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Aim: The goal of this project was to develop a rat model for neural stem cell (NSC) transplantation studies in which NSCs were modified
with brain-derived neurotrophic factor (BDNF) genes that may permit extensive and reliable analysis of the transplants.

Methods: NSCs were cultured and purified by limiting dilution assay in vitro and infected with recombinant retrovirus pLXSN-BDNF
(BDNF-NSCs) and retrovirus pLXSN (p-NSCs). The expression of BDNF genes in transgenic and control NSC groups was measured by
FQ-PCR and ELISA assays. NSCs were then transplanted into the subretinal space of normal rat retinas in four groups, which included
NSCs alone, BDNF-NSCs, phosphate buffered saline (PBS) control, and normal control. Survival, migration, and differentiation of donor
cells in host retinas were observed with optical coherence tomography (OCT), Heidelberg retina angiograph (HRA), and immunohis-
tochemistry, respectively.

Results: The results obtained by FQ-PCR demonstrated that the copy numbers of BDNF gene templates from BDNF-NSCs were the
highest among the four groups (P<0.05). Consistent with the results of FQ-PCR, BDNF protein level from the supernatant of the BDNF-
NSCs group was much higher than that of the other two groups (P<0.05) as suggested by the ELISA assays. HRA and OCT showed that
graft cells could successfully survive. Immunohistochemical analysis revealed that transplanted BDNF-NSCs could migrate in the host

retinas and differentiate into glial cells and neurons three months after transplantation.
Conclusion: BDNF promotes NSCs to migrate and differentiate into neural cells in the normal host retinas.
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Introduction

Neural stem cells (NSCs), which have self-renewal ability and
multi-differentiating potential, have been used for treating
degenerative diseases and repairing injuries to the central ner-
vous system!"?. In recent decades, procedures to replace aged
or diseased retinal cells with healthy retinal cell allografts or
xenografts have been extensively investigated using many
models®®. Encouraging results suggest that some blindness
disorders may be amenable to treatment by cell transplanta-
tion. However, the therapeutic efficacy of these mature retinal
cells is limited in that they have weak migration capacities in
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vivo. By contrast, some reports show that transplanted NSCs
have the advantage to not only differentiate into the host cells,
but to also migrate widely and automatically trace the focus of
infection!®®. Unfortunately, NSC engineering and transplan-
tation remain a difficult strategy because of the low rate of
success. To this end, we adapted an effective method to purify
and modify embryonic NSCs and developed an improved
method to transplant the NSCs. These data could provide a
reliable experimental model and ultimately provide informa-
tion for therapeutic intervention.

In general, a large number of purified NSCs are needed to
study biological characteristics of NSCs and for use in clinical
research; however, the number of NSCs in rat nervous tissue
is low, and the cells cannot be sorted by immunomagnetic
beads or flow cytometry owing to a lack of specific membrane
surface markers. The preparation of a considerable amount
of purified NSCs was a handicap for the research and clinical
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application of NSCs. Furthermore, the transplanted NSCs in
the host usually differentiated to glial cells instead of neurons
in vivo, thereby limiting their therapeutic effects. It has been
reported that BDNF promotes NSCs to differentiate into neu-
rons in vitro®; however, under normal culturing conditions,
the amount of BDNF in NSCs is very low, and it dramatically
decreases during NSC differentiation as reported by other

investigators!" 'l

. Therefore, it appears that stably enforcing
the expression of BDNF in NSCs may facilitate their neuronic
differentiation in vivo.

In this study, we used the limiting dilution assay to purify
the NSCs from the subependymal zones of embryonic rat.
BDNF was overexpressed in these cells by recombinant retro-
virus, and the cells were labeled with AAV-EGFP to serve as
donor cells for transplantation. The effects of BDNF on NSC
migration and neuronic differentiation after transplantation
were evaluated. Our results demonstrate that BDNF could
promote NSCs to migrate and differentiate into neural cells in
the normal host retinas.

Materials and methods

Cell culture

The clean (CL) animals [certificate number: SCXK (Heilongji-
ang) 2006-010] were obtained from the Animal Center of Har-
bin Medical University. All procedures in the animal experi-
ments followed the instructions for the care and use of animals
provided by the institution.

Adult female Sprague-Dawley (SD) rats at 10-12 weeks of
age weighing 220-250 g at 14.5 days gestation were sacrificed
after being anesthetized, and embryonic brains were removed
and put in 4 °C phosphate buffered saline (PBS) followed
by removal of overlying meninges and blood vessels. Sub-
ependymal zones from the lateral wall of the lateral ventricle
were aseptically removed under a stereomicroscope (Olym-
pus, SZ61, Japan). The dissected tissue was transferred to PBS
and washed twice, then transferred to Petri dishes, dissociated
mechanically, and resuspended in PBS solution before filtrat-
ing through a 200-mesh cell sieve to eliminate the debris. The
cell suspension was washed in PBS three times to rinse off
excess blood and centrifuged at 250 g/min for 5 min, and the
cell pellet was resuspended in proliferation stem cell medium
containing serum-free Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (1:1) supplemented with penicillin (1x10° U/L),
streptomycin (1x10° U/L), epidermal growth factor (EGF, 20
mg/L), basic fibroblast growth factor (bFGF, 20 mg/L), and
synthetic mixture B27 (2%) (Invitrogen, USA). Viable cells
were counted by trypan blue exclusion assay with a hemocy-
tometer. Cells were seeded in T-25 culture flasks at a density
of 1x10° cells/L. and were maintained at 37 °C in an incubator
with 5% CO,. Half of the medium was changed every 4 d,
and neurospheres were passaged (1:2 or 1:3) by dissociation
through a fire-polished Pasteur pipette into single suspension
cells with trypsin-ethylene diamine tetraacetic acid (EDTA)
(0.05%-0.02%) in PBS every 6 to 7 d (consecutive passage
assay).

Limiting dilution assay

To obtain a more unified cell population, a limiting dilution
assay was performed as described previously” . After
primary sphere formation was noted, neurospheres were dis-
sociated as described above, and cell numbers were adjusted
to give a starting concentration of 1x10” cells/L, from which
serial dilutions were made. Final cell dilutions, ranging from
100 cells/well to 1 cell/well, were plated in 96-well microwell
plates (Corning Costar, USA) with 0.2 mL growth medium
in each well. After the first two weeks, half of the media
was changed. Each well was manually screened for colonies
using phase-contrast microscopy (Leica, DMIRE-II, Germany),
and only wells that originally contained one single cell were
referred to as clones. Secondary clonal neurospheres were col-
lected after incubation for 4 to 6 weeks and seeded in 25-cm”
culture flasks to an expanded culture.

Immunohistochemistry

The primary and two groups of purified neurospheres (consec-
utive passage assay and limiting dilution assay) were plated
in differentiation-promoting condition media [growth factor
withdrawal and 10% fetal bovine serum (FBS, PAA Clone,
USA)] on poly-L-lysine (0.1 g/L) coated glass coverslips in
12-well plates (Corning Costar, USA) and grown for 7 d. Nes-
tin identification for some of the neurospheres was completed
2 h after adherence. Cells were fixed with 4% paraformalde-
hyde (PA) at 4 °C for 30 min. Nonspecific binding sites were
blocked with 5% goat serum in PBS, and the samples were
permeabilized with 0.1% Triton X-100 in PBS for 1 h at room
temperature. The specimens were incubated overnight at 4 °C
with the primary antibodies at the following dilutions: mouse
anti-nestin 1:100 (BD Pharmingen, USA); mouse anti-NSE 1:10
(Chemicon, USA); rabbit anti-GFAP 1:100 (Boster, China). The
secondary FITC-conjugated antibodies were diluted 1:100
(goat anti-mouse or rabbit, ZhongShan GoldenBridge, China)
and incubated with cells for 1 h at 37 °C protected from light.
All antibody dilutions and washes were performed with 0.01
mol/L PBS solution. After the last wash, the samples were
briefly rinsed with distilled water and observed using a fluo-
rescence microscope (Leica, DMR, Germany). The nestin-
positive cell numbers in dark fields and total cell numbers in
bright fields were recorded and then nestin-positive rates were
calculated as follows: nestin-positive cell numbers/total cell
numbers x100%.

Infection

On the day prior to infection, purified NSCs from the tertiary
generation of limiting dilution assay were finely dissociated
and seeded into 24-well plates (Corning Costar, USA) at a
density of 1x107/L, then infected with the supernatant of the
replication-defective recombinant retrovirus (pLXSN-BDNF)
containing BDNF genes of rats in the highest titer (3.4x10°
CFU/cell, constructed by members of our experimental
group™) in the presence of 8 mg/L polybrene (Sigma-Al-
drich, USA). After overnight incubation, infected NSCs were
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washed twice with medium and cultured with fresh prolifera-
tion stem medium for 2 d before adding 400 mg/L antibiotic
G418 (Sigma-Aldrich, USA) for selection and maintenance of
infected NSCs for the following 2 to 3 weeks (BDNF-NSCs).
NSCs were infected with a blank retrovirus (pLXSN) using the
same method as described above (p-NSCs). Parallel control
NSCs (control-NSCs) were also prepared and underwent the
same treatment except for infection and G418 selection.

GFP labeling

The G418-resistant BDNF-NSCs and p-NSCs, and control-
NSCs (cultured for 12 h before infection) were washed twice
with DMEM/F12 followed by infection with the solution of
rAAV2/EGFP (adeno-associated viruses type-2/enhanced
green fluorescent protein) at multiplicity of infection (MOI) of
1x10° (vector genome) vg/cell. After incubation for 1 h, the
virus liquid was gently removed from NSCs by centrifuge at
1000 r/min. Then fresh proliferation stem medium was added
into a centrifuge tube, and the NSCs were seeded onto T25
flasks and placed into an incubator. On the next day, expres-
sion of EGFP were detected by fluorescence microscopy and
fluorescence-activated flow cytometry (FACSCalibur, Becton
Dickinson, USA).

Real-time fluorescent quantitative PCR assay (FQ-PCR)

Prior to FQ-PCR assays, the standard curve was constructed
from recombinant plasmid pLXSN-BDNF in a series of dilu-
tions from 107-10° copies/uL. An RNeasy Mini Kit (Qiagen,
Germany) was used to extract total RNA from the three
groups, BDNF-NSCs, p-NSCs, and control-NSCs at the same
cell density (5%10%). The sequences of BDNF primers and the
probe are as follows:

BDNF-sense: 5-GGCCCAACGAAGAAAACCAT-3;

BDNF-antisense: 5-GAGGCTCCAAAGGCACTTGA-3';

BDNEF-probe: FAM-CACTTCCCGGGTGATGCTCAGCA-
TAMRA.

A total of 20-pL reaction liquid was added to tubes using a
One-Step RT-PCR kit (Invitrogen, USA), according to the man-
ufacturer’s instructions. FQ-PCR reactions were performed
using an FQ-PCR System (Roter-gene 3000, Corbett Life Sci-
ence, Australia) under the following conditions: 50 °C for 15
min, 95 °C for 2 min, and 40 cycles of 95 °C for 15 s plus 60 °C
for 30 s. The target amount was determined by the appropri-
ate standard curve, and these findings were repeated in two
separate sets of assays.

Enzyme linked immunosorbent assay (ELISA)

Cells from BDNF-NSCs, p-NSCs, and control-NSC groups
were seeded separately in 24-well plates at a density of 2x
107cells/L. Neurotrophic factor production of BDNF released
by three groups in vitro was measured continually for 4 d
using an ELISA kit (Boster, China) according to the manu-
facturer’s instructions. Each specimen underwent detection
three times, and average numbers of OD were obtained using
an ultraviolet spectrophotometer (Benchmark PLUS, Bio-Rad,
USA).
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Subretinal transplantation

Control-NSCs and BDNF-NSCs were centrifuged, resus-
pended in 200 pL PBS (30000 cells/uL), and placed onto ice
until transplantation. In this study, the normal female SD rats
at 8 weeks of age weighing 0.2-0.25 kg were deeply anesthe-
tized with an intraperitoneal injection of 10% chloral hydrate
(0.3 L/100 kg). The pupils were dilated with topical 1% tropi-
camide to view the fundus for transplantation surgery for
the following four groups: BDNF-NSCs (n=35), control-NSCs
(n=33), PBS control (1=8), and normal controls (n=8, no sur-
gery). The rats were labeled with numbers and were selected
at random on a computer into four groups. Under transpu-
pillary observation with the aid of a 90D preset lens (Ocular
Instruments, USA) in the surgeon’s left hand, and using a
binocular ophthalmic surgical microscope (Zeiss, Germany),
a 10 pL cell suspension was injected at the equator through
the pars plana of the sclera and choroid backwards into the
subretinal space of the eye with a 1 mL syringe and a 29-gauge

89 with a few modifications.

needle, as described previously
The operations were done carefully to avoid damaging the
lens, retina, iris, and vessels. The appearance of a dome-
shaped retinal detachment indicated that the cell suspension
was delivered properly into the target subretinal space. After
injection, the needle remained within the subretinal space for
2 to 3 min before being slowly withdrawn to prevent reflux of
the transplanted cells into the vitreous. The same volume of

PBS was injected in the blank controls.

Observation in vivo

Anesthesia and dilation of pupils of the experimental rats
were performed as described above on day 3, 10, 15 and then
once per month for 3 consecutive months after transplanta-
tion. Survival and migration of each transplanted cell in the
subretinas of rats were observed using noninvasive methods,
including a Heidelberg retina angiograph (HRA, Heidelberg,
Germany) and optical coherence tomography (OCT, Zeiss,
Germany) to review migration of donor cells under the sub-
retina and reattachment of retinal detachment of surgical rats,
respectively.

Immunohistochemistry

The rats from two cell transplantation groups (n=8 or 9 for
each group at four timepoints) and two control groups (n=2
for each group at every time point) were used for immuno-
histochemistry at day 10 and then monthly for 3 months after
transplantation. The rats were given an overdose of anes-
thesia, and the chests were opened for transcardial perfusion
with saline followed by 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (PB) until the rats’ tails became hard or the
eyes became white. To perform immunohistochemistry, the
eyes were opened at the corneas after removal from the fossa
orbitalis, immersed in 10% neutral formalin, and postfixed at
room temperature for 48 h. The anterior segments and the
lenses were cut away, and the resultant eyecups were washed
with tap water followed by dehydration through a graded
ethanol series. The eyecups were then embedded in paraffin.



Paraffin sections (2 pm) were obtained with an ultramicrotome
(Leica, Germany) and attached to glass slides. The sections
(a small portion of sections were dedicated to hematoxylin
and eosin (HE) staining) were then incubated overnight at 4
°C with primary antibodies: nestin (1:200), NSE (1:100), and
GFAP (1:300). After reaction with the primary antibodies, the
specimens were washed 3 times with PBS for 5 min and incu-
bated with the corresponding secondary antibodies (horserad-
ish peroxidase (HRP) conjugated goat anti-mouse/rabbit IgG)
for 20 min in a humid box in the dark at room temperature.
Coloration was made with 3, 3’-diaminobenzidine (DAB) solu-
tion (positive product was labeled brown). Slides were rinsed
completely, and nuclei were counterstained with hematoxylin.
Subsequently, specimens were dehydrated and mounted with
neutral resin and coverslips for histologic analysis. To count
the number of labeled cells and avoid counting errors, every
tenth section of the eyes was examined with a light microscope
(Leica, Germany).

Statistical analysis

In all quantification procedures, observers were blinded to
the nature of the experimental manipulation. All data were
analyzed using SPSS version 10.0 and presented in the text as
meanststandard deviations (SD). One-way analysis of vari-
ance (ANOVA) was used for comparison of purified rates
of the three NSC groups and the results of FQ-PCR, while
repeated measurements of ANOVA were used to determine
the results of ELISA assay and the numbers of labeled cells by
immunohistochemistry in retinas. P<0.05 was considered sta-
tistically significant.

Results

The process of NSC purification

Primary cultures of dissociated subependymal zone tissues
of embryonic rats established a population of adherent cells
within 24 h of plating. In the supernatant, floating aggregates
(neurospheres) appeared on day 2. NSCs were small and
round with little morphological evidence of differentiation
and increased in both size and number with time in culture
(Figure 1A). We started to passage NSCs while the center of
the neurosphere became dark. The self-renewal capacity of
these neurospheres was established by plating single cells
(refer to Materials and methods) in single wells of 96-well
plates. Under these conditions, we observed the proliferation
of a single cell into a neurosphere (Figure 1B-1D). Consider-
ably high purity of NSCs was gained by expansive culturing
of these clonal neurospheres.

Observation of NSC differentiation process

The vast majority of cells in the neurospheres obtained by
limiting dilution assay expressed nestin immunoreactivity
(IR) (Figure 1E). The rates of nestin-positive NSCs of puri-
fied groups using limiting dilution assay was higher than that
of consecutive passage assay, and both purified groups were
higher than that of primary cultured NSCs™. The differenti-
ated cells cultured with 7 days exposure to 10% FBS exhib-
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Figure 1. (A) primary neural stem cells. A cell became to divide at
d 2 after plating single cells in single wells of 96-well plates (B) and
proliferated continually at d 6 (C), and neurosphere composed of several
decades of cells were formed at day 10 (D). (E-F) Immunocytochemical
staining of differentiated neural stem cells (NSCs). (E) nestin; (F) GFAP
(glial fibrillary acidic protein); (G) NSE (neurone specific enolase). Bars:
100 um.

ited neuronal-type morphology with elliptic cell bodies and
bipolar or multipolar extending processes. These cells were
immunolabeled for the mature markers GFAP, indicating
differentiation along glial lineages, and exhibited similar to
neural network connection (Figure 1F), and some were labeled
with NSE protein (Figure 1G), indicating differentiation along
neuronal lineages.

GFP labeling as an indicator

As shown in Figure 2A, GFP expression was observed in NSCs
3 d after infection. Fluorescence intensity of GFP increased
gradually in a time-dependent manner (Figure 2B-2C), which
suggests that this reporter could be used as an index of detec-
tion of transplanted cells in the host in vivo. Consistent with

Acta Pharmacologica Sinica
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Figure 2. (A-C) GFP expression could be observed in NSCs by fluo-
rescence microscopy at d 3 (A) and GFP fluorescence intensity became
more and more stronger (B-C) with time. Bars: 100 ym. (D-F) GFP
expression rates of NSCs detected by flow cytometry. The M1 pool
identifies labeled cells of varying intensity. The pool except M1 identifies
unlabaled cells. The ratio of fluorescence cells in M1 gradually increased
to almost 47.72% during the course of the experiment.

results ascribed as above, the results obtained by using flow
cytometry also showed that GFP-expressing rates in NSCs
exerted a time-dependent fashion (Figure 2D-2F; 6.08% on day
3, 26.57% on day 5, 47.72% on day 10). The high GFP expres-
sion level could last for about one month from our observa-
tions.

Detecting expression of BDNF using FQ-PCR

To confirm whether BDNF-NSCs, p-NSCs, and control-NSCs
expressed BDNF in cultured NSCs in vitro, mRNA from

Table 1. ELISA for BDNF (ng/L).

these NSCs (at the same cell numbers) was amplified using
real-time fluorescent quantitative PCR. Using rat-specific
primers and probes (refer to Materials and methods), the
quantitative neurotrophic factor of BDNF gene expression
in vitro was compared with one-way ANOVA among three
groups. BDNF-NSCs contained far greater levels of BDNF
mRNA [(10.79£0.34)x10° copies/uL, P<0.001] than p-NSCs
[(1.45+0.04)x10° copies/uL] and control-NSCs [(1.83+0.06)x10°
copies/pL]. BDNF expression in the latter two groups showed
no statistical difference (P>0.05), which demonstrated that
exogenous gene BDNF had been integrated into the genome
of NSCs, and the changes in BDNF expression were not the
result of retroviral infection or due to the effect of G418.

ELISA

The specific ELISA for BDNF protein levels was performed on
conditioned media collected from BDNF-NSCs, p-NSCs, and
control-NSCs in vitro at different timepoints within 4 d. The
statistical significance of the results was evaluated by repeated
measurement of ANOVA. BDNF expression displayed a
significantly increased tendency with time in the three NSC
groups. At day 4, BDNF-NSCs showed a robust release of
BDNF with a maximum peak of 824.39+37.64 ng/L from total
proteins determined by ELISA (Table 1). BDNF protein lev-
els of BDNF-NSCs were highest of the three groups (P<0.05),
and there was no statistical difference between the other two
groups (P>0.05, Table 1), which is consistent with the results
obtained by FQ-PCR. These results suggest that engineered
NSCs could express exogenous genes and proteins.

The in vivo data suggest that BDNF promotes successful rate of
NSC transplantation

An OCT graph of normal rat retina is shown in Figure 3A.
OCT examination on BDNF-NSCs-transplanted rats on day
3 demonstrated a large retinal detachment (Figure 3B) at the
transplanted site. Only a shallow retinal detachment (Figure
3C) could be seen on days 10-15. The retinal detachment
almost completely reattached except for one or two small,
occasional blebs (Figure 3D) at one month, and some hyper-
reflective areas (red/white, presumably corresponding to the
donor cells) were observed at the host retinal layers and the
RPE. The images of OCT showed that blebs disappeared,
and the retinas became flattened, and a hyper-reflective linear

Cell types 1 day 2 days 3 days 4 days
BDNF-NSCs 95.90 (6.65)" 183.04 (7.50)° 298.69 (10.38)° 824.39 (37.64)"
p-NSCs 39.76 (5.41)" 46.59 (6.05)° 50.93 (5.37)¢ 56.81 (5.55)°
Control-NSCs 40.36 (6.38) 47.65 (3.31) 51.92 (6.56) 58.00 (5.26)

Kinetic analysis of BDNF released by BDNF-NSCs and both group of control respectively. Conditioned media were collected after 1, 2, 3, and 4 d at
each time point from three groups. BDNF expression displayed a significant increased tendency with time in all groups, and at the end of 4 d, BDNF
protein levels of BDNF-NSCs reached the peak. SD is shown in the brackets. "P<0.05 vs p-NSCs and control-NSCs, “P>0.05 vs control-NSCs [BDNF
protein levels of BDNF-NSCs were highest among three groups (P<0.05) and there were no statistical difference between the other two groups (P>0.05)].
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Figure 3. (A) OCT images of normal retina of rat, short arrow: neural
retinas layer; long arrow: RPE (retinal pigment epithelium) and Choroid
layer. (B-F), OCT examination of BDNF-NSCs transplantation. There is
a big retinal detachment (B, white arrow) at the injected site at d 3. A
shallow retinal detachment (C, white arrow) could be seen at d 10-15.
The retinal detachment reattached almost except one or two small bleb
(D, white arrow) at 1 month and hyper-reflective sites (red/white) probably
indicating the graft (D, red arrows) were noted at the host retinal layer
and the RPE layer. (E) After 2 month, the bleb almost disappeared and
host retina recovered to normal structure. The hyper-reflective bands (red
arrow, donor cells) could be easily detected between neural retinas and
choroid layers. (F) The intensity and areas of red/white bands (red arrows)
became stronger and retinal structure became little vague at 3 months
after surgery, which suggested that donor cells perhaps have merged with
host retina or undergone proliferation. Bars, 100 ym.

band (Figure 3E) was formed two months following subretinal
transplantation of BDNF-NSCs. This additional hyper-reflec-
tive band became larger and likely integrated with host retina
or had undergone proliferation at three months (Figure 3F).
The same results were observed in the other transplanted cell
groups (data not shown). The PBS group showed only retinal
detachment, and nothing was observed in the normal control
group (data not shown).

HRA examination tracking the migration of transplanted NSCs

GFP-expressing fluorescence of donor cells could be detected
by HRA to track the transplanted cells in host tissues. As
shown in Figure 4A, 10 d after BDNF-NSC transplantation,
one could observe restricted fluorescence only in the vicinity
of the surgical site. It appeared that some fluorescent masses
(Figure 4B) migrated slightly from the injection site to the sur-

www.chinaphar.com

Zhou XM et al

Figure 4. (A-D), HRA of the BDNF-NSCs transplantation at different time
points. A little of fluorescence were observed at the surgical site at d
10 (A, red arrow, donor cells). Some fluorescence masses (Figure 4B,
short red arrow) migrated slightly from the injected site one month after
surgery. Most donor cells migrated to a fan-like shape (Figure 4C) and cell
areas and the distance of migration increased at 2 months. Some cells
migrated to peripheral retinas at 3 months (Figure 4D). Black lines were
retinal vessels of rats (blue arrow heads). The control-NSCs transplant
groups displayed a similar phenomenon at the same time point (data
not shown), but some cell clumps gathered easily (Figure 4E, red arrow)
and the migrating distance were short. The retina of transplanted area
was found flat before laser (Figure 4F, yellow arrow: optic nerve head; red
arrow head: central retinal arteries; blue arrow head: central retinal veins;
red arrow: migrated areas; white point was reflect light). Bars, 200 pm.

rounding area one month after surgery. Fluorescent areas
and intensity became larger and stronger, and the distance of
migration increased in a time-dependent manner after trans-
plantation (Figure 4C-4D, 2-3 months), which suggested that
cell grafts could not only survive but also proliferate in the
host tissue. Most donor cells migrated along the host nerve
fiber away from the optic papilla and grew a fan-like shape
(Figure 4C). Results from the control-NSCs transplant groups
displayed a similar phenomenon at the same time point (data
not shown), but some cell clumps were prone to gather (Figure
4E), and the migrating distance and cell expanding areas were
less than that of the BDNF-NSCs. The retina of transplanted
area was found to be flat before laser application (Figure 4F),
which was consistent with the results of OCT. PBS control
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and normal control groups showed no fluorescence at any
time point (data not shown).

Immunohistochemistry

HE staining showed retinal structure before surgery (Figure
5A). Immunohistochemistry of retinas containing trans-
planted cells confirmed that the nestin-positive donor cells
(Figure 5B) existed in the injected site in approximately equal
numbers between BDNF-NSCs and control-NSCs. The results
showed that there were no cells labeled for NSE or GFAP pro-
tein in these two transplanted groups 10 d after transplanta-
tion, which indicated that the injected cells were neural stem
cells without differentiation at this time point. One month
after transplantation, donor cells occurred both as individual
cells and as occasional small clusters of cells attached to the
retinal surface. Immunolabeling of retinal sections revealed
that a few of the transplanted cells within the recipient tissue
expressed NSE (Figure 5C) and GFAP (Figure 5D) and lay in
the outer nuclear layer (ONL) and exhibited neuronal-like
morphologies with processes, but expression was negative
for nestin protein in the retinas. The number of cell immu-
noreactions with NSE in the BDNF-NSCs group (9.63+2.37)
was slightly higher than that of the control-NSCs group
(6.05£1.08); however, there was no statistical difference among
the two groups (P>0.05). The number of GFAP-positive cells
was higher in the control-NSCs group. Two months after
transplantation, immunohistochemical analysis demonstrated
that most of the donor cells appeared to migrate to the deep
retina, and few migrated into the inner nuclear layer (INL) of
the retina. Within the ONL and outer plexiform layers (OPL)
of the retina, we commonly observed bodies and processes of
donor cells expressing NSE with extensive branching in the
BDNF-NSCs group (Figure 5E). Grafted control-NSC cells
remained in the ONL. More NSE-positive cells were found in
the BDNF-NSC group (18.18+1.55, P<0.05) compared to that
of the control-NSC group (10.28+1.32). In contrast, GFAP-
labeled cells in the control-NSC group were highest between
the two groups. Whole mount analysis indicated that three
months after transplantation of donor cells into the subretinal
space of normal rats, a large fraction of donor cells expressed
the neuronal markers NSE or GFAP. NSE-labeled cell number
of BDNF-NSCs (22.87£3.12) was still higher than the control-
NSC group, and a few of the NSE-positive cells had migrated
into the inner nuclear layer (INL) of the retina (Figure 5F). The
grafts of control-NSCs were still in ONL three months after
transplantation (Figure 5G). Occasionally, a few of the grafted
cells lay in RPE (Figure 5H) at 3 months.

Discussion

Our data indicated that pLXSN-BDNF could effectively
transfer NSCs. The results from both the in vivo and the in
vitro experiments showed that the donor cells could survive,
migrate, and differentiate into neuronal and glial cells in the
normal adult host retinas, and that BDNF further strengthened
this effect. It appears that this method could be used for cell
transplantation to cure neuropathy of the eye.
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Figure 5. Immunohistochemistry of injected site of rat retinas. HE staining
showed normal retinal structure (A). The nestin positive cells of BDNF-
NSCs group (B, red arrow) existed between the retina and choroid at d 10
after transplantation. One month after transplantation, immunolabeling of
retinal sections revealed that a few of transplanted cells expressed NSE (C:
BDNF-NSCs, red arrows) and GFAP (D, BDNF-NSCs, red arrow) and lay in
the outer nuclear layer (ONL) and exhibited neuronal-like morphologies. At
2 months after injected, immonuhischemical analysis demonstrated that
most of the donor cells appeared to migrate to the deep retina. Within the
ONL and outer plexiform layers (OPL) of the retina, we commonly observed
bodies and processes of donor cells expressing NSE with extensive
branching in the BDNF-NSCs group (E, long red arrows: bodies of cells;
short red arrow: processes of cells). Whole mount analysis indicated that,
3 months after transplantation of donor cells into the subretinal space of
normal rats, a few of NSE positive cells of BDNF-NSCs group had migrated
into inner nuclear layer (INL) of the retina (F, red arrow). Graft of control-
NSCs were still in ONL at 3 months (G, red arrows). A few of grafted cells
lay in RPE (H, red arrow). BDNF, brain-derived neurotrophic factor; NSCs,
neural stem cells; NSE, neurone specific enolase; GFAP, glial fibrillary
acidic protein; ONL, outer nuclear layer; INL, inner nuclear layer; OPL,
outer plexiform layer; RPE, retinal pigment epithelium. Bars, 100 pm.

NSCs signal the rapid development of neurology and display
vigorous vitality in the regenerative medicine of the nervous
system. NSC transplantation has been used by many inves-
tigators to observe the effectiveness of curing degenerative
diseases and injury reparation of the nervous system because
NSCs can not only differentiate to certain cell types, but also
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serve as a vehicle for delivery and expression of the thera-

(16171 Some hemi-

peutic genes in the focus of transplantation
parkinsonian model rats that received human tyrosine hydrox-
ylase-1 (HTH-1) gene-transduced donor neural progenitor
cells (NPCs) have achieved functional recovery"®. Lu P et al”!
demonstrated that C17.2 neural stem cells can elicit significant
host axonal growth after spinal cord injury, presenting a cel-
lular substrate to the lesion site that supports axonal extension
even in the absence of stem cell differentiation. The grafting of
NSCs to specific regions of the nervous system has previously
been reported to induce differentiation of cells to lineages
appropriate to the environment where they are placed!*>!l,
These data strongly support our choice of NSCs as the donor
cells for the transplantation because the optic nerve is part of
the central nervous system.

Optic neuropathy is a degenerative disease and has no effec-
tive treatment in ophthalmology; it is caused mainly by the
apoptosis of retinal ganglion cells (RGCs) due to neurotrophin
deprivation. Brain-derived neurotrophic factor (BDNF) is a
member of the neurotrophic family, and its receptors have
been identified on the cells in the RGC layer and inner nuclear
layer® !,
BDNF only delayed, but did not rescue, RGC apoptosis in

It has been reported that intravitreal injection of

experimental glaucoma rats®!. Tt is well known that NSCs
secret BDNF; however, the endogenous BDNF level is very

B4 Also, the trans-

low and not enough for a therapeutic dose
planted NSCs in the host usually differentiate to glial cells
instead of neurons in vivo. Based upon the results obtained
from NSC transplantation studies, these investigators con-
cluded that using either NSCs or BDNF alone in the treatment
of optic neuropathy is not entirely effectivel'” "', Therefore,
we hypothesized that the combination of BDNF and NSCs
may elevate the treatment effect. In a recent study, NSCs
transplanted along with solutions of slow-releasing BDNF into
the vitreous cavity of developing rats resulted in the majority
of donor cells integrating into the host retina, but the differ-
ence was not statistically significant compared with the control
group. These data indicated that the neuroprotective effect of
BDNF's slow-releasing system on NSCs was limited as well®,
To this end, we planned to utilize gene transfer to ensure con-
tinuous and prolonged delivery of neurotrophic factors by the
donor cells. In this study, we implemented the overexpres-
sion of BDNF in purified NSCs by retroviral vectors with the
advantages of low cell toxicity and immune responses, high
efficiency and precision of integration, permanent expression
of incorporated genes after integration into the chromosome
of the host, and no wild virus generation[l(” 2271 The BDNF-
NSCs were labeled with AAV-EGFP and transplanted into
the subretinal space of normal rat retinas. The results of
HRA and OCT revealed that the donor cells could survive
and migrate in the host retina, which are consistent with the

results of previous studies® *!

. Three months after transplan-
tation, the immunohistochemical analysis demonstrated that
the control-NSCs only distributed at the ONL while BDNF-
NSCs appeared at the deeper retina of INL, and the graft cells

seemed to form synaptic connections with host cells in the

retina, which suggested that exogenous BDNF facilitated the
migration of transplanted cells. Furthermore, the transplanted
BDNE-NSCs differentiated into neurons more efficiently than
the control-NSCs in vivo, which was in accordance with the
observation that BDNF can help NSCs to differentiate into
neurons in vitro™,

Additionally, there are some advantages in the transplanta-
tion process and examinations of our study. Instead of search-
ing for a contact lens to match the small eyeball of rats, a 90D
preset lens can introduce a 29-gauge needle into the subretinal
space of the host in a complete manner and with only one port,
thereby simplifying the operation and reducing tissue dam-
age. To avoid sucking a small amount of vitreous before vitre-
ous cavity injection and the barriers of the posterior vitreous
limiting membrane and ILM (internal limiting membrane), we
performed subretinal space injection. Our results show that
transplanted cells survived well in host retinas without immu-
norejective reaction, and no obvious inflammation occurred in
any recipient rat, but we did not examine the index of immu-
norejective reaction. The lack of an immunorejective reaction
in the recipient rats could be attributed to the following: 1)
embryonic NSCs from the rats used for this study may exhibit
low immunogenicity, and the BDNF genes are also derived
from the rats; 2) we performed the allogeneic graft, and the
subretinal space is the immune privilege area in the eyes; 3)
the rats with reflux and hemorrhage of eyes were excluded
from our study, so immunorejection was not observed. This
may lead to the success of BDNF-NSC transplantation with-
out any major immunorejection reaction. Thus, the technique
of intraocular injection is relatively safe and is easy to assess,
and this method could be applied to patients. Nondestructive
examination methods (such as HRA and OCT) were employed
to track the migration and distribution of transplanted cells in
this study, which offered a real-time detection and observa-
tion with dynamic and high resolution. These nondestructive
examination techniques in vivo accompanied with the rela-
tively easy and safe surgical procedure in our work could lead
to more successful transplantation with fewer complications.

In summary, we successfully established a rat model for
NSC transplantation with overexpression of BDNF, and our
results demonstrated that engineering BDNF into NSCs may
elevate the treatment effect of transplantation since BDNF
promotes the migration of NSCs and facilitates their neuronic
differentiation. However, we do not yet know the ability of
genetically modified NSCs to form synapses with other host
tissue cells and/or establish the correct neuronal networks
to revive architectural and functional reconstruction. These
issues need further investigation. Nonetheless, the results
of the current study may provide an advanced therapeutic
method for optic neuropathy.
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