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a b s t r a c t

The latent regenerative potential of endogenous neural stem/progenitor cells (NSCs) in the adult
mammalian brain has been postulated as a likely source for neural repair. However, the inflammatory
and inhibitory microenvironment after traumatic brain injury (TBI) prohibits NSCs from generating new
functional neurons to restore brain function. Here we report a biodegradable material, chitosan, which,
when loaded with neurotrophin-3 (NT3) and injected into the lesion site after TBI, effectively engaged
endogenous NSCs to proliferate and migrate to the injury area. NSCs differentiate and mature into
functional neurons, forming nascent neural networks that further integrate into existing neural circuits
to restore brain function. Three main actions of NT3-chitosan, i.e., pro-neurogenesis, anti-inflammation,
and pro-revascularization, elicit significant regeneration after TBI. Our study suggests that through
creating an optimal microenvironment, endogenous NSCs are capable of executing neural repair, thus
widening the therapeutic strategies to treat TBI and perhaps stroke or other neurological conditions.

© 2017 Published by Elsevier Ltd.
1. Introduction

The adult mammalian central nervous system (CNS) exhibits
significant neural plasticity. However, after traumatic brain injury
(TBI) or stroke, permanent loss of sensory, motor, autonomic, and
cognitive functions is often observed [1e4], leading to the generally
held view that CNS neurons do not regenerate. The damaged CNS
microenvironment is highly inflammatory and hostile due to the
breakdown of blood vessels, a lack of blood (oxygen and glucose)
supply [5,6], accumulation of inflammatory cytokines, activation
and infiltration of immune cells [7,8] and excitotoxicity [9], all of
which prohibit neural regeneration. Moreover, these effects often
spread, leading to secondary lesions, which further preclude
regeneration and restoration of brain functions.
ogy, School of Basic Medical
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Accumulating evidence has suggested that the adult mamma-
lian CNS does contain “seeds” for neural regeneration, i.e. adult
neural stem/progenitor cells (NSCs) [10,11]. Under normal physio-
logical conditions, NSCs in the ependymal and subventricular zones
(EZ and SVZ) surrounding the anterior part of lateral ventricles and
in the subgranular zone (SGZ) of the hippocampal dentate gyrus
(DG), produce new neurons throughout life, which mature, inte-
grate into, and remodel existing neural circuits to carry out adap-
tive responses and manifest neural plasticity [12e14]. Recently, we
have shown that CD133 (prominin 1) positive quiescent NSCs are
present in the ependyma throughout the ventricular surface of the
CNS [15]. These quiescent cells can bemitotically activated by VEGF,
a factor that is abundant after nerve injury, which means that the
“seeds” for neural regeneration are present throughout the CNS and
can be activated after nerve injury. However the toxic “soil”, i.e. the
harsh CNS injury environment, prohibits NSCs from producing new
neurons, which are building blocks of functional neural circuits.
Instead, inflammatory cytokines drive NSCs to differentiate into
astral glial cells to form glial scars. Although glial scars might be
beneficial to restrict the spread of inflammation [16], the scars on

mailto:wack_lily@163.com
mailto:lxgchina@sina.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2017.04.014&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2017.04.014
http://dx.doi.org/10.1016/j.biomaterials.2017.04.014
http://dx.doi.org/10.1016/j.biomaterials.2017.04.014


P. Hao et al. / Biomaterials 140 (2017) 88e102 89
their own could not repair the damaged neural circuits, and
potentially form physical barriers to block axons from passing
through.

Even with the aid of exogenous NSCs, which are potentially
more robust sources of regeneration, without proper micro-
environment, regeneration will not occur. Therefore it is
extremely critical to provide better control of the injury environ-
ment at the lesion site, changing it to one that is anti-inflammatory
and neuroprotective (neurotrophic and proneurogenic). Such an
optimal microenvironment not only helps to retain existing neu-
rons but also engages endogenous (and/or exogenous) NSCs to
proliferate and differentiate into new neurons to subsequently
establish new neural networks. After integration into the host
neural circuits, those new neurons could reconnect damaged cir-
cuits, manifesting neural plasticity and restoring brain functions.
This strategy has recently been proven feasible by the use of a
biodegradable material, chitosan, after loading with a neurotrophic
factor, neurotrophin-3 (NT3) [17]. Our previously published study
demonstrated that NT3-chitosan allowed for the prolonged steady
release of NT3, which is both neuroprotective and neurogenic
[17e19]. NT3-chitosan also creates a strong anti-inflammatory
environment to aid de novo generation of neural tissues after spi-
nal cord injury (SCI) and restore sensory and motor functions [17].
Through extensive transcriptome analyses of the injured/repaired
spinal cord in different regions and time points after injury, we
clearly demonstrated that the main actions of NT3-chitosan are: 1)
pro-neurogenesis and neural network formation from endogenous
NSCs, 2) anti-inflammation, and 3) pro-revascularization [19].

In this study, we used the NT3-chitosan biomaterial to repair
adult hippocampal CA1 function after focal aspiration brain injury.
We found that NT3-chitosan elicites robust neural repair after
aspiration injury, which could be evaluated by histological obser-
vation, electrophysiological analyses and learning behavior test.
Neural repair by NT3-chitosan is associated with NSCs mitotic
activation, these NSCs likely come from the post-periventricular
region (pPV) [20] or DG, and upon activation, migrate to the
injury/regeneration site and differentiate into neurons, which
further mature to form synaptic networks inter-connecting with
host's speared circuits to restore function.

2. Materials and methods

2.1. Preparation of NT3-chitosan carriers

NT3-chitosan carriers were prepared according to a modified
published method [18]. Under sterile conditions, 10 mg of 85%
deacetylated chitosan particles (Sigma-Aldrich, St. Louis, MO, USA)
were dissolved in 10 mL of sterile deionized water (DW) at pH 7.2,
allowed to swell for 6 h, and then centrifuged. The supernatant was
discarded. The swollen chitosan particles were frozen at �20 �C for
24 h, and then at 4 �C for 10 h. NT3 (Sigma-Aldrich) was recon-
stituted to 100 mg/mL in sterile cold DW, and 100 ng of NT3 was
mixed with the chitosan particles in solution at 4 �C. After stirring
at 4 �C for 6 h, the NT3-loaded chitosan carrier mixture was
vacuum-cooled and dried. The dried chitosan particles loaded with
NT3 were added to a type I collagen solution, stirred for 30 min,
centrifuged, collected, and stored at 4 �C.

2.2. Characterization of FTIR-ATR

The chitosan carriers loaded with or without NT3 protein and
pure NT3 protein were analyzed using a FTIR-7600 Spectrometer
with Attenuated Total Reflectance (ATR). The FTIR-ATR spectrawere
carried out between 400 cm�1 and 4000 cm�1 with resolution of
2 cm�1 and 20 total scans.
2.3. Focal aspiration brain injury model

299 adult female Wistar rats (8e10 weeks of age and weighing
220e250 g) were subjected to focal aspiration brain injurymodel as
previously described [21]. Briefly, animals were anesthetized with
an intraperitoneal (i.p.) injection of Equithesin (3 ml/kg body
weight) and fixed on a stereotaxic frame (68505, RWD Lifescience,
China). Under sterile conditions, the skin was cut and a bone win-
dow of 2.8e4.8 mm caudal to the Bregma and 1e3 mm left to the
midline was made. CA1 sector of hippocampus and the covering
cortex were aspirated using a self-developed biotissue cutterbar
(Patent No. 200810222343.7). Total 2 mm � 2 mm � 3 mm brain
tissues were removed. 38 rats from the sham control group (SC)
were subjected to the same surgical procedure without receiving
the aspiration injury. For the NT3-chitosan group (NT3, 89 rats) or
chitosan alone group (CA, 83 rats), 5 mg chitosan carriers loaded
with or without NT3 were immediately implanted into the injured
area. 89 rats from the lesion control group (LC) received no treat-
ment. After operation, the skin was stapled and the rats were kept
for recovery.

Above all experimental procedures were performed in accor-
dance with the standards of Experimental Animal Center of Capital
Medical University and Beijing Experimental Animal Association.

2.4. BrdU injection

For proliferation studies, 114 rats from all groups received an i.p.
injection of BrdU (50 mg/kg body weight, in 0.9% NaCl solution,
Sigma-Aldrich) twice daily for 48 h before sacrifice. Animals were
then sacrificed at 1, 3, 7, 14, 28 and 56 d (6 rats for each time point)
after operation (Fig. 6A).

For differentiation assay, 54 rats received a same dose injection
of BrdU immediately after operation twice daily for continuous 7
days and were sacrificed at 7, 14 and 56 d (6 rats for each group)
after operation (Fig. 2A).

2.5. Immunohistochemistry

6 rats from each group were sacrificed for immunohistochem-
istry staining. Briefly, sections were washed three times with
0.01 M PBS and the endogenous peroxifase were blocked using 3%
H2O2 for 10 min. Then sections were incubated in the blocking
solution (0.3% Triton X-100 and 10% normal goat serum [NGS]) for
1 h at room temperature, followed by incubation with primary
antibody diluted with PBS/0.3% Triton x-100/5% NGS overnight at
4 �C. For BrdU staining, sections were first incubated in 2 N HCL for
30 min at 37 �C, and then soaked in 0.1 M borate buffer (PH 8.4) for
10 min at 37 �C, and blocked with NGS, as described above. After
rinsing with PBS, sections were incubated with biotinylated goat
anti-mouse or anti-rabbit secondary antibody (1:200, Vector Lab-
oratories Inc, USA) for 1 h, followed by ABC kit (1:200, Vector Lab)
for 1 h at room temperature and visualized with 5,5 dia-
minbenzidine (DAB). Alternatively, after primary antibody incuba-
tion, sections were then incubated with appropriate secondary
antibodies conjugated with fluorescent labels for 1 h at room
temperature. Finally, sections were counterstained with DAPI
(1:3000, Sigma-Aldrich) and coverslipped. Primary antibodies and
secondary antibodies used were listed in Table S1.

2.6. Confocal imaging and cell counting

2.6.1. Quantifying the number of proliferating cells in the pPV and
DG

Proliferating cells were quantified as previously reported
methods [17,20]. To quantify the number of BrdU-positive cells in
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the pPV or DG, sections were examined with an Olympus Image
System (Olympus, Demark). Twenty 30 mm thick sections spaced
180 mm apart at the level of DG (from �2.6 mm to �5.0 mm of
bregma) were processed. Every BrdU-positive cell (including the
partial of BrdU-positive nuclei) in the pPV or DG was counted
manually through a whole series of sections. The definition of pPV
is as follows [20]: two 0.15 mm2 squares on both sides of the lateral
ventricle nearby the hippocampus. BrdU-positive cells were
expressed as average number/0.15 mm2 (for pPV) or average
number/mm3 (for DG).

2.6.2. Quantifying the number of double-positive cells
Quantification was performed as previously reported methods

[17]. To identify the double-labeled cells, double/triple-staining
images in sequential mode using a confocal microscope (TCS SP8,
Leica, Germany) were performed. Ten 30 mm thick sections spaced
180 mm apart spanning the injured area were performed. Each
BrdU-positive cell in high magnificationwas manually examined in
its full z dimension, and only those cells that the BrdU-positive
nucleus was unambiguously associated with a given marker were
considered double-labeled. The number of cells expressing various
markers was counted using a counting frame (25 mm � 25 mm).
Data were expressed as average number/mm2.

2.6.3. Quantifying the migration of neuroblasts in the DG
Migration of neuroblasts in the DG was determined as previ-

ously described [22]. To assess cell migration throughout the den-
tate, the distance from the center of each cell body to the SGZ
border was measured for all cells in the middle sections of the
dentate gyrus. Ectopic molecular layer migrationwas defined as the
migrated cell lying outside the GCL, more than 10 mmaway from the
outer border of the GCL.

2.7. Immuno-electron microscopy

3 rats from each group were sacrificed for immunogold labeling
as previously reported [17]. Briefly, every sixth sections (total 6
sections/brain) were washed with 0.01 M PBS and incubated with
0.1% sodium borohydride in DW for 10min on ice. Then sections
were blocked with 10% NGS for 1 h at room temperature, followed
by incubation with rabbit anti-MAP2 (1:200, Abcam) primary
antibody diluted with PBS/5% NGS overnight at 4 �C. The sections
were incubated with goat anti-rabbit secondary antibody bound
with 0.4 nm nanogold (Nanoprobes, Inc) for 2 h at room temper-
ature. After rinsing with PBS, the sections were incubated with 1%
glutaraldehyde for 1 h to fix the gold particles. The gold particles
were enhanced with a HQ SILVER kit (Nanoprobes, Inc) for 8 min.
The sections were post-fixed in 2% osmium tetroxide, dehydrated
in alcohol and acetone, and then flat-embedded in Epon (19% EM
Bed-812, 36% DDSA, 44% NMA and 1% BDMA; Electron Microscopy
Sciences) between two pieces of Aclar plastic (Allied Signal, Potts-
ville, PA). To assess the distribution of MAP2 immunogold particles,
the ultrathin sections were obtained exclusively from the outer
surface (0.1e2 mm) of the flat-embedded tissue, where was optimal
penetration of immunoreagents. The MAP2 immunogold particles
were distributed in the cytoplasm and processes. Ultrastructures
were identified following previously described criteria [17,23]. The
synapse was recognized by the presence of a postsynaptic density
(PSD), at least three synaptic vesicles within 100 nm of the pre-
synaptic terminal and a clearly-defined synaptic cleft.

2.8. Neural (axonal) tracing

3 rats were selected for the nerve tracing to detect the re-
established neural circuit at 56 d after the operation. Briefly,
Biotinylated dextran amine conjugated with fluorescein (BDA-FITC,
10% w/v in normal saline, Molecular Probes) was stereotactically
injected into the right CA3 area of the hippocampus (the contra-
lateral of the operation).24 h after injection, rats were then sacri-
ficed and brain was moved and sectioned with a cryostat. Sections
were examined under the fluorescent microscope (BX51; Olympus,
Tokyo, Japan) and then were labeled with mouse anti-BrdU (1:200,
ZSGB Biotechnology) and rabbit anti-MAP2 (1:400, Millipore).

2.9. Electrophysiology

Electrophysiological recordings (3 rats for each group) were
performed using the planar multi-electrode array recording system
(MED64, Alpha MED Scientific Inc, Japan) as reported previously
[17,24]. Briefly, rats were anesthetized, and the brain was imme-
diately removed and immersed in the ice-cold aCSF containing (g/
l): 6.838 NaCl, 0.268 KCl, 2.1 NaHCO3, 0.187 NaH2PO4$2H2O, 0.368
CaCl2$2H2O, 0.244 MgCl2$6H2O, 1.98 glucose; pH 7.4, which was
continuously bubbled with 95% O2 and 5% CO2. Coronal hippo-
campal sections (300 mm) were cut using a vibrating microtome
(D.S.K., Japan). Slices (4 slices/rat) were recovered in an incubation
chamber containing oxygenated aCSF for 2 h. Then, a slice was
transferred to an 8 � 8 array of planar microelectrode, each
50 � 50 mm in size, with 300 mm spacing (MED-P5155, Alpha MED
Sciences, Osaka, Japan) and perfused with oxygenated, fresh aCSF
constantly at a rate of 2e3 ml/min fEPSPs were recorded by
choosing an electrode in regenerated brain tissues or host brain
tissues as the stimulating electrode. After allowing a stable baseline
of 30 min, drugs were applied as followed: TTX (0.5 mM in aCSF,
Sigma-Aldrich), CNQX (10 mM in aCSF, Sigma-Aldrich) and non-
calcium fluid (g/l: 6.838 NaCl, 0.268 KCl, 2.1 NaHCO3, 0.187 NaH2-
PO4$2H2O, 1.423 MgCl2$6H2O, 1.98 glucose; pH 7.4). After inhibi-
tion of fEPSPs amplitude, the slice was sequentially perfused with
oxygenated aCSF until the effect of drugs disappeared and the
normal fEPSP recovered. All fEPSPs amplitudes were normalized to
the average baseline fEPSPs amplitude and shown as mean ± SEM %
of the baseline amplitudes.

For induction of LTP in CA1 area, one of electrodes beneath the
ipsilateral Schaffer collateral fibers was selected as a stimulating
electrode, while another within the stratum radiatum of the CA1
region was selected as a recording electrode. The fEPSPs were
evoked by stimulating the Schaffer collateral fibers. LTP was
induced by delivery of theta burst stimulation (TBS, 10 trains of 4
shocks at 100 Hz, with an inter-train interval of 200 ms) at baseline
intensity as described previously [24]. Post-TBS fEPSPs were
recorded every 10min for at least another 1 h. LTPwas quantified as
the percentage increase of the average fEPSP amplitude recorded in
the 50e60 min interval after tetanus compared with the baseline
value.

2.10. Morris water maze

8 rats from each group were selected for Morris water maze to
evaluate the spatial cognitive function as described [21,25]. All rats
were subjected to two rounds of maze tasks at 11e15 d and
56e60 d after the operation, respectively. During the two periods,
each rat took four round runs of tasks each day for successive 5
days. The escape latency and mean swimming velocity to reach the
hidden platform were compared among different groups. The po-
sition of the platform was kept unchanged in the first and second
rounds of the task.

2.11. Labeling of endogenous NSCs

To label cells in the periventricular region, 5 ml Dil (0.2% in
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DMSO, Sigma-Aldrich) was injected into the left lateral ventricle
(ipsilateral hemisphere of the operation) 3 d before the operation (6
rats for each group) as described with a slight modification [20].
Stereotactic coordinates: antero-posterior �1.0 mm from the
bregma, lateral þ1.5 mm from the midline, and the dorsoventral
3.5 mm from the surface of the dura matter. 3 d after the injection,
animals were subjected to the aspiration injury. 7 d post-surgery,
animals were sacrificed and the brains were removed and
sectioned with a cryostat. Sections were examined under the
fluorescent microscope (BX51; Olympus, Tokyo, Japan) and then
were labeled with nestin and Dcx to identify endogenous NSCs or
neuroblasts from the periventricular region.

2.12. Real time quantitative PCR

At 3 d and 7 d after the operation, 6 rats from each group were
used for qRT-PCR analyses. Total RNA from the lesion area and peri-
lesion tissue was extracted using TRIzol reagent (Life Technologies,
CA, USA) according to manufacturer's instructions. RNA integrity
was confirmed by detection of 28 s and 18 s rRNA bands. A total of
1 mg RNA was converted to cDNA with the reverse transcription kit
(TransGen Biotech, China) with gDNA removal. Real time PCR re-
action was performed using an RT-PCR master mix for SYBR Green
assays (Roche Life Science, USA) with a final volume of 20 ml in an
Applied Biosystems Q5 instrument (Fisher Scientific, MA, USA).
Primer sequences are listed in Table S2. Cycling conditions are
2 min at 50 �C, 10 min at 95 �C, then 40 cycles of 15 s at 95 �C,
1 min at 58 �C, 1 min at 72 �C. GAPDH was used as an internal
control to normalize the gene expression levels. The delta Ct (DCt)
method was used for PCR data analysis. The fold-change of each
gene compared to the sham group was calculated as: fold
change ¼ 2�DDCt.

2.13. Statistics

All data are presented as mean ± SEM. The ShapiroeWilk
method is used for data normality analysis, and the Levene test is
used to test for homogeneity of variance. Data from MWM are
analyzed by repeated measure, multivariate ANOVA, followed by
post-hoc test. Other data are analyzed by one- or two-way ANOVA,
then by Fisher's least significant difference (LSD) test. Values are
considered significantly different at p < 0.05.

3. Results

3.1. Characterization of FTIR-ATR spectrum

In the FTIR spectrum of the chitosan, the peak of stretching vi-
brations of C]Owas 1661 cm�1 and the peak of bending vibrations
of NeH was 1599 cm�1 (Fig. 1A). In the FTIR spectrum of the pure
NT3 protein, the peak of stretching and bending vibrations of C]O
respectively were 1637 and 1591 cm�1 (Fig. 1A). These results are in
accordance with previous reports [26,27]. Expectedly, after the
combination NT3 with chitosan, the peak of bending vibrations of
NeH shifted to the lower wave number 1591 cm�1, and the peak of
stretching vibrations of C]O turned into 1639 and 1659 cm�1

comparing with the chitosan alone and pure NT3 protein (Fig. 1A).
These results suggested that amino groups and C]O involved in
the hydrogen-bond interactions may occur after mixture NT3 into
the chitosan.

3.2. NT3-chitosan triggered generation of new neurons in the lesion
area

A schematic of the surgical procedure is shown in Fig. 1B. We
established an aspiration brain injury model in adult rats using a
self-developed device “Biotissue Cutterbar” [21]. A block of brain
tissues (2 mm � 2 mm � 3 mm) including the hippocampal CA1
sector and the covering cortex were removed. HE staining observed
potential regeneration of brain tissues at 56 days post operation
(DPO56). In LC or CA groups the lesion cavities were still apparent
(Fig. 1C). On the contrary, in the NT3 group, although regenerated
tissues did not organize in the same manner as the intact CA1 re-
gion and intact cortex (structural regeneration), injured empty
space was indeed filled within a large number of regenerated cells
(Fig. 1C), indicative of regeneration of brain tissues.

To characterize the regenerated cells in the injured area and
further address whether these cells were produced by endogenous
NSCs, we combined BrdU labeling (Fig. 2A) with immunostaining of
neural markers. In NT3 rats, large numbers of Tuj1þ neurons were
detected in the injured area at DPO14, and approximately 48% of
Tuj1þ neurons were BrdUþ (Fig. S1A and B), indicating these new
neurons were generated during the first week after operation.
Some newly born neurons showed pyramidal neuron-like
morphology with long processes and multiple branches
(Fig. S1A). In LC or CA rats, few BrdUþ/Tuj1þ neurons were detected
in the lesion area (Fig. S1). Triple immune-fluorescent staining with
BrdU, GFAP and NeuN showed that a large number of GFAPþ as-
trocytes were present in the injury area and the interface between
lesion and intact brain in LC and CA rats at DPO56 (Fig. 2B, C and E).
There were essentially no BrdUþ/NeuNþ neurons observed in these
two groups. In contrast, some NeuNþ, relatively mature neurons
(but not GFAPþ astrocytes) were detected in the regenerated area in
the NT3 group, and approximately 42% of NeuNþ neurons were
BrdUþ (Fig. 2D and E). Further studies demonstrated that regen-
erated brain tissues contained BrdUþ/vGluT1þ excitatory gluta-
matergic neurons as well as GAD67þ inhibitory interneurons
(Fig. 2F and G).

Above results suggested that newborn neurons were produced
by endogenous NSCs. Since nestin is a generic marker for NSCs
during neural development and repair, we performed nestin
staining to observe the activation of NSCs. At DPO1, hardly any
nestinþ NSCs in the injured area were detected in all groups
(Fig. S2A). Nestinþ cells began to appear at 3 days (d), peaked at 7 d
and gradually declined after day 7 (Fig. S2A). However, at 3 d, 7 d,
14 d, and 28 d after operation, the numbers of nestinþ cells in the
NT3 group were always significantly higher than those in LC or CA
groups (Fig. S2A and B). In the contralateral hemisphere, there were
no nestinþ cells detected at all time points in all groups (Fig. S2B).
BrdU/nestin double-labeling showed that approximately 65% of
nestinþ cells were BrdUþ at DPO7 (Fig. S2C and D), indicating these
cells are newly generated, in the mitotically active state. After brain
injury, nestinþ cells could also be reactive astrocytes, thus we
performed nestin and GFAP label in the NT3 group at DPO7 to
distinguish both. Interestingly, almost all of nestinþ cells in the
injured area did not express GFAP, a marker of reactive astrocytes
(Fig. S2E). However, in the cortex surrounding the lesion, we did
detect GFAPþ astrocytes and a few of them co-expressed nestin
(Fig. S2E). These suggested that at least in the injured area, nestinþ

cells were activated NSCs but not reactive astrocytes.
Taken together, above results indicated that NT3-chitosan could

inhibit gliosis and promote endogenous neurogenesis to regenerate
brain tissues after focal aspiration injury.

3.3. NT3-chitosan promoted synaptic formation and functional
integration of newly born neurons

To investigate the synaptic reconstructions amongst newly born
neurons and their integration into the host remaining circuitries,
we carried out additional immunohistochemical and electrop-



Fig. 1. NT3-chitosan promoted regeneration of brain tissues after aspiration injury. (A) FTIR transmission spectra of the pure NT3 protein, chitosan alone and NT3-chitosan
carriers. Bottom panel, the amplification of the black-framed region in the top panel. Arrowheads, the peak of FITR spectra. (B) Schematic of aspiration brain injury used in this
study. Hippocampal CA1 region and the covering cortex, a total amount of 2 mm � 2 mm � 3 mm brain tissues, were removed by a home-made biotissue cutterbar. (C) HE staining
of brain tissues from different groups at DPO56. Black dotted lines indicate the boundary between the lesion and intact brain. * undegraded chitosan biomaterials. Abbreviation: Ctx,
cortex; DG, dental gyrus.
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hysiological analyses. In LC and CA rats, although a few of Tuj1þ

cells were detected in the injured area at DPO56, there were no
synapsin1þ presynaptic or PSD95þ postsynaptic proteins detected
on the soma or processes of these cells (Fig. S3A and B). In contrast,
we observed a large number of newly born Tuj1þ neurons and fi-
bers decoratedwith synapsin1þ pre-synaptic elements and PSD95þ

postsynaptic proteins within the presumptive regenerated area in
the NT3 group (Fig. 3A and B). Such synaptic structures could also
be detected half a year post the operation (Fig. S3C), indicative of
the long-term presence of synapses in the injured area.

Electron microscopy (EM) examined synaptic ultrastructures
between regenerated neurons. In SC rats, large numbers of typical
axon-dendrite synapses were detected in intact brain tissues
(Fig. 3C). However, in LC and CA rats, there were no synaptic ele-
ments, but only collagen fibers and inflammatory cells detected in
the injury area (Fig. 3D and E). As expected, we observed typical
axon-dendrite synapses in regenerated brain tissues in the NT3
group at DPO56 under MAP2-immuno-EM (Fig. 3F). Interestingly,
multiple presynaptic components surrounding a single dendrite of
regenerated neurons were readily detected (Fig. S3D), which was
characteristic of immature pyramidal neurons [20,28] and may
reflect the rearrangement of synapses during regeneration.

Next we detected the electrophysiological connectivity of new
neural networks using MED64 systems [17,24]. Stimulation of re-
generated brain tissues (blue stars) elicited multisite neural re-
sponses within the lesion area (Fig. 4A). Typical field excitatory
post-synaptic potential (fEPSPs) could be recorded in the regener-
ated brain tissues. Pharmacological assay showed that the
amplitude of fEPSPs recorded could be significantly blocked by
tetrodotoxin (TTX), depletion of extracellular calcium, and 6-cyano-
7-nitroqui-noxaline-2, 3-dione (CNQX; Fig. 4A). As expected, inhi-
bition of all aforementioned pharmacological agents on fEPSPs
could be reversed by artificial cerebrospinal fluid (aCSF) reperfu-
sion (i.e. washout; Fig. 4A). To study the integration of regenerated
nascent neural networks with existing neural circuitries, we stim-
ulated Schaffer collateral in the host CA3 area, which produced
synaptic responses in the regenerated CA1 area (Fig. 4B), indicative
of circuitry integration. Similarly, the amplitude of fEPSPs recorded
was significantly suppressed by TTX, non-calcium fluid and CNQX
and could be recovered by aCSF reperfusion (Fig. 4B). Taken
together, these results demonstrate that NT3-chitosan induced re-
establishment of functional synaptic connections among newly
born neurons in the regenerated area as well as with the remaining
circuitries in the host brain.

To further determine whether regenerated neurons also
reconstruct long-range intra-hippocampal connections with the
host brain, we injected a neural tracer BDA into the contralateral
hippocampus at DPO56 (Fig. 4C). 24 hrs after injection, although
some BDAþ

fibers were observed in the boundary of the lesion site
in LC rats, there were no BDAþ

fibers detected in the injured area
(Fig. 4D). In contrast, large number of BDA-labeled fibers were
detected in the injured area in NT3 rats, and importantly BDAþ

fi-
bers form close contact (likely synaptic) with new BrdUþ/MAP2þ

neurons (Fig. 4E). This observation suggested that newborn neu-
rons could reconstruct long-range intra-hippocampal connections
with host pre-existing circuitries.



Fig. 2. NT3-chitosan elicited regeneration of new neurons in the injured area after aspiration injury. (A) Schematic of BrdU injection and animal sacrifice. BrdU was injected i.p.
at 24 h post-surgery and then twice daily for 7 consecutive days. (B-D) Triple immuno-fluorescent staining with BrdU (red), NeuN (green) and GFAP (white) show differentiation
fates of BrdU labeled cells in the injured area at DPO56 from LC (B), CA (C) and NT3 (D) groups. Nuclei were labeled with DAPI (blue). Serially magnified images are shown. Z-stack of
confocal images demonstrates co-labeling with BrdU and NeuN in the injured area from the NT3 group (D). White arrows, double-labeled cells with BrdU and NeuN. * undegraded
chitosan biomaterials. (E) Quantification of immunostaining shown in B-D (n ¼ 6, ***P < 0.001, compared with the LC group; ###P < 0.001, compared with the CA group, one-way
ANOVA, LSD). (F, G) Immunographs demonstrate regeneration of glutamatergic (F) and GABAergic (G) neurons in the injured area from NT3 rats. Z-stacks of confocal images
indicated co-labeling.* undegraded chitosan biomaterials. Data are presented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.4. NT3-chitosan elicited hippocampal functional recovery after
TBI

To address whether regenerated brain tissues elicited behav-
ioral functional recovery, we used Morris water-maze to assess
hippocampus-based cognitive functions after aspiration injury
[29]. The same animals in all groups were tested at two different
time periods including an early phase (DPO11-15) and a later
phase (DPO56-60). Animals were trained twice a day for five
consecutive days before surgery. At DPO11, rats from the SC
group reached the hidden platform with a short latency, and
performed similarly for 5 consecutive testing days (Fig. 5A). The
second round of trials took place at DPO56-60, which was
particularly designed to evaluate functions of newly regenerated
neurons, as morphological observation and electrophysiological
analyses showed the apparent regeneration of neurons at DPO56.
The platform was placed at the same position as in the first round
of trials, and SC rats used the same amount of time to reach the
platform during the late phase testing, indicative of good long-
term memories (Fig. 5A). LC rats showed significantly longer
escape latencies than SC rats during both early and late phase of
testing (Fig. 5A), demonstrating successful aspiration brain injury
modeling. Interestingly for the early phase testing, although the
previously acquired spatial memory was lost in LC rats in the first



Fig. 3. NT3-chitosan promoted synaptic formation within the injured area after aspiration injury. (A, B) BrdU (red), Tuj1 (green) and synapsin1 (A, white)/PSD95 (B, white)
staining of NT3 rats at DPO56 show the presence of presynaptic and postsynaptic elements in the injured areas. Nuclei were labeled with DAPI (blue). Serially magnified images are
shown. Z-stack of confocal images demonstrates that synapsin1 (A) and PSD95 (B) puncta are distributed on BrdUþ/Tuj1þ neurons. * undegraded chitosan biomaterials. (C-F)
Electron microscopy shows ultra-structures of synapses. C, synapses in SC rats; D-E, graph from LC (D) and CA (E) rats, where no synapses were detected; F, graph from NT3 rats,
where MAP2-immuno-EM showed formation of synapses in the regenerated tissue at DPO56. Abbreviations: At, axonal terminal; Den, dendrite; Mit, mitochondria. Red arrows,
synaptic cleft. * undegraded chitosan biomaterials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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day of testing (i.e., DPO11), in subsequent days of testing, animals
still improved by the days, indicative of some levels of learning.
However, this type of improvement never reached SC levels even
during the late phase of testing, suggesting aspiration injury
leads to long-term impairment of spatial learning abilities. Ani-
mals from CA and NT3 groups performed similarly as LC rats
during the early phase of testing. However, during the late phase
of testing NT3 rats performed significantly better than LC and CA
rats (p < 0.01), only slightly worse than SC rats (Fig. 5A). The
injury took out both CA1 region as well as the covering cortex,
which included a small part of primary motor cortex (M1), and
primary somatosensory cortex, trunk region (S1Tr), and the rest,
secondary or association cortices (Fig. S4). Although it was likely
that the aforementioned learning disability resulted from CA1
lesion, we decided to simultaneously measure swimming veloc-
ities and spontaneous locomotor activities of rats during the
tasks, and results showed no significant differences among all
groups (Fig. 5B), indicating that the poor or improved water-
maze performance was not due to changes of the locomotor
function or swimming ability, but due to changes of cognitive
functions. These results suggest that NT3-chitosan elicited the
improvement of hippocampal functions at the late but not the
early assay period, which could be related to greater regenera-
tion, maturation and integration of new neurons.

Long term potentiation (LTP) is believed to be a molecular
basis for hippocampus-dependent learning and memory [30].
Therefore we examined whether regenerated neurons could
restore LTP properties. The placement of the MED64 array on
hippocampal slices is presented in Fig. 5C. In all groups, one
electrode beneath the Schaffer collateral fibers was chosen as the
stimulating electrode (blue stars), and the stratum radiatum of
the intact/regenerated CA1 region was chosen as recording sites.
Baseline fEPSPs were recorded for at least 10 min before the
tetanus stimulation. LTP was then induced by delivery of theta
burst stimulations (TBS, 10 trains of 4 shocks at 100 Hz, with an
inter-train interval of 200 ms). The amplitude of normalized



Fig. 4. NT3-chitosan promoted formation of functional synaptic connections among newly born neurons and with host. (A) Electro-physiological recordings demonstrate the
formation of intra-nascent neural networks. The placement of MED64 array on the hippocampal slice from the NT3 group at DPO56 is shown. Red triangle, a fEPSP recorded at
electrode 37, which could be suppressed by TTX (0.5 mM), non-calcium fluid and CNQX (10 mM), and could then be reversed by aCSF reperfusion. Quantitative analyses of fEPSP
amplitude are shown (n ¼ 4 slices/3 animals, ***P < 0.001, compared with the baseline, one-way ANOVA, LSD). (B) Similar recordings as in A except that the MED64 array was placed
partly on the host's uninjured hippocampus and partly on injured area. When stimulated the host's uninjured area (blue star), multiple places were activated in the injured area,
indicative of functional connection between nascent neural network with host. (C) Schematic of BDA neural tracing. Nerve tracer BDA-fluorescein was injected into the contralateral
hippocampal CA3 sector at DPO55. Rats were killed 24 h after the injection. (D) Graph from LC rats, where no BDA-labeled fibers were detected in the injured area. (E) BrdU (red)
and MAP2 (white) staining showed that BDA-labeled fibers (green) formed close contact (potentially, morphological synapses) with new neurons. Z-stack of confocal images
demonstrates co-labeling. * undegraded chitosan biomaterials. All data are presented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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fEPSPs 50 min after TBS was 53.5 ± 3.1% above baseline in SC rats
(Fig. 5D and G). Similar LTP could also be detected in NT3 rats at
DPO56, and the amplitude of normalized fEPSPs was 41.2 ± 1.7%
over the baseline 50 min after TBS (Fig. 5F and G), which
demonstrated that newly regenerated neurons significantly
restored Schaffer collateral-CA1 synaptic functions. As expected,
post-synaptic potentials were not detected in the corresponding
recording site in LC rats, showing a complete lack of activities
after TBI (Fig. 5E). These results suggested that regenerated
neurons could restore intra-hippoacmpal LTP properties, which
could be involved in the recovery of cognitive functions after
aspiration brain injury.
3.5. NT3-chitosan promoted endogenous NSCs activation and
migration to accomplish tissue repair

Recently a few studies showed that moderate TBI increased
NSCs proliferation in the adult neurogenic area including SVZ of the
forebrain, SGZ of the hippocampus and non-neurogenic area pPV,
and changed migration pattern of NSCs so that they migrate to-
wards the injury area [20,31e35]. To determine the effect of aspi-
ration injury and NT3-chitosan on NSCs proliferation in our model,
all rats received i.p. injections of BrdU 48 h before sacrifice, which
allowed us to label proliferating cells during 48 h time window at
the different time points after the operation. A schema of the BrdU



Fig. 5. NT3-chitosan restored cognitive functions and LTP properties after aspiration injury. (A) Water-maze performance in different groups of rats. The same group of rats was
subjected to two rounds of maze tasks at DPO11-15 (first round) and DPO56-60 (second round). The position of the platform was the same in both rounds of tasks. The escape
latencies were plotted for different groups (n ¼ 8, P < 0.01, compared with the LC group, repeated measure, multivariate ANOVA, followed by post-hoc analyses). (B) Measurement
of spontaneous locomotor activities in different groups at DPO8 and 53. The locomotor activities show no difference among all groups (n ¼ 8, one-way ANOVA, LSD). (C) Schematic
and phase-contrast microphotograph of microdissected hippocampal slices with placement of the MED64 electrode. (D, F) Long-term potential (LTP) evoked by theta burst
stimulation (TBS) in hippocampal slices using the MED64 array in SC (D, n ¼ 4 slices/3 animals) and NT3 (F, n ¼ 4 slices/3 animals) groups at DPO56. Typical postsynaptic currents
were elicited by a single stimulation to the stimulation electrode (blue stars) on the Schaffer collateral and were measured in the intact/regenerated CA1 area. Red triangle, a fEPSP
recorded at electrode #35 (D, SC) and #44 (F, NT3). Green traces show control signals and red traces (arrows) show signals 50 min post-TBS. (E) Electrophysiological properties from
LC rats, where no signals were recorded in any point at DPO56. (G) Quantitative analysis of LTP. The fEPSP amplitudes were normalized by the mean amplitude prior to TBS (t ¼ �15
to 0 min). Arrow points when TBS was delivered. Data are presented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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injection paradigm was showed in Fig. 6A.
pPV is a part of lateral ventricular walls close to the hippo-

campus, and contains NSCs, which could be activated by hippo-
campal CA1 ischemic injury and migrate into the lesion area [20].
We first examined proliferation and migration of NSCs in the pPV
region. Quantitative analysis showed that few BrdUþ proliferating
cells could be detected in the pPV in the SC rat (Fig. 6B). The number
of BrdUþ cells in LC rats showed no significant change at DPO1-3,
but significantly increased at 7 d, peaked at 14 d and declined to
the baseline level at 56 d (Fig. 6B and Fig. S5A). The number of
BrdUþ cells in the pPV in the NT3 groupwas significantly more than
that in the LC or CA groups at all time points after the operation
(Fig. 6B and Fig. S5A). Some levels of increase in BrdU labeled cells
in the contralateral side for all groups were also detected (Fig. 6B
and Fig. S5A). Proliferation in the ipsilateral pPV of the NT3-
chitosan treatment group was markedly higher than that in the
contralateral at all time points investigated (Fig. 6B).

To evaluatemigration of NSCs, we performed doublecortin (Dcx)
staining. Dcx often labels new neurons including migrating new
neurons [36]. As shown in Fig. 6CeD, we detected large numbers of
Dcxþ migrating cells in the ipsilateral pPV in the NT3 group at
DPO14 (Fig. 6D). Some of them were co-labeled with BrdU. BrdUþ/
Dcxþ cells displayed typical migrating morphology with an oval
nuclei and a prominent leading process towards the lesion area.
Few Dcxþ cells were detected in the contralateral pPV in the NT3
group (Fig. 6D). We did not observe Dcxþ migrating cells in either
ipsilateral or contralateral pPV in the LC group (Fig. 6D). Quanti-
tative results showed that the number of BrdUþ/Dcxþ cells in the
pPV of the NT3 group was significantly more than that in LC or CA
groups (Fig. 6E). The above results demonstrated NT3-chitosan
enhanced NSC proliferation, migration and neuronal differentia-
tion in the periventricular region. To determine whether these cells
were involved in regeneration, we labeled them in situ using
fluorescent dye Dil. Dil was injected into the ipsilateral lateral
ventricle at 3 d before the operation (Fig. 6F). One week after the
operation, Dil-labeled cells were confined to the ventricular surface
including pPV in SC rats (Fig. 6G). Some Dilþ cells were detected in
the periventricular region in the LC and CA group (Fig. 6G and
Fig. S5B). Whereas a large number of Dilþ cells became detectable
in the periventricular region in NT3 rats (Fig. 6G), and these cells
formed a migrating stream between the periventricular region and
the injured area. Interestingly, some Dil-labeled cells also showed
typical morphology of migrating cells, similar to that of Dcx labeled
cells (Fig. 6G). Importantly, we also detected large numbers of Dil-
labeled cells in the injured area of the NT3 group (Fig. 6H and I),
about 35% of them expressed the NSC marker nestin, and 16%
expressed immature neuronal marker Dcx (Fig. 6H and J). These
results suggested that NSCs residing in the pPV region participated
in regeneration of newneurons at the injured site in the presence of
NT3-chitosan after aspiration injury.

We also investigated proliferation and migration of NSCs in the
SGZ by the same method. Similar to pPV, number of BrdU-labeled
cells including BrdU-labeled Dcxþ newborn neurons in the SGZ
was significantly higher in NT3 group than those in LC or CA groups
(Fig. S6), indicative of enhanced activation of NSCs towards
neuronal differentiation by NT3-chitosan. In the SGZ, adult-born
hippocampal granular cells normally migrated radially with a
very short distance to the granular cell layer (GCL) [37], but this
migration can be altered upon seizure or brain injuries [22,34,38].
We found that NT3-chitosan induced a dramatic increase in the
outward migration of BrdUþ/Dcxþ neuroblasts DPO7 specifically in
the ipsilateral hippocampus (Fig. S7). A small percentage of
newborn neuroblasts had even migrated into the molecular layer,
which was rarely observed in SC rats (Fig. S7). We also did not
observe this phenomenon in LC rats. Above results indicated that
NT3-chitosan stimulated NSCs proliferation and migration towards
the injury area in the SGZ.

3.6. NT3-chitosan inhibited inflammation and promoted
angiogenesis

Inflammation andmicroglial activation play key roles during the
pathogenesis after TBI. To evaluate inflammatory responses and
anti-inflammatory effects of NT3-chitosan during neural repair, we
performed CD45 and CD11b staining, and detected the gene
expression of pro- and anti-inflammatory cytokines among
different groups. As CNS residential immune cells, microglia
changes their morphologies from ramified (resting state) into hy-
pertrophied (activated state; Fig. 7B) when activated [39]. The
morphological evaluation showed that most of CD11bþ microglial
cells displayed a resting state with small, round bodies and well-
ramified and thin processes in the SC group (Fig. 7C and D). After
injury, in the cortex surrounding the injury site, microglia were
activated with swollen cell bodies and short, thicken processes
(Fig. 7C and D; hypertrophied). NT3-chitosan significantly reduced
the number of activated microglia and simultaneously accompa-
nied with restoration in the number of ramified microglia (Fig. 7C
and D). At DPO7, there were also infiltrating macrophages recruited
to the injured area, which were both CD45þ and CD11bþ (Fig. 7E
and F). Of note, NT3-chitosan decreased the number of these
immuno-reactivity positive cells as opposed to LC and CA groups
(Fig. 7G and H). These data suggested that NT3-chitosan could
suppress activation of residential microglia and infiltration of
macrophages after aspiration brain injury.

As microglia activation and macrophages infiltration were
known to release pro- and anti-inflammatory cytokines, we then
measured the expression of inflammatory factors in the injury site
and peri-cortex at DPO3 and DPO7. RT-PCR demonstrated that
expression of IL-1b and TNF-a increased after aspiration injury
(Fig. S8), but significantly suppressed with NT3-chitosan treatment
(Fig. S8). Importantly, the expression of anti-inflammatory factors
IL-10 and IL-4 in the NT3 group increased comparing with LC and
CA groups (Fig. S8). However, the level of cytokines IL-6 and TGF-b
showed no statistically difference among all groups (Fig. S8). These
results indicated the anti-inflammatory effect of NT3-chitosan
during neural repair after aspiration brain injury.

Finally, we predicted that NT3-chitosan, like what they do for
SCI repair, would also promote re-vascularization after TBI. We
used Reca-1 to label blood vessels and found that in SC rats, well-
organized Reca-1þ microvessel networks were present (Fig. 7I).
At DPO56, the injury area was essentially a-vascularized in the LC
group (Fig. 7I). In the CA group, certain levels of revascularization
occurred, but NT3 greatly enhanced revascularization of the injury
area (Fig. 7I and J). Interestingly, the newly generated vessels in
either CA or NT3 groups had larger diameters than those in the
normal brain (Fig. 7K), which was perhaps a characteristic for re-
generated vessels.

Taken together all results suggested that NT3-chitosanwas anti-
inflammatory and pro-revascularization, perhaps generated
optimal micro-environment for neural repair.

4. Discussion

The present study evaluated the neuroregenerative and neuro-
protective effects of NT3-chitosan implantation and related
mechanism in an adult rat model of focal aspiration injury. Our
results demonstrated that NT3-chitosan bioactive material is anti-
inflammation, pro-revascularization, pro-neurogenesis, and pro-
assembly of new neural networks. Essentially, NT3-chitosan pro-
vided an optimal microenvironment at the injury site to attract



Fig. 6. NT3-chitosan stimulated the proliferation and promoted migration of NSCs in the pPV zone after aspiration injury. (A) Schematic of BrdU labeling and animal sacrifice
after TBI. BrdU was injected i.p. 48 h before the sacrifice, once every 12 h. Animals were then killed 12 h after the final injection. (B) Quantification of BrdUþ cell numbers in the pPV
at different time points after the operation (n ¼ 6, two-way ANOVA, LSD). Statistical analysis is shown in Fig. S5A. (C) Schematic of coronal view of the rat brain showing migration
paths of NSCs from pPV to the injured area. (D) Immunostaining of BrdU (red) and Dcx (green) shows migrating cells in the ipsilateral (pink frame) and contralateral (green frame)
pPV at DPO14. Z-stack of the confocal image demonstrates co-labeling. LV: lateral ventricle. (E) Quantification of the BrdUþ/Dcxþ cell numbers in pPV at DPO14 (n ¼ 6, ***P < 0.001,
compared to the SC group; ###P < 0.001, compared to the LC group, one-way ANOVA, LSD). (F) Schematic of Dil labeling. Dil was injected into the ipsilateral lateral ventricle 3 d
before the operation and animals were killed 10 d after the injection. (G) Dil labeling shows migration of NSCs in pPV. Serial magnification images are shown. (H) Immunostaining of
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endogenous NSCs to produce new neurons and new neural net-
works. Subsequently nascent neural networks integrate into the
remaining brain circuitries to restore brain function.

It is well known that NT3 plays a role during the early em-
bryonic development of nervous system [40]. Acting as a mitogen
for early neural crest cells, NT3 promotes proliferation of neuro-
genic precursors and neuronal differentiation [41,42]. In the adult
brain and spinal cord, we and others have demonstrated that NT3
is involved in the proliferation and differentiation of NSCs,
neuronal survival and repair of the injured CNS [19,43,44]. How-
ever, considering the short half-life of soluble NT3 under the
physiological condition, NT3 can hardly be kept stay in the injured
brain to perform its biological function, and also it is unsuitable for
clinical application to continue injection of NT3. Thus, in our study,
we incorporated NT3 within the chitosan scaffold in vitro, which
assisted the controlled release of NT3, prolonged the function
duration and improved biological efficiency of NT3 [17,18]. Our
previous study demonstrated that NT3 was released from NT3-
chitosan carriers continuously and steadily for at least 14 weeks,
and NT3-chitosan promoted adhesion, survival, migration and
neuronal differentiation of cultured NSCs [18]. Thus, as an active
scaffold, NT3-chitosan not only reduces the amount of NT3 to
sustain long-term biological effects, but prevents the NT3 dena-
turation and proteolysis.

In the present study, the regeneration site was initially a-
cellular, essentially an empty space filled with NT3-chitosan.
Over a period of 56 d it transformed into neural tissue with NSCs
and neuroblasts coming from the outside settling, differentiating,
maturing, and forming synapses within the NT3-chitosan envi-
ronment. It is still controversial whether excitatory glutamatergic
neurons can regenerate after brain injury [45,46]. More than 80%
neurons in the cortex are glutamatergic which build functional
connections with the other brain area and spinal cord through
projecting or associating fibers, therefore it is crucial to regen-
erate glutamatergic neurons for function recovery after brain
injury. In this study, immunostaining results and electrophysio-
logical analyses demonstrated that new neurons contained glu-
tamatergic neurons wiring not only amongst themselves but also
with the host remaining neural circuitries. Notably, pharmaco-
logical assay showed fEPSPs recorded in the regenerated area
could by suppressed by non-calcium fluid and CNQX, indicating
importance of calcium dependent neurotransmitter release at
synapses and involvement of excitatory glutamatergic neurons
within nascent neural networks. Regeneration of glutamatergic
neurons may partly explain the restoration of hippocampus-
dependent spatial learning behavior with NT3-chitosan treat-
ment. Electrophysiological analysis showed that de novo regen-
erated new neural networks in the CA1 region did respond to
stimulation from the Schaffer collateral, and LTP could be re-
established. Although it seems that the new network may not
be organized in the same manner as the original CA1 structure,
importantly CA1 function was indeed largely restored. In the
overarching cortical area, it is unlikely that the newly generated
tissue resumed highly ordered cortical layer structure. It
remained to be determined whether any of the lost cortical
function was restored. Given the enormous plasticity of the ce-
rebral cortex and the cortical areas above CA1 region mainly
includes association and secondary cortices, it is difficult to
detect, behaviorally, the cortical deficit in our models. Perhaps,
Dil (red) and nestin (green) or Dcx (green) in the regeneration site of NT3 rats. Z-stack of th
between the lesion and intact brain. * undegraded chitosan biomaterials. (I) Quantification o
###P < 0.001, compared to the LC group, one-way ANOVA, LSD). (J) Quantification of the im
compared to the LC group, one-way ANOVA, LSD). Data are presented as mean ± SEM. (For in
web version of this article.)
lesion and repair of the M1 area, which controls the forelimb
“skilled reaching” behavior, could be used in the future to study
cortical functional recovery [47,48].

Our previous studies, as well as those from other groups have
demonstrated that NSCs/NPCs were present not only in previously
defined SVZ and SGZ, where on-going neurogenesis took place
throughout life, and that they also at least exist in dormant forms
within the ependyma throughout the ventricular surface, and
perhaps in other forms [19,49]. Many researches have shown that
these NSCs could be activated by various kinds of brain injuries. In
the present study, we examined proliferation and migration of
NSCs in the DG and pPV, and found that NSCs in both neurogenic
areas responded to the injury signal, and NT3-chitosan enhanced
neurogenesis and migration towards the injury site. Although the
origins of NSCs involved in the endogenous neurogenesis is still
unknown, DiI labeling experiments suggested that NSCs from the
pPV region are likely critically involved in the neural repair. More
lineage tracing and lineage elimination genetic tools will be needed
in the future to fully clarify the source, activation signals and path of
endogenous NSCs for this repair.

Except for regenerative NSCs/NPCs, the other key to successful
neural regeneration is microenvironment in which they function.
Similar with the mechanism in the SCI repair, NT3-chitosan is anti-
inflammation and pro-revascularizing in the rat aspiration brain
injury model, which provided an optimal microenvironment for
above mentioned neurogenesis. Neuroinflammation is a key
component of the pathological environments during TBI patho-
genesis [8]. As primary mediators of innate immune cells in the
CNS, microglia plays an important role on the neuroinflammation
and secondary injury after TBI. In response to brain injury, micro-
glia became activated which results in dramatic morphological
transformation and release of large numbers of pro- and anti-
inflammatory cytokines [50,51]. In addition, due to the disruption
of blood brain barrier (BBB), immune cells including monocytes, T
lymphocytes, and neutrophils, which located in the circulating
blood under the physiology condition, recruited in the brain pen-
umbra after TBI [52,53]. All of which aggravated the brain injuries.
In the present study, NT3-chitosan significantly inhibited infiltra-
tion of macrophage in the injured area and activation of microglia
peri-lesion cortex. Meanwhile, NT3-chitosan decreased expression
of pro-inflammatory cytokines IL-1b and TNF-a and enhanced the
level of anti-inflammatory factors IL-10 and IL-4. These indicated
anti-inflammatory effects of NT3-chitosan during neural repair af-
ter aspiration injury. Indeed, in addition to its essential functions in
the CNS development and regeneration, NT3 is now increasingly
recognized as an immunomodulator to participate in inflammatory
responses. Recently, Yalvac et al. demonstrated that delivery of
AAV1.NT3 directly into the muscle of spontaneous autoimmune
peripheral polyneuropathy (SAPP) mice exhibited a potent anti-
inflammatory effective, and results of PCR showed AAV1.NT3
significantly increased expression of IL-10 with the reduced
expression of TNF-a and IL-1b [54]. After the injection of NT3-
transduced BM-MSCs into the mice model of multiple sclerosis
(MS), NT3 induced BM-MSCs to produce IL-10 and decreased the
number of CD68-positive macrophage/microglia in the spinal cord
and corpus callosum [55], indicating a correlation between NT3 and
anti-inflammatory effects. Also relevant to the findings in the
present study, our previous observations demonstrated that NT3-
chitosan decreased the production and secretion of IL-1a/b, IL-6
e confocal image demonstrates co-labeling. White dotted lines indicate the boundary
f Dilþ cells number in the injured area (n ¼ 6, ***P < 0.001, compared to the SC group;
munograph shown in H (n ¼ 6, ***P < 0.001, compared to the SC group; ###P < 0.001,
terpretation of the references to colour in this figure legend, the reader is referred to the



Fig. 7. NT3-chitosan inhibited infiltration of macrophages and microglia activation and promoted angiogenesis after aspiration injury. (A) Schematic of the coronal rat brain
section showing areas of investigations. Pink square, regeneration area; green square, peri-lesion host area. (B) Schematics of ramified and hypertrophied microglia. (C) Immu-
nostaining of CD11b in the peri-lesion area shows microglia activation upon lesion and suppression by NT3-chitosan. Red arrows, representing ramified microglia; Blue arrows,
representing hypertrophied microglia. (D) Quantification of ramified and hypertrophied microglia in the peri-lesion cortex (n ¼ 6, ***P < 0.001, compared to the SC group;
###P < 0.001, compared to the LC group; $$P < 0.01, compared to the CA group, one-way ANOVA, LSD). (E) Immunostaining of CD45 shows the inflammatory reaction in the injured
area at DPO7. * undegraded chitosan biomaterials. (F) Immunostaining of CD11b within injured area shows infiltration of macrophages at DPO7. * undegraded chitosan biomaterials.
(G-H) Quantification of CD45þ (G) and CD11bþ (H) cells in the injured area (n ¼ 6, **P < 0.01, ***P < 0.001, compared to the LC group; #P < 0.05, ##P < 0.01, compared to the CA
group, one-way ANOVA, LSD). (I) Immunostaining of Reca-1 (red) shows angiogenesis/blood vessel distribution for all groups at DPO56. Nuclei were stained with DAPI (blue).
Serially magnified images are shown. Z-stack of confocal images demonstrates the regeneration of Reca-1-labeled micro-vessels. * undegraded chitosan biomaterials. (J, K)
Quantification of micro-vessel density (J) and diameter (K) in the injured area (n ¼ 6, *P < 0.05, ***P < 0.001, compared to the LC group; ###P < 0.001, compared to the CA group,
one-way ANOVA, LSD). All data are presented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)



P. Hao et al. / Biomaterials 140 (2017) 88e102 101
and TNF-b in LPS-treated macrophage cell line RAW [19]. Tran-
scriptome analyses on the injured/regenerated spinal cord of rat
showed that NT3-chitosan significantly down-regulated the
expression of gene related to the inflammation response [19].

Impaired cerebrovascular system including disruption of BBB,
endothelial cell damage and disorder in cerebrovascular blood flow,
is another important histopathological event during acute and
chronic TBI processes [5,6], which could be observed in the clinical
setting post-TBI and experimental animal models of TBI. Thus,
improved cerebrovascular dysfunction is crucial for the outcome of
TBI patients. Among these, endothelial cells-mediated quick
angiogenesis is necessary for survival of new-born neurons. In the
present study, large numbers of regenerated vessels were observed
in the injured/regenerated area in the NT3-chitosan-treated rats
after aspiration injury, indicating the pro-revascularizing function
of NT3-chitosan. Angiogenesis induced by NT3-chitosan was
possibly related with the fact that NT3 promoted proliferation,
survival and vascular network formation of endothelial cells. Pre-
vious study showed that cultured cerebral endothelial cells (CECs)
specifically expressed the receptor of NT3, TrkC, and responded to
NT3 addition [56]. NT3 promoted differentiation of CECs, and
increased production of NO and expression of eNOS, critical ele-
ments for angiogenesis and maintenance of microvasculature [56].
In addition to CNS, NT3 also regulated functions of developmental
and post-natal peripheral cardiovascular system [57]. NT3 stimu-
lated survival, proliferation, migration and network formation of
cultured muscular endothelial cells [58]. In vivo rat mesenteric
assay demonstrated that NT3 increased the number and size of
functional vessels [58].

5. Conclusions

This study establishes criteria for providing a microenvironment
to enable endogenous NSCs to regenerate and repair CNS injuries.
An anti-inflammatory, pro-revascularizing, and pro-neurogenic
environment, such as provided by the NT3-chitosan construct re-
ported here, is important for restoring CNS functions. Such criteria
may guide future development of neuro-regenerative biomaterials
in tandem with other molecules and exogenous stem cells for CNS
repair.
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