in combination with
RA to treat PHH. We found that transplanted NSC**? survived in PHH mice,
differentiated into new neurons in vivo to exert a substitution effect and
secreted trophic factors to promote neural regeneration and angiogenesis,
and promoted the activation of M2 microglia to exert an anti-inflammatory
effect. Further, behavioral tests showed that NSC*“ significantly improved
neurological dysfunction in PHH model mice (Vorhees and Williams, 2006).
However, NSC transplantation has some limitations. Firstly, NSCs are difficult
to acquire clinically because of ethical and other complications, and their
quantity is small. In contrast, induced pluripotent stem cells are easy to
obtain, have low immunogenicity, and are susceptible to gene editing (Jing
et al., 2022; Marei et al., 2023). Thus, whether induced pluripotent stem
cells would be effective should be investigated in future studies. Secondly,
because of the ventricular enlargement after PHH, which worsens over time,
the hippocampal position could not be precisely located due to individual
variation. Therefore, ultrasound-guided transplantation may be helpful.
Alternatively, whether NSCs could be transplanted via intraventricular or
transnasal routes needs to be determined by further experiments. Thirdly,
it has been shown that in vivo transplanted NSCs differentiate into neurons
within 2 months and into glial cells within 4 months after transplantation
(Xu et al., 2024). Therefore, the long-term effects of NSC transplantation
on PHH still needs to be studied. Lastly, in the present study, we excluded
female mice to account for the potential influence of estrogen. Thus, we must
acknowledge that this limits the generalizability of our findings.
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