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Abstract

Neuronal regeneration and functional recovery are severely compromised following traumatic brain injury (TBI).
Treatment options, including cell transplantation and drug therapy, have been shown to benefit TBI, although the
underlying mechanisms remain elusive. In this study, neural stem cells (NSCs) are transplanted into TBI-challenged
mice, together with olfactory ensheathing cells (OECs) or followed by valproic acid (VPA) treatment. Both OEC
grafting and VPA treatment facilitate the differentiation of NSCs into neurons (including endogenous and exo-
genous neurons) and significantly attenuate neurological functional defects in TBI mice. Combination of NSCs with
OECs or VPA administration leads to overt improvement in axonal regeneration, synaptogenesis, and synaptic
plasticity in the cerebral cortex in TBIl-challenged mice, as shown by retrograde corticospinal tract tracing, electron
microscopy, growth-associated protein 43 (GAP43), and synaptophysin (SYN) analyses. However, these beneficial
effects of VPA are reversed by local delivery of N-methyl-D-aspartate (NMDA) into tissues surrounding the injury
epicenter in the cerebral cortex, accompanied by a pronounced drop in axons and synapses in the brain. Our
findings reveal that increased axonal regeneration and synaptogenesis evoked by cell grafting and VPA fosters
neural repair in a murine model of TBl. Moreover, VPA-induced neuroprotective roles are antagonized by exo-
genous NMDA administration and its concomitant decrease in the number of neurons of local brain, indicating that
increased neurons induced by VPA treatment mediate axonal regeneration and synaptogenesis in mice after TBI
operation. Collectively, this study provides new insights into NSC transplantation therapy for TBI.
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Introduction secondary injuries. Many unfavorable outcomes are derived from
Traumatic brain injury (TBI) is a devastating pathological condition secondary injury [4,5]. Among various therapeutic options, neural
with severe motor and neurological defects resulting from hypoxia- stem cells (NSCs) and olfactory ensheathing cells (OECs) were
ischemia, cell damage/death, and proinflammatory responses [1- recently suggested to constitute novel cell therapeutic machineries
3]. TBI usually presents in two distinct forms, namely, primary and against central nervous system (CNS) disease given their ability to
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self-renew, differentiate into multiple target cells, secrete ample
neurotrophic factors, and migrate towards damaged sites [2,3,6-8].
Accumulating evidence has depicted that NSC and/or OEC grafting
may attenuate TBI through enhanced NSC differentiation into
neurons to promote secretion of neurotrophic factors and protect
against proinflammatory responses. Nonetheless, the precise
mechanism of action behind NSC and OEC-evoked local neuronal
improvement remains elusive in TBI mice.

Valproic acid (VPA, 2-propylpentanoic acid), a well-known
histone deacetylase inhibitor, is widely used in the treatment of
epilepsy and bipolar disorder [9-12]. Meanwhile, VPA is also
utilized for the management of neurodegenerative disorders such as
Alzheimer’s disease through the inhibition of histone deacetylases
[13]. More evidence suggests that VPA suppresses excitotoxicity-
induced GAPDH nuclear accumulation and apoptotic death in
neurons [14] and offers neurotrophic effects in various cell types,
including midbrain dopaminergic (DA) neurons [15]. Recent
finding has denoted that VPA may facilitate neuronal differentia-
tion, although it suppresses astrocytic and oligodendrocytic
differentiation of NSCs [16]. Despite the apparent neuroprotective
role of VPA in CNS pathology, therapeutic mechanisms associated
with VPA-induced induction of neuronal differentiation remain
elusive. It was reported that the axon-sparing excitotoxin N-methyl-
D-aspartate (NMDA) destroys local neurons in gray matter
following its delivery into the peripherals of injured spinal cords
[17]. In addition, NMDA was recently found to instigate retinal
neurotoxicity and degeneration of retinal capillaries [18]. Notably,
VPA overtly enhances NMDA receptor-mediated transmission and
promotes plasticity in neocortex [19]. To this end, we hypothesize
that the beneficial role of VPA may be associated with antagonism
of NMDA.

In this study, we established a murine model of moderate
controlled cortical impact (CCI) injury with motor and neurological
dysfunction. Using this model, we found that combined transplan-
tation of NSCs with OECs or VPA administration increased local
neurons in the injured cerebral cortex, the effect of which was
ablated following NMDA injection into surrounding tissues of the
injury epicenter. Our results revealed that VPA promoted the
differentiation of transplanted NSCs into neurons rather than
astrocytes. Retrograde corticospinal tract tracing revealed that
increased neurons could reconstruct broken neuronal circuits, and
electron microscopic analysis revealed that increased neurons are
accompanied by increased synaptic connections. Intriguingly,
NMDA mitigated the increase in neurons in host brains and neural
repair, suggesting a role of increased neurons in restoring the motor
function of the injured cerebral cortex. These findings help to
explain the precise mechanism behind the reversal of neurological
functional impairment by elevation in neurons in brain-injured mice
via neuronal gain- or loss-of-function strategies.

Materials and Methods

Primary culture of NSCs and OECs

NSCs and OECs were cultured, purified, and identified in following
as described previously [2]. Hippocampal tissues harvested from
C57BL/6 mouse embryos (E15-17 day; SPF Biotechnology Co., Ltd,
Beijing, China) were used to culture NSCs; and olfactory bulb
tissues of neonatal (1-3 days) C57BL/6 mice (SPF Biotechnology
Co., Ltd) were used to culture OECs. In brief, the hippocampus or
olfactory bulb tissues were cut into 1 mm?3 pieces prior to the
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formation of a cell suspension. The standard medium of NSCs
contains Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-
12 (DMEM/F12; Gibco, New York, USA), 1% B27 (Gibco), 20 pg/L
basic fibroblast growth factor (bFGF) (450-33-10; PeproTech,
Offenbach, Germany), 20 pg/L epidermal growth factor (EGF)
(315-09-100; PeproTech), and 1% penicillin/streptomycin (Gibco).
Cells were then split at 90% confluency. After 3-5 passages, a
portion of the single-cell suspension was plated onto glass cover
slips coated with poly-L-lysine (Sigma-Aldrich, St. Louis, USA) for
12 h prior to fixation in 4% paraformaldehyde (PFA) for 20 min and
stained with the mouse anti-Nestin (1:200, 66259-1-Ig; Proteintech)
antibody for NSC identification. OECs were cultured in complete
medium (DMEM/F12 supplemented with 10% fetal bovine serum)
for 12 h. To remove fibroblasts for the purification of OECs, the cell
suspension was transferred into a 24-well culture plate coated with
poly-L-lysine for 24 h. OECs were then treated with 5x1075 M
arabinofuranosylcytosine (AraC) (HY-13605; MCE, New Jersey,
USA) for 36 h. Following purification, OECs were fixed and stained
with rabbit anti-p75-NGFR antibody (1:200, 55014-1-AP; Protein-
tech).

Differentiation assay in vitro

To induce NSC differentiation, NSCs were cultured for 2 days in
complete medium containing 10% fetal bovine serum (FBS). To
decipher the role of VPA in NSC differentiation, 0.5 mM VPA
(P4543; Sigma-Aldrich) was administered to differentiation-induced
NSCs for an additional 24 h. Cells were then fixed with 4% PFA for
immunofluorescence staining using anti-NEUN (marker of mature
neurons) and anti-GFAP (marker of astrocytes) antibodies.

Animal groups

All animal experiments were approved by the Animal Care and Use
Committee of Tianjin Medical University (Tianjin, China). In brief,
male C57BL/6 mice (8 weeks old, 22-25 g; JAX LAB, Bar Harbor,
USA) were housed with food and water ad libitum in a 12-h light/
dark cycle. Mice were randomly assigned to 7 groups as follows:
(1) Sham group, mice with skull exposed only without weight
impact; (2) TBI group, mice were subjected to controlled cortical
impact operation while receiving saline; (3) OEC group, TBI mice
were subject to an equal volume of OEC transplantation; (4) NSC
group, TBI mice were subject to an equal volume of NSC
transplantation; (5) VPA group, simultaneous treatment of TBI
model mice that received NSC transplantation and VPA intraper-
itoneal injections (150 mg/kg); (6) NMDA group, a cohort of VPA
mice that received NMDA (5 pL/site, 10 mM; MCE) injections into
4 local sites around the injury epicenter in the brain; and (7) in the
CO group, TBI mice were co-transplanted with equal volumes of
NSCs and OECs.

TBI model

A controlled cortical impact device (eCCI Model 6.3; VCU,
Richmond, USA) was used to establish TBI. In brief, mice were
anesthetized and placed in a stereotaxic frame. A 5-mm hole over
the right cerebral cortex was made using a portable drill. Mice were
subject to CCI at a velocity of 6 m/s, a depth of 0.6 mm, and a 150-
ms impact duration using a device with a 2.5-mm flat-tip
impounder. The scalp was sutured, and the mice were returned to
their cages and monitored for at least 4 h following surgery. Sham
mice received similar treatment except impact.
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Cell transplantation, VPA and NMDA injection

Prior to transplantation, NSCs and OECs were incubated for
30 min in medium containing CM-Dil (red; Yeasen, Shanghai,
China) and Hoechst 33342 (blue; Sigma-Aldrich), respectively.
Cells were re-suspended at a final concentration of 1x
107 cells/mL in DMEM/F-12. A glass micropipette connected to
an electric stereotaxic Ultra Micro Pump III (UMP3) instrument
(WPI, Sarasota, USA) was used for cell transplantation. Suspended
cells were engrafted around the injury epicenter of the brain
through 4 local sites (5 pL/site) at a rate of 1pL/min. A
combination of 50% NSCs and 50% OECs was grafted as a CO
group, ensuring an equal number of cells in each group. Mice from
the TBI groups received only saline injection. Mice from the VPA
group were given a daily intraperitoneal injection of VPA
(150 mg/kg; Sigma-Aldrich) beginning from 7 days post-operation
(dpo) for 7 additional days. NMDA (5 pL/site, 10 mM; MCE) or
saline was delivered using the UMP3 instrument into 4 local sites
around the injury epicenter of the brain at 14 dpo.

Behavioral testing

Behavioral testing was performed at 0, 7, 14 and 21 dpo. The
neurological severity score [20], the wire hanging test [21], and the
grid walking test [22] were employed to evaluate neurological,
forelimb motor, and skeletal muscle function, respectively. The
modified neurological severity score (mNSS), including 18 scales of
scores (normal: 0; maximal deficit: 18), was employed to assess
motor, sensory, and reflex function. A higher score suggests
worsened neurological function. The wire hanging test is sensitive
to defects in global skeletal muscle. In brief, a stainless steel bar
(50 cm length, 2.0 mm diameter) was rested on two vertical stands
(37 cm above the floor). Each mouse was hung onto the middle
portion of the bar with two forepaws. The hanging time was
recorded until mice fell in 4 parallel tests (30 s/test). 0 score: fall in
less than 30's; 1 score: tightly grasp the bar with two forepaws; 2
score: tightly grasp and try to climb the bar; 3 score: tightly grasp the
bar with two forepaws and one (or two) hindpaw (s); 4 score:
tightly grasp the bar with all fours and tail; 5 score: escape to one
side of the apparatus in less than 30 s. The grid walking test was
employed to detect defects in descending motor control. Each
mouse was placed on a stainless steel grid approximately 40 cm x
20 cm x 50 cm (length x width x height) with a mesh size of 2 cm x
2 cm. Behavior was videotaped for 3 parallel tests (1 min/test). A
step that failed to provide support and went through the grid hole
was considered a foot fault. Total foot faults of contralateral
forelimbs and the total number of forelimb steps were recorded. All
behavioral tests were performed in a blinded manner.

Double immunofluorescence staining

Double immunofluorescence staining was performed at 21 dpo in
vivo. Cells or brain tissues were fixed for 24 h in 4% PFA, and brain
tissues were then dehydrated with 20% sucrose (Sigma-Aldrich) at
4°C overnight. Brain tissues were serially sliced horizontally into
12-um-thick sections using a freezing microtome (CM1900; Leica,
Wetzlar, Germany). Fixed cells or brain sections were stained with
mouse anti-NEUN (1:200, EPR12763; Abcam, Cambridge, USA) and
rabbit anti-GFAP (1:100, 0190-1-1g; Proteintech) antibodies at 4°C
overnight. After washing, the samples were incubated for 60 min at
37°C with a fluorescence-labelled secondary antibody IgG, such as
anti-rabbit Alexa Fluor 488 (1:100, ab150077; Abcam) and anti-

mouse Cy3 (1:100, BA1031; Boster) antibodies. Sections were
incubated in phosphate-buffered saline (PBS, 0.01 M; Sigma-
Aldrich) to replace the primary antibodies as a control. Following
DAPI staining (36308ES11; Yeasen), slides were mounted and
visualized with a fluorescence microscope (DM RBE; Leica). All
data were collected from at least 15 images from 3 individuals (5
images per area) or 3 consecutive sections per animal for all groups
in parallel experiments.

Retrograde corticospinal tract tracing

To quantify the sparing/regeneration of the surrounding corticosp-
inal tract in the injured brain, retrograde labelling procedures were
performed at 14 dpo. Mice were anesthetized, and the T12 vertebra
was exposed by laminectomy. Five microliters of retrograde trace
fluoro-gold (FG, 4%; Fluorochrome, Denver, USA) was bilaterally
microinjected into the spinal cord 0.1 mm lateral to the spinal
midline by the electric stereotaxic UMP3 instrument. All procedures
were performed by the same person. The brain was dissected and
coronally sliced into 15-um sections 7 days after FG injection. Brain
sections were rapidly photographed with the fluorescence micro-
scope and analysed using ImageJ software. Labelled FG neurons
were counted from 5 fields in 3 sections from each mouse in a
blinded manner.

Electron microscopy

Double electron microscopy was performed at 21 dpo. Mice were
transcardially perfused with phosphate buffer (PB, 0.1 M) contain-
ing glutaraldehyde (2.5%) and PFA (2%) at 21 dpo. The brain
tissues were removed and postfixed in the same fixative at 4°C
overnight. The right cerebral cortex was sliced into 60-um coronal
sections using a vibrating blade microtome (VT1000s; Leica) for the
electron microscopy experiment as described previously [23].
Briefly, tissues were incubated in PB (0.1 M) supplemented with
0s04 (1%) for 1h, dehydrated with an ascending ethanol series,
and finally embedded in epoxy resin through propylene oxide. The
ultrathin sections were obtained using an ultramicrotome (Ultracut
N; Leica) placed on formvar-coated 1-hole Cu grids. Images of
synapses were visualized using a transmission electron microscope
(H-7650; Hitachi, Tokyo, Japan). At least 15 images were analysed
using ImageJ software.

Immunohistochemistry

Immunohistochemistry was conducted at 21 dpo from at least 3
independent brain tissue sections (15 um). Brain samples were
fixed and dehydrated as described in the previous immunofluores-
cence staining section. Growth-associated protein 43 (GAP43)
antibody (1:300, 16971-1-AP; Proteintech) was used to assess
axonal regeneration in the host brain. A synaptophysin (SYN)
antibody (1:300, 17785-1-AP; Proteintech) was used to detect
synaptogenesis and synaptic plasticity. Sections were incubated
with diluted primary antibodies overnight at 4°C, followed by
incubation with HRP-conjugated anti-rabbit secondary antibody
(1:200, #8114; CST, Denver, USA). Finally, images of the sections
were observed and captured with a light microscope (CTR6000;
Leica). At least 15 images from 3 consecutive sections per animal for
all groups were used in the statistical analysis.

Statistical analysis
All data are expressed as the mean + SEM. Unpaired Student’s 2-
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tailed t test was used for comparison between 2 experimental
groups, and two-way ANOVA followed by Tukey’s post hoc test was
employed for multiple group comparison. P <0.05 was considered
to be statistically significant.

Results

VPA treatment promotes neuronal differentiation of
primary NSC cultures

Given the established role of VPA in the induction of neuronal
differentiation of NSCs in the injured CNS [24,25], VPA was
administered to primary cultured NSCs. First, we cultured NSCs and
OECs. Neurosphere formation was observed 2-3 days after plating,
accompanied by increased number and size following 5-6 days of
culture and evident nestin-positive staining (green) following 3-5
passages (Figure 1A, top). In addition, a high volume of bipolar and
multipolar cells with long and thin processes were identified,
exhibiting a mosaic monolayer arrangement following adherent
culture and AraC treatment. OECs were visualized using immuno-
fluorescence staining with the p75-NGFR antibody, while positive
staining (green) was confirmed as OECs (Figure 1A, bottom). To

NEUN

trace the fate of engrafted cells, NSCs and OECs were labelled with
CM-Dil (red) and Hoechst 33342 (blue), respectively, prior to
transplantation (Figure 1A). To determine whether VPA provokes
neuronal differentiation, NSCs were pretreated for 2 days in
complete medium supplemented with 10% FBS prior to exposure
to VPA (0.5 mM) for an additional 24 h. The results revealed more
abundant NEUN-positive cells and fewer GFAP-positive cells
following VPA treatment (Figure 1B-D), suggesting the ability of
VPA administration to drive NSC differentiation into neurons as
opposed to astrocytes.

Cell grafting and VPA promote neurological functional

recovery, whereas NMDA eliminates the effects of VPA
To explore the impact of cell grafting and VPA administration on
TBI, NSCs and/or OECs were delivered into the surrounding
epicenter of CCl-induced TBI brain injury prior to VPA administra-
tion with or without NMDA injection (Figure 2A). Our data noted
the presence of red and blue fluorescence in the host cerebral cortex
21 days after cell transplantation, suggesting that implanted NSCs
and OECs survived and spread across the host brain (Figure 2B). At
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Figure 1. VPA treatment promotes neuronal differentiation of primary cultures of NSCs (A) Representative images of primary cultures of NSCs
(top) and OECs (bottom) in vitro. NSCs in neurosphere formation, Nestin-positive stained (green) and labelled by CM-Dil (red) before
transplantation; OECs have a shuttle appearance, p75-NGFR-positive stained (green) and labelled by Hoechst 33342 (blue) before transplantation.
Scale bar: 30 um. (B) Representative images of NSC differentiation induced by VPA treatment. VPA (0.5 mM) was administered to NSCs 24 h after
differentiation induced by 10% FBS for 2 days. NSCs were fixed and stained. Scale bar: 50 um. (C,D) Relative quantification of positive staining of
NEUN (C) and GFAP (D) with or without VPA treatment in NSCs. All data shown are from at least 15 images from 3 individuals (5 images per area)

in parallel experiments. *P<0.01.
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Figure 2. Cell grafting and VPA promote neurological functional recovery, whereas NMDA eliminates the effects of VPA (A) Schematic flow
chart of surgical procedures, cell transplantation and VPA and NMDA injection. (B) Implanted NSCs and OECs emit red (CM-Dil, scale bar: 50 um)
and blue (Hoechst 33342, scale bar: 30 um) fluorescence in the host cerebral cortex at 21 dpo, respectively. The injury epicenter of the cerebral
cortex is denoted with (*). (C,D) Representative images (C) and lesion volume quantification of the brains (D), treated as indicated, at day 21 after
TBI, OEC grafting, NSC grafting, NSC grafting and VPA administration with or without NMDA; co-grafting NSC and OEC treatment (n=6).
*P<0.05; #P<0.01. (E) The changes in NSS at 0, 7, 14, and 21 days after TBI operation. (F) The time of hanging was recorded until the mice fell in
the wire hanging test. For each mouse, 4 parallel experiments were performed. (G) Quantification of the foot faults in mice after TBI operation, cell
transplantation and VPA and NMDA injection. The data were expressed as a percentage of total steps by the foot fault number of the forelimbs in
injured contralateral. (E,F) Data are presented as the mean+SEM (n=6). *P<0.01 vs sham; #*P<0.05 vs TBI; 2P<0.05 vs NSC; °P<0.01 vs VPA.
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21 days post-CCI injury, brain samples were collected, and the
lesion volume was quantified as shown in Figure 2C,D. The injured
volume of the motor cortex was larger in TBI mice than in sham
mice, the effect of which was attenuated or reconciled following
NSC and/or OEC transplantation and VPA treatment. Intriguingly,
the beneficial effects of VPA against TBI were mitigated by NMDA
(Figure 2C,D). To evaluate whether the changes in brain morphol-
ogy affect behavioral responses, neurological, forelimb motor, and
skeletal muscle functions were examined. Consistent with previous
reports [2,3], TBI operation led to a significantly higher NSS
compared with sham-treated mice. Compared with the TBI group,

Brain cryosection

DAPI NEUN GFAP

NSC

VPA

NMDA

NSS was significantly decreased in OEC and/or NSC treatment
groups 7 and 21 dpo. In addition, NSS was overtly decreased
following combined NSC transplantation and VPA treatment at 14
and 21 dpo in comparison with mice from the NSC transplantation
alone group after TBI. This beneficial effect of VPA was reversed by
NMDA (Figure 2E). Similar results were obtained in forelimb motor
and skeletal muscle functions (Figure 2F,G). These findings
indicated that TBI injury results in neurological, motor, and skeletal
muscle functional impairments in mice, the effects of which were
improved by cell transplantation and VPA treatment, especially
with NSC and OEC co-transplantation.
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Figure 3. VPA or OECs drives NSC differentiation into neurons in vivo, whereas NVMIDA negates the beneficial effects of VPA (A) Sagittal
cryosection of injured brain stained with anti-NEUN (green) and anti-GFAP (red) antibodies, and high-magnification image of local site in the white
rectangle. Scale bar: 50 um. (B) Representative images of brain sections stained with anti-NEUN (green), anti-GFAP (red) and DAPI (blue) after cell
transplantation and VPA and NMDA injection. Scale bar: 20 um. (C, D) The percentages of NEUN (C) or GFAP (D)-positive cells in the total cells were
quantified. All data shown are from at least 15 images from 3 individuals (5 images per area) in parallel experiments, and presented as the meam +

SEM. *P<0.05; #P<0.01.
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VPA or OECs drives NSC differentiation into neurons

in vivo, whereas NMDA negates the beneficial effects
of VPA

We further evaluated the effects of VPA, NMDA, and OECs on NSC
differentiation in localized brain injury sites using double immuno-
fluorescence (Figure 3A). Brain samples were collected from four
treatment groups, including NSC, VPA, NMDA, and CO. Our data
showed that the number of NEUN-positive cells in the host was
significantly increased in the VPA and CO groups compared with
that in the NSC group, suggesting enhanced neuronal differentiation
by NSCs in combination with VPA administration or OEC grafting in
TBI mice (Figure 3B,C). However, NMDA overtly offset the VPA-
induced response in NEUN-positive cells (Figure 3B,C). Conversely,
combined NSCs with VPA administration led to an overt decrease in
GFAP-positive cells in the brain, the effect of which was reversed by
NMDA injection (Figure 3B,D). In addition, little discernable
difference was noted in the number of GFAP-positive cells in brains

Brain cryosection

Merged

between the NSC and CO groups (Figure 3B,D). Therefore, in vivo
VPA administration seems to drive the differentiation of NSCs into
neurons as opposed to astrocytes (Figure 3), consistent with our
findings in vitro (Figure 1B-D). These data indicated that VPA or
OEC treatment drives NSC differentiation into neurons in vivo,
whereas local NMDA delivery into the brain ablates the VPA-
induced beneficial effect, resulting in significant impairment of
neuronal functions.

Combining NSCs with OECs or VPA enhances axon
extension, whereas the VPA-induced response is
reversed by NMDA

To elucidate functional variance, we explored the possible effect of
cell grafting, VPA, and NMDA administration on the restoration of
neuronal function. Trace FG was retrogradely microinjected into the
spinal cord at T12, and the FG-labelled cells surrounding the
epicenter brain injury is shown in Figure 4A-D. After CCl injury, the
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Figure 4. Combining NSCs with OECs or VPA enhances axon extension, whereas the VPA-induced response was reversed by NMDA (A-D) Brain
cryosection (A) and high-magnification image of the local site in the white rectangle shown in (B), which was merged by the phase-contrast image
(C) and fluorescence image (D). Scale bar: 200 um. (E-L) Representative high-magnification images (E-K) and quantification (L) of FG-positive cells
in mouse brains from sham operation (F) TBI operation (G), OEC grafting (H), NSC grafting (J), NSC grafting and VPA administration with or
without NMDA (E,J), and cografting NSC and OEC treatment (K) shown as indicated. Scale bar: 50 um. Arrows indicate FG-positive cells. Three
brain sections from each animal and at least six mice from each group were analysed. Data are presented as the mean + SEM (n=6). ¥*P<0.05;

#P <0.01.
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number of FG-labelled cells was approximately 5 folds lower in the
host brain than in the sham-operated group (Figure 4F,G,L).
Compared with that in the TBI group, the number of FG-labelled
cells in the host brain was significantly increased in the OEC and
NSC groups (Figure 4G-I,L). Moreover, combined grafting of NSCs
and OECs resulted in a significant increase in FG-positive cells in
brains compared with that from NSC or OEC transplantation alone
(Figure 4H,LK,L). VPA significantly increased the number of FG-
positive cells in the brain, the effect of which was reversed by local
injection of NMDA (Figure 4E,IJ,L). Our results suggested that
combined OECs or VPA with NSCs promoted axonal outgrowth in
the host brain of CCl-injured mice. However, NMDA injection
nullified the beneficial effect of VPA and prevented axonal
extension in the injured brain, which may be attributed to NMDA-
induced increase in astrocytes (Figure 3B,D). These data indicated
that combining NSCs with OECs or VPA enhances axon extension,
whereas the VPA-induced response is reversed by NMDA.

Effect of cell grafting, VPA, and NMDA intervention on
axonal regeneration in the brain

To further assess axonal regeneration in the host brain, GAP43 was
detected in brain sections following cell grafting, VPA and NMDA
administration. IHC results revealed significantly reduced GAP43-
positive staining following TBI injury (Figure 5A,B,H), denoting
serious axonal damage. GAP43 was overtly elevated in the brain

following NSC and OEC treatment alone or in combination (Figure
5B-D,G,H). No significant difference was observed in GAP43-
positive staining between the NSC and OEC groups, although
concurrent transplantation of NSCs and OECs significantly upregu-
lated GAP43 levels in the host brain compared with single grafting
of either one alone (Figure 5C,D,G,H). In addition, intraperitoneal
injections of VPA after NSC grafting resulted in a prominent rise in
GAP43 in the brain (Figure 5D,E,G). Nonetheless, NMDA reversed
the VPA-induced beneficial effect of GAP43 against CCI-injured TBI
(Figure 5E,F,H). These data indicated that NSC and/or OEC grafting
and VPA administration increased axonal regeneration in the brain
of TBI mice, but this beneficial effect of VPA was reduced by NMDA
administration.

Effect of cell grafting, VPA, and NMDA administration on
synaptic number in the cerebral cortex

The number of synapses was monitored following cell grafting and
VPA and NMDA administration in the host brains of mice. Electron
microscopy results showed that the TBI procedure led to an overt
drop in the number of synapses in the host brain, the effect of which
was reversed by cell grafting into the injured brain, including NSCs,
OECs, and NSCs along with OECs (Figure 6A-D,G,H). Although
little difference was observed in the number of synapses in brains
between the OEC and NSC groups, the CO group possessed an
overtly higher number of synapses than OEC or NSC treatment

" Sham TBI OEC NSC_VEA NMDA

Figure 5. Effect of cell grafting, VPA, and NMDA intervention on axonal regeneration in the brain (A-H) Representative images (A-G) and
quantification (H) of GAP43-positive cells in mouse brain sections from sham control (A), TBI operation (B), OEC grafting (C), NSC grafting (D), NSC
grafting and VPA administration (E) or plus NMDA (F), and cografting NSCs and OEC treatment (G) treated as indicated. Scale bar: 20 um. Arrows
indicate GAP43-positive stained cells in the brain. Data are presented as the mean +SEM (n=6). *P<0.01.
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Figure 6. Effect of cell grafting, VPA, and NMDA administration on synaptic number in cerebral cortex (A-H) Representative electron microscopy
images (A-G) and quantification (H) of synaptic connection in brain sections after TBI operation (B), cells grafting (C,D,G) and VPA (E) or NMDA (F)
injection treatment, shown as indicated. Arrows indicate synapses in neurons of brain tissue. Scale bar: 1 um. Data are presented as the mean +

SEM (n=6). *P<0.05; #P<0.01.
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alone (Figure 6C,D,G,H). As expected, VPA administration overtly
increased synapses and promoted their connectivity in neurons, the
effect of which was reversed by NMDA injection (Figure 6D-F,H).
Our data demonstrated that NSC and/or OEC grafting and VPA
administration increased the number of synapses in TBI mice, but
this trend was reversed by NMDA.

Synaptogenesis and synaptic plasticity in response to
NSC/OEC transplantation, VPA and NMDA injection
Synaptogenesis and synaptic plasticity are required for neuronal
function and activity in the CNS, and their defects contribute to
neurological disorders such as autism and epilepsy [26,27]. We next
examined the expression of SYN to evaluate alterations in synapses
in cortical neurons following NSC and/or OEC grafting, VPA and
NMDA administration. Compared with the sham group, SYN-
positive staining was significantly decreased in the host brain from
the TBI group (Figure 7A,B,H). Similar to the results for GAP43,
SYN was markedly increased in the brains from all cell grafting
groups, especially the CO group (Figure 7B-D,G,H). VPA treatment
significantly increased SYN expression in the brains of transplanted
NSC mice, the effect of which was mitigated by local injection of
NMDA into the surrounding area of the injured brain (Figure 7D-F,
H). These data indicated that NSC and/or OEC grafting and VPA
administration increased synaptogenesis and synaptic plasticity in
the cerebral cortex in TBI-challenged mice, while this trend was
reversed after NMDA injection.

Discussion

TBI disrupts brain function and circuitry and is accompanied by
pathological changes, including neuronal death [2,3,19,28-30],
axonotmesis [3,31], and scar formation [32]. In this study, our
results indicated that the loss of brain tissue was prominent, along
with neurological, skeletal muscle, and motor defects, in TBI mice.
However, given the moderate severity of TBI injury, neurological,
skeletal muscle, and motor functions may be spontaneously
recovered at 14 dpo and 21 dpo. Moreover, our data showed that
CCl injury led to a pronounced drop in FG-positive cells and GAP43
levels in the cerebral cortex, denoting axonal damage in brains in
the TBI model. Moreover, the number of synapses was markedly

decreased in the cerebral cortex of TBI mice, as assessed by electron
microscopy. In addition, a similar trend of SYP-positive cells was
noted in TBI mouse brains, denoting defective synaptic function and
synaptogenesis following the TBI procedure. Therefore, such a CCI
injury model should enable us not only to examine the pathogenesis
of the disease process but also to develop possible therapeutic
remedies for TBI.

Findings from our lab and others have revealed overtly dropped
neurons in host brains with CNS diseases, including TBI and spinal
cord injury (SCI) [2,3]. As a measure to reconcile neuronal damage,
cell regeneration has shown some promise in TBI and spinal cord
injury, although CNS regeneration is rather challenging due to cell-
intrinsic plasticity reduction induced by neuronal death or
dysfunction at CNS injury sites [33,34]. These findings suggest that
local neurons at the injured CNS sites play an important role in
neuronal regeneration and restoration. Recent studies have
demonstrated the use of cell transplantation, such as NSCs, bone
mesenchymal stem cells (BMSCs), OECs and Schwann cells (SCs),
in restoring the number of neurons in the host through secretion of
neurotrophic factors, induction of neuronal differentiation, and
anti-inflammatory events [2,3,34,35]. To further investigate the
efficacy of cell grafting on neural restoration, NSCs and OECs, either
independently or in combination, were delivered into brain regions
surrounding the injury. Behavioral tests, retrograde corticospinal
tract tracing, electron microscopy and immunohistochemistry were
then performed to monitor the effect of cell grafting following TBI.
Our data revealed that NSC or OEC transplantation improves
neurologic and motor functions accompanied by axonal regrowth,
synaptogenesis, and synaptic plasticity in brain injury. More
intriguingly, co-transplantation of NSCs and OECs exerted a better
therapeutic and synergistic efficiency against CCl-injury than either
NSCs or OECs alone. These findings suggest that co-transplantation
of NSCs and OECs instigates a significant increase in neurons from
the host brain, likely due to improved NSC survival in injury sites
and induction of the differentiation of engrafted NSCs into neurons
following OEC administration. Given that the apoptosis of neurons
evoked by CNS anomalies is usually detrimental and irreversible,
the maintenance of survival for neurons derived from NSC
transplantation is essential for tissue repair in CNS injury sites. To
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Figure 7. Synaptogenesis and synaptic plasticity in response to NSC/OEC transplantation, VPA and NMDA injection (A-H) Representative
images (A-G) and quantification (H) of SYP-positive cells in mouse brains from sham control (A), TBI operation (B), OEC grafting (C), NSC grafting
(D), NSC grafting and VPA administration (E) or plus NMDA (F), and co-grafting NSC and OEC treatment (G) shown as indicated. Arrows indicate
SYP-positive cells. Scale bar: 20 um. Data are presented as the mean +SEM (n=6). *P<0.05; ¥P<0.01.

Liu et al. Acta Biochim Biophys Sin 2022



1298 Axonal regeneration and synaptogenesis mediate neural repair in TBI

this end, preservation of local neurons in brain injury is believed to
play a vital role in axonal regrowth, synaptogenesis, and synaptic
plasticity, as evidenced by functional recovery from cell grafting in
TBI mice in the current study.

Earlier findings have reported that VPA evokes neuronal
differentiation, although it suppresses astrocytic and oligodendro-
cytic differentiation of NSCs [16]. Consistent with previous findings,
our data also confirmed that VPA administration triggers the
differentiation of engrafted NSCs into neurons rather than astro-
cytes in vitro and in vivo. Recent evidence has also indicated that
the proliferation of astrocytes in the CNS is closely associated with
scar formation to restrict axonal regeneration [36,37]. Furthermore,
our results showed that combined NSC grafting and VPA admin-
istration promoted functional recovery of TBI mice and favored
axonal regrowth, synapses, and synaptic plasticity in the host. Our
observation is consistent with a recent report that VPA treatment
increases SYN immunostaining in the medial prefrontal cortex [26].
These data indicated that OEC grafting and VPA administration play
a similar beneficial role in the functional recovery of NSC-
transplanted mice, and their synergistic effects in ameliorating TBI
injury are prominent. A rise in endogenous and transplant-derived
neurons is considered a major factor for functional recovery of TBI.
The reconstruction of neurons is believed to be responsible for the
reconstruction of broken neuronal networks for several reasons:
(1) the transplant-derived neurons would receive projections from
endogenous neurons to extend synaptic processes with endogenous
neurons in host brains; and (2) neurons may be reconstructed in
disrupted corticospinal tract.

Our data showed that NMDA injection into the brain mitigated
the beneficial effects of VPA in TBI injury, as revealed by retrograde
corticospinal tract tracing, electron microscopy analysis, and
immunohistochemistry. NMDA has been shown to trigger neuronal
injury due to NMDA-induced neuronal excitotoxicity, cell injury,
and apoptosis in various tissues, including the cerebral cortex
[38,39], retina [18,40,41], hippocampus [42], and spinal cord [7].
Glutamate (Glu) acts on glutamate receptors, such as NMDA
receptors (NMDARs), and leads to neuronal hyperexcitability and
death in a dose-dependent manner [43]. Moreover, Abematsu et al
[7] showed that NMDA injection reversed spontaneous and
treatment-provoked functional recovery after SCI, indicating that
NMDA induced functional loss of neurons, suggesting an important
role for endogenous and transplant-derived local neurons in the
restoration of hind limb motor function [7]. Other than ablation of
local neuronal function [7,38,40], NMDA injection also induced an
increase in astrocytes but not neurons in the NSC-transplanted
mouse brain. Our results are consistent with recent reports of a vital
role of local neurons in the functional recovery of spinal cord injury
[44,45]. In our study, NMDA was injected into the area surrounding
the epicenter injury to ablate the function of local brain neurons. In
this loss-of-function neuron model induced by NMDA, the possible
role of local neuronal neurogenesis and repair may be deciphered
following TBI. VPA was shown to foster transmission and increase
plasticity in neocortex through NMDAR [19]. VPA also limits
NMDA-induced increases in K* and eicosanoid levels and inhibits
glutamatergic activity in the bipolar disorder diseased brain [46]. In
addition, VPA was shown to protect neurons against NMDA
through various mechanisms, including neuronal TrkB receptor
[47] and ERK [48]. Furthermore, the beneficial effects of VPA on
functional recovery after SCI were mitigated by NMDA injection [7].
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Consistent with previous reports, our data showed that increased
neurons by NSC transplantation and VPA treatment were markedly
reduced following NMDA injection. Meanwhile, the restoration and
improvement of motor and neurological functions following NSC
and VPA treatment were also reversed following NMDA adminis-
tration. Our data reinforced those previous findings that NMDA
leads to the neuronal hyperexcitability and death in the CNS [39,41]
and that VPA is beneficial and neuroprotective for the CNS lesions
[24,25,49].

In summary, our findings revealed that co-administration of NSCs
and OECs or VPA evoked neuronal differentiation and reconciled
neuronal function impairments induced by TBI, accompanied by
enhanced axonal regrowth, increased synapses and synaptic
plasticity in the host brains. Intriguingly, these beneficial effects
were reversed by cerebral cortex delivery of NMDA in local
neurons. Therefore, our findings favored the notion that these
neurons may play a vital role in axonal regeneration, synapses, and
synaptic plasticity, thus improving the functional recovery of TBI
mice.
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