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Summary
	 Background:	 The transplantation of neural stem cells (NSCs) has been accepted as a promising therapeutic 

strategy for central nervous system disorders. However, the beneficial effect of NSC transplanta-
tion upon functional recovery is limited due to the unfavorable microenvironment (niche) at the 
site of trauma or degenerative disease in the brain. Combination of transplantation of NSCs with 
neurotrophins may overcome the hurdles of impaired cell survival and neuronal differentiation.

	Material/Methods:	 In the current study, the neurotrophin-3 (NT-3) gene was transduced into cultured mouse embry-
onic cortical NSCs via an AAV vector (NSC-NT-3). The effect of NT-3 over-expression on cell pro-
liferation and differentiation in NSCs was observed by immunohistochemistry, cell culture and or-
ganotypic hippocampal slice cultures.

	 Results:	 The characteristics of self-renewal and multiple differentiation of NSCs were well-preserved. Cells 
in the NSC-NT-3 group proliferated faster and differentiated into more b-tubulin III-positive neu-
rons compared to the control group in vitro. Furthermore, cells in the NSC-NT-3 group survived 
in a significantly higher percentage and undertook neuronal differentiation preferably in organ-
otypic hippocampal slice cultures.

	 Conclusions:	 Our results suggest that the transduction of NT-3 into NSCs could effectively promote NSCs sur-
vival, proliferation, and neuronal differentiation in vitro without change of the stemness of NSCs. 
This work also offers evidence to better understand the safety and efficiency of combined treat-
ment with NT-3 and NSCs for the central nervous system disorders.
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Background

Stem cell therapy is a promising therapeutic strategy for 
central nervous system disorders, as stem cells can replace, 
repair, and enhance the function of damaged tissues or or-
gans by differentiating into various cell types, secreting ther-
apeutic substances, and stimulating the regeneration of en-
dogenous stem cells [1–6]. The neural stem cell (NSC) has 
been considered as an ideal candidate for therapeutic cell 
transplantation because it is more committed to a neural 
lineage, and less tumorigenic and immunogenic in com-
parison with other stem cell types, such as embryonic stem 
cells and mesenchymal stem cells [2,5,7,8]. However, graft-
ed NSCs do not sufficiently survive and perform their mul-
tiple functions in the unfavorable microenvironment that 
can occur at sites of trauma or degenerative disease [9–11]. 
Therefore, following NSC transplantation, the problem of 
retaining adequate numbers of cells with the proper pheno-
types and integrative capacity remains to be solved.

Neurotrophic factors (NFs) such as nerve growth factor, 
brain-derived neurotrophic factor, and the neurotrophins, 
are well known to modulate a variety of neuronal processes 
during development [12–15]. In addition, NFs can reduce 
cell death, enhance neural regeneration, stimulate neuro-
nal survival, and promote axonal growth [16–20]. The ge-
netic modification of NSCs with NFs prior to transplanta-
tion enhances cell survival and consequently increases the 
therapeutic function of these cells following transplanta-
tion [19–23]. Existing data have demonstrated that the 
combination of NSCs and neurotrophin-3 (NT-3) dramat-
ically promoted cell replacement and functional recovery 
after central nervous system (CNS) injuries such as stroke, 
spinal cord injury and multiple sclerosis [16,18,19,21–24], 
leading to NT-3 becoming a focus of great interest in ther-
apeutic strategies for CNS disorders.

However, as for any new therapeutic approach, the safety 
and efficiency of treatment should be confirmed before clin-
ical application. To fulfill the promise of genetically modi-
fied NSC-based treatment, it is vital to show that gene trans-
duction will not alter the fundamental characteristic of the 
NSC, yet will promote cell survival and integrative capacity 
in vitro and ex vivo. As AAV vectors have emerged in recent 
years as powerful tools for therapeutic gene transfer and 
achieved successes in clinical trials, in the present study we 
genetically modify NSCs from mouse embryo cortex with 
the NT-3 gene via an AAV vector and observed the capaci-
ty of these modified NSCs for survival and differentiation.

Material and Methods

Construction of rAAV vector and production of 
recombinant AAV

The AAV Helper-Free System (Stratagene, USA) was used to 
produce recombinant AAV according to the manufacturer’s 
instructions. The full-length coding sequence of human NT-
3, including the signal peptide, was amplified by PCR amplifi-
cation in our laboratory. The NT-3 fragment was inserted into 
the pAAV-IRES-hrGFP using the BamHI and Xhol restriction 
sites under the control of CMV promoter. The recombinant 
plasmid pAAV-NT-3-IRES-hrGFP was restriction digested to 
further confirm the correct insertion of NT-3. AAV-293 cells 

were cultured in DMEM (High-Glucose, GIBCO, USA) with 
10% fetal bovine serum (FBS, GIBCO, USA), until reaching 
70–80% confluency, and passaged 2 days prior to transfection. 
Three plasmids, pAAV-RC, pHelper and the recombinant plas-
mid pAAV-NT-3-IRES-hrGFP or control plasmid pAAV-hrGFP, 
were transduced into AAV-293 cells at a 1:1:1 ratio by the cal-
cium phosphate method. After green fluorescence of hrG-
FP was observed under fluorescent microscope at 72 h post-
transfection, transfected AAV-293 cells were resuspended and 
subjected to 4 rounds of freeze-thaw with 20 s of sonication 
(Ultrasonic Cell Disrupter, China) between each round. The 
cellular debris was collected by centrifugation at l0 000 × g for 
10 min at room temperature. rAAV-2 vector particles were con-
centrated by ammonium sulfate precipitation, resuspended 
in PBS, and stored in –20°C until further use. The recombi-
nant AAVs were designated as AAV-NT-3 or AAV-GFP (control).

The physical titer of viral particles was measured by dot-
blot assay (DIG High Prime DNA Labeling and Detection 
Starter kit II, Roche, USA) according to the kit instructions 
and 4×1011 vg/ml of AAV-NT-3 and 2×1011 vg/ml of AAV-GFP 
were yielded, respectively.

AAV-mediated NT-3 gene transduction of NSCs from 
mouse embryos cortex

All procedures involving animal work conformed to the eth-
ical guidelines of the NIH Regulations for Experimentation 
on Laboratory Animals as set by the Xi’an Jiaotong University. 
NSCs were isolated from E14.5 mouse embryonic cortex and 
were cultured in serum-free DMEM/F12 (1:1) growth me-
dium (GIBCO, USA) with N2 supplements (100×, GIBCO, 
USA) and 20 µg/L hEGF (GIBCO, USA), 10 µg/L bFGF 
(Sigma, USA) following the protocol of Gage et al. [25] and 
optimized in our lab [26]. These cells were passaged every 7 d. 
Upon passaging, the neurospheres were trypsinized into sin-
gle cells and replated. To observe the differentiation of NSCs, 
cells were cultured on poly-lysine coated coverslips in 24-well 
plates in DMEM/F12 (1:1) containing 1% FBS.

Twelve hours prior to transduction, the neurospheres were 
trypsinized into single cells (passage 3) and subcultured into 
6-well plates at a density of 2×105 cells/ml in 800 µl growth 
medium (serum-free DMEM/F12). Volumes of 10 µl, 20 µl 
and 50 µl AAV-NT-3 stocks were diluted with growth medi-
um to a volume of 200 µl and added into individual wells 
of the 6-well plates with gentle swirling. Twenty-four hours 
later, an additional 1 ml fresh growth medium was added 
into each well; this time point was considered to be 1 d post-
infection (DPI). AAV-GFP stock was diluted as above and 
used as a negative control. For the blank control, the same 
amount of fresh growth medium was added into each well. 
At 3 and 5 DPI, newly-formed neurospheres were observed 
using a fluorescent microscope (Olympus, Japan) to identify 
the expression of GFP. At this point, parallel neurospheres 
were trypsinized into single cells and analyzed by use of a 
Fluorescence-Activated Cell Sorter (FACS).

Determination of NT-3 expression

The expression NT-3 protein in the culture medium was de-
tected by use of an ELISA kit (Raybio°R, USA). Culture medi-
um of normal and transduced NSCs (NSC-NT-3) was changed 
24 h prior to collection. A volume of 100 µl medium from 3 
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wells of each groups were collected at 3, 7, 14 and 28 DPI, re-
spectively. According to the instruction, samples were added 
into appropriate wells and the whole kit was incubated for 2.5 
h at room temperature. The results were read at 450 nm in an 
EL808 Ultra Microplate Reader (BIO-TEK instruments, USA).

Assessment of stemness, proliferation, and 
differentiation of NSCs following AAV transduction

We then assessed the NSCs for stemness, defined as the es-
sential characteristics of stem cells that distinguish them 
from ordinary cells, such as the ability to form neurospheres 
and differentiate into multiple lineages. Upon the first pas-
sage following AAV transduction, NSCs were seeded into 
growth medium at a density of 2×105 cell/ml. The growth 
rate and number of neurospheres (diameter ≥100 µm) at 
day 6 after passage were compared between passage 4 and 
passage 10. Cells from these passage numbers were also cul-
tured in differentiation medium (DMEM/F12 with 1% FBS) 
for 7 d, and immunocytochemical labeling was performed.

The effect of NT-3 upon NSC proliferation was assessed by 
charting the growth curve and measuring neurosphere diam-
eter. NSCs from each group were seeded into 96-well plates at 
a density of 1000 cells per well and cultured in growth medi-
um. Cell numbers from 3 separate wells of each group were 
counted manually every day for 8 d. At the same time, the 
diameters of 10 neurospheres in each well were measured 
under a microscope (Nikon TS100-F, Japan) equipped with 
an ocular micrometer. During this assessment, cells were 
kept in the culture medium without refreshing.

For the assessment of cell differentiation, neurospheres 
from each group were trypsinized into single cells and re-
suspended in differentiation medium, seeded onto polyly-
sine-coated coverslips in 24-well plates at a density of 2×103 
cells/well. Cell suspensions (100 µl per well) were placed 
onto each coverslip and cultured for 4 h at 37°C, followed 
by incubation in 500 µl differentiation medium for a period 
of 7 d. Half of the differentiation medium was exchanged 
on the third day for fresh medium. Coverslips were removed 
and fixed on days 4 and 7 post-plating with 4% paraformal-
dehyde (PFA) for 30 min at room temperature.

Culturing of organotypic hippocampal slice culture and 
transplantation of NSCs

The whole brains of newborn mice (on postnatal day 3) 
were removed aseptically and hippocampal slices were cul-
tured following the protocol of the Stoppini method and 
optimized in the authors’ laboratory [27,39]. Briefly, hip-
pocampus was dissected in 4° Hank’s balanced salt solution 
(HBSS; Invitrogen, UK) with HEPEs and then chopped into 
250 to 400 µm slices on a MclIwain tissue chopper. The cul-
ture medium was composed of 10% minimum essential me-
dia (MEM; Invitrogen, UK), 10% newborn calf serum (NCS; 
Invitrogen, UK), 5% sodium bicarbonate (Sigma, UK) and 
1% L-Glutamine (Sigma, UK). Slices were routinely observed 
under a phase-contrast microscope at 2-day intervals and 
half the medium was replaced every 3–4 days.

AAV-NT-3-transduced NSCs (NSC-NT-3) and non-transduced 
control NSCs were labeled using CellTrackerTM lipophilic 
fluorochrome chloromethylbenzamido dialkylcarbocyanine 

(CM-DiI, Invitrogen, UK) for 5 min at 37° and then further 
15 min at 4° in dark. After 4 days culture, a volume of 10 µl 
solution containing CM-DiI labeled NSCs was added to the 
surface of the slices that had been cultured for 6 days. The 
slices were maintained in culture for another 4 days in the 
same conditions and then fixed by 4° 2% PFA.

Immunocytochemical labeling and quantification

Immunocytochemistry was employed to characterize NSCs, 
neurons, and astrocytes utilizing mouse anti-nestin (monoclo-
nal antibody, Abcam, 1:500), rabbit anti-b tubulin III (mono-
clonal antibody, Chemicon, 1:200), rabbit anti-GFAP (poly-
clonal antibody, DAKO, 1:1000) following a standard protocol 
optimized in the authors’ laboratory [28]. Cells were incu-
bated with a blocking solution containing 5% normal goat 
serum (NGS) and 0.25% Triton X-100 in PBS. Primary anti-
bodies were diluted in PBS containing 2% NGS at 4°C over-
night. FITC-conjugated (1:2000) goat anti-mouse and goat 
anti-rabbit IgG (Beijing Zhongshan Biotechnology Co. Ltd.) 
secondary antibodies were used. Cell nuclei were counter-
stained with DAPI-containing mounting media (Vector Labs, 
UK) and visualized under a fluorescent microscope (Olympus 
BX51, Japan) equipped with a DP70 digital camera and the 
DPManager (DPController, Olympus, Japan) software. For 
the negative control, primary antibody was replaced by PBS.

Quantification and statistical analysis

For quantification, immunoreactive cells from 6 random 
fields (2 coverslips per group, 3 fields per coverslip) were 
counted under the microscope. Cell counting was per-
formed using a 20× objective lens by an observer blind to 
the treatment groups. All data were analyzed with the Prism 
4.0 software. Student’s T test, one-way or two-way ANOVA, 
and Bonferroni multiple comparison tests were used, and 
a p value <0.05 was considered significant.

Results

AAV transduction and the expression of NT-3 in NSC-NT-3

NSCs isolated from E14.5 mouse embryo cortex were cul-
tured in growth medium. A large number of neurospheres 
emerged after 5-7 d in vitro (DIV; Figure 1A) and immuno-
cytochemistry confirmed that most of these cells were nes-
tin-positive NSCs (Figure 1B). Neurospheres (passage 3) 
were trypsinized into single cells 12 h prior to transduction. 
During the first 24 h following transduction, cell debris was 
observed in both AAV-NT-3 and AAV-GFP-transduced groups. 
At 72 h following transduction, results of FACS demonstrated 
that 15.3% and 16.1% of NSCs expressed GFP in AAV-NT-3- 
and AAV-GFP-transduced groups, respectively, indicating 
successful transduction (Figure 1C,D). The concentration 
of NT-3 protein, determined by ELISA, in the medium of 
NSC-NT-3 was 37.6 pg/ml at 3 DPI. It elevated slightly at 7 
DPI (40.7 pg/ml) and then remain at a relatively high level 
until 28 DPI (33.8 pg/ml); it was significantly higher than 
that in control groups. (Figure 2, n=3, p<0.001).

Stemness of NSCs after NT-3 gene transduction

The ability of NSCs to form neurospheres and undergo dif-
ferentiation was determined following AAV transduction. In 
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both the AAV-NT-3- and AAV-GFP-transduced groups, abun-
dant spherical cell clusters emerged after 5–7 d in growth 
medium. After seeding in differentiation medium, cells in 
both groups differentiated into various cell types as defined 
by different morphological appearance (Figure 3A–D). 
Immunocytochemistry further confirmed that the differ-
entiated cells were GFAP-positive astrocytes and b-tubulin 
III-positive neurons (Figure 3E,F).

The survival, proliferation and differentiation of NSC 
after NT-3 gene transduction in vitro

During the assessment of cell survival and proliferation, NSCs 
were kept in culture for 8 days without medium replacement. 
Dark-colored neurospheres which contained more dead 
cells surrounded by abundant cell debris were observed in 
both blank controls and the AAV-GFP-transduced groups 

at 5 DIV. However, in the AAV-NT-3-transduced group, neu-
rospheres were lighter colored and surrounded by little de-
bris, even at 10 DIV. The trypan blue staining during the 
cell counting further confirmed that NSC-NT-3 contained 
more viable cells compared with the controls. The growth 
curve of the NSCs (passage 4), as well as the neurosphere 
diameter, was measured in the different groups throughout 
the 8-d growth period to evaluate cell proliferation. NSC-
NT-3 proliferated at a higher rate compared with the NSC-
GFP (AAV-GFP-transduced) and blank control cultures at 
4 DIV (Figure 4A, n=3, p<0.05). At 6 DIV, more and larger-
sized spherical cell clusters were visible in NSC-NT-3 than 
controls, likely due to the greater increase in cell numbers 
(Figure 4B, n=30, p<0.001).

Cells were fixed after 7 d in differentiation medium, and 
processed for immunofluorescence to assess the effect 
of NT-3 on the differentiation of NSCs. A proportion of 
NSCs-NT-3 and controls differentiated into b-tubulin III-, 
GFAP-positive neurons and glia. Nearly 90% of cells re-
mained undifferentiated at this time point, as showed by 
nestin+ and nestin+/b-tubulin III+, nestin+/GFAP+ immuno-
reactivity. It was noted that 67.7% of NSCs-NT-3 were immu-
noreactive for b-tubulin III; this percentage was significant-
ly higher than that of NSCs-GFP and blank controls (28.4% 
and 31.2%, respectively, n=6, p<0.05; Figure 4C). No signif-
icant difference was observed among these groups in the 
proportion of GFAP-positive astrocytes, which were 47.6%, 
43.5% and 40.3%, respectively.

The survival, proliferation and differentiation of NSC 
after NT-3 gene transduction in organotypic hippocampal 
slice cultures

All slices remained healthy after addition of CM-DiI labeled 
neurospheres (Figure 5A). CM-DiI labeled NSCs appeared 
throughout the slices. It was noticed that more NSCs-NT-3 
survived after being transplanted into organotypic hippo-
campal slices than controls (Figure 5B). After 4 days of co-
culture, abundant GFAP-positive glia and b-tubulin III pos-
itive neurons were observed throughout the slices. Some 
of them were labeled with both CM-DiI and b-tubulin or 

Figure 1. �Successful transduction of NSCs by AAV 
Cells isolated from E14.5 mouse embryo 
cortex proliferated into neurospheres at 
7 DIV (A) and most of these cells were 
nestin positive NSCs (B). Neurospheres 
were trypsinized into single cells 12 h 
prior to AAV transduction. At 3 DPI, up 
to (B) 16.1% of NSCs were transduced 
by AAV-GFP and (C) 15.3% of NSCs were 
transduced by AAV-NT-3. E: embryonic 
day. DIV: day in vitro. DPI: day post-
infection. B Scale bar, 30 um.

A B

C D

50

40

30

20

10

0
3 DPI 7 DPI 14 DPI 28 DPI

*** *** *** ***

AAV-NT-3
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Figure 2. �Expression of NT-3 Secreted NT-3 in the medium of AAV-
NT-3, AAV-GFP and blank control groups was detected 
by ELISA at 3, 7, 14 and 28 DPI, respectively. AAV-NT-3-
transduced NSCs produced a higher level of NT-3 compared 
with control groups. No significant difference was found 
between AAV-GFP and blank control. DPI: day post 
infection. *** p<0.001.
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CM-DiI and GFAPs (Figure 5C, D), indicating the differen-
tiation of transplanted NSCs in slice cultures. The propor-
tion of neuron and glia differentiation was similar to that 
observed in vitro.

Discussion

In the present study, the AAV Helper-Free System produced 
a high titer of AAV particles. The stemness of NSCs derived 
from mouse embryo cortex was well preserved after being 
successfully transduced with AAV. In addition, NSCs trans-
duced with AAV-NT-3 had increased survival and prolifer-
ation, as well as preferential neuronal differentiation in 
comparison with control groups. Two conclusions may be 
drawn from our results: 1) the therapeutic NT-3 gene can be 

successfully delivered into NSCs via AAV and that this mod-
ification does not alter the characteristics of NSCs, and 2) 
the autocrine and/or paracrine NT-3 significantly increas-
es NSC viability and neuronal differentiation.

The NSC microenvironment plays a very important role in 
cell proliferation and differentiation. However, after inju-
ry, the local microenvironment may become unfavorable to 
cell survival and function due to inflammation and cellu-
lar stress [2,29–31]. Therefore, it is crucial to regulate NSC 
proliferation and differentiation so that a sufficient quantity 
of the proper cell type may be obtained prior to therapeu-
tic transplantation into the patient. Neurotrophic factors, 
including NT-3, have been proven to promote NSC prolif-
eration, induce neuronal differentiation, and enhance ax-
onal elongation. Also, the genetically modified Schwann 
cells and the human immortalized cell line C17.2 to express 

Figue 3. �Multiple differentiation of NSCs 
following AAV transduction (A–D) NSCs 
differentiated into various cell types 
with various morphological appearances 
following 7 days in differentiation 
medium. Immunocytochemistry further 
confirmed that these cells were: GFAP-
positive astrocytes (E) and β-tubullin III-
positive neurons (F). E,F Scal bar, 100 um

A

E F

B C D

Figure 4. �NT-3 genetic modification promotes cell viability, 
proliferation and neuronal differentiation in vitro NSCs-
NT-3 exhibited a high rate of proliferation (A) and produced 
significantly larger neurospheres (B, 7 DIV) than the control 
group. *** p<0.001. The majority of NSCs-NT-3 remained 
nestin-positive after 7 days in differentiation medium (C). 
Some of them were nestin/β-tubullin III double-positive 
and nestin /GFAP double-positive. Nearly two-thirds of 
NSCs-NT-3 (67.7%) were immunoreactive with β-tubullin 
III, which is significantly higher than controls (31.2% and 
28.4%, respectively; p<0.05). Nevertheless, no significant 
difference was observed between NSCs-NT-3 and controls in 
the proportion of GFAP-positive cells (47.6% vs. 43.5% and 
40.3%; p>0.05).
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NT-3 have been transplanted into spinal cord injury animal 
models to enhance functional recovery [16,18,19,21–24], 
Nevertheless, the combination of neurotrophic factor gene 
and neural stem cell-based therapy has not yet achieved clin-
ical application due to various problems, including concerns 
about the safety and efficiency of gene transfection, and 
the potential adverse effects of exogenous gene expression.

The AAV vector is an attractive tool for the gene therapy of 
neural disorders due to its low frequency of genome inte-
gration, lack of pathogenesis and immunogenesis, safety in 
clinical trials, and its preferential neuronal tropism [32–34]. 
The transduction rate of AAV is variable among different 
cell types [35,36], and there is no published data showing 
the transduction efficiency of AAV on NSCs. In the present 
study, 4×1011 vg/ml of AAV-NT-3 particles were produced, 
and 15.3% of NSCs (passage 4) were transduced by this vec-
tor. Our results are consistent with existing data regarding 
the titer of recombinant AAV and transduction efficiency 
on other cell types, such as blood cells, motor neuron-like 
cells and HEK-293, [36–38] and fulfilled the requirements 
of our experiment.

The present study aimed to promote NSC viability and in-
duce neuronal differentiation by genetically transducing 
NT-3 into NSCs, with the hope that such modified NSCs 
will be applicable to the treatment of CNS disorders. It is, 
therefore, vital that the transduced NSCs maintain their 
characteristics of self-renewal and multiple differentiation 
potential. We have not found any other discussion of the 
maintenance of NSC stemness after genetic modification. To 
address this issue, we performed the current experiments, 
and found that the stemness of NSCs is well-preserved fol-
lowing AAV transduction. These cells proliferate and form 
neurospheres for at least 10 passages, and also differentiate 
into different neural cell types after exposure to differen-
tiation medium, as determined by morphological appear-
ance and immunoreactivity for different cell-type markers.

Additionally, in the present study, mouse NSCs were ob-
served to proliferate at a higher rate and nearly two-thirds of 
NSCs differentiated into b-tubulin III-positive cells following 

AAV-NT-3 transduction, in comparison with about one-
third of NSCs in the non-transduced group and AAV-GFP-
transduced group; this was further confirmed in organo-
typic hippocampal slice cultures. In unrefreshed medium, 
NSC-NT-3 survived well and proliferated, likely benefiting 
from the NT-3 which has been secretively expressed by the 
infected cells, whereas dark-colored neurospheres which 
contained more dead cells were observed in AAV-GFP- 
transduced and blank control groups, might be due to the 
consumption of nutrition in the medium. This result is es-
pecially important, as it indicates that application of genet-
ically modified NSCs with NT-3 will not only contribute to 
cell replacement via NSC, but may also improve the local 
environment via NT-3 secretion.

Conclusions

The present study suggests that the AAV-mediated NT-3 
gene transduction did not alter the basic characteristics of 
NSCs, but promoted NSC survival, proliferation, and neu-
ronal differentiation in vitro, offering the prospect of a com-
bined gene and stem cell therapy for CNS disorders. These 
findings must, of course, be confirmed in an in vivo mod-
el, which should include the characterization of the specif-
ic phenotypes of neurons which were differentiated from 
NT-3-modified NSCs. Research on regulation of exogenous 
NT-3 gene expression by hypoxic response element and the 
confirmation of its effect in ischemic stroke animal model 
are being undertaken in the authors’ laboratory currently.
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