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Abstract: Nuclear receptor-related factor 1 (Nurrl) has a crucial role in the development and maturation of mesen-
cephalic dopamine (DA) neurons and also plays a protective role in maintenance of DA neurons by inhibiting the ac-
tivation of microglia and astrocyte. Moreover, the mutations in Nurrl gene are associated with familial Parkinson’s
disease (PD), suggested that Nurrl modulation is a potential therapeutic target for PD. This study examines the
therapeutic effects of transplantation of Nurrl gene-modified bone marrow mesenchymal stem cells (MSCs) on
6-hydroxydopamine (6-OHDA)-induced PD rat models. MSCs were transduced with lentivirus expressing Nurrl gene
and then intrastriatally transplanted into PD rats. Our results showed that Nurrl gene-modified MSCs overexpress
and secrete Nurrl protein in vitro and also survive and migrate in the brain. Four weeks after transplantation Nurrl
gene-modified MSCs dramatically ameliorated the abnormal behavior of PD rats and increased the numbers of
tyrosine hydroxylase (TH)-positive cells in the substantia nigra (SN) and TH-positive fibers in the striatum, inhibited
the activation of glial cells, and reduced the expression of inflammatory factors in the SN. Taken together, these find-
ings suggest that intrastriatal transplantation of lentiviral vector mediated Nurrl gene-modified MSCs has notable
therapeutic effect for PD rats.
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Introduction the disease, because the missing DA neurons

cannot be restored. There is an urgent need for

Parkinson’s disease (PD) is the second most
common neurodegenerative disorder, charac-
terized by the progressive degeneration of do-
paminergic neurons (DA neurons) in the sub-
stantia nigra (SN), resulting in severe motor
dysfunction, including tremor, rigidity, slowness
of movement, and postural instability [1, 2].
The cause of PD is not clear. The main strategy
for PD treatment is to restore the level of DA
and compensate the functional changes of
the basal ganglia caused by the loss of DA.
However, all current therapeutic approaches
for PD do not slow down or halt the progress of

new drugs and new methods of treating PD [3].
Cell replacement therapy is considered to be
one of the best candidate approaches for cel-
lular therapies because of the pathological fea-
tures of PD’s single cell damage [4]. In recent
years, the research of stem cells in the treat-
ment of PD by us and other researchers is
increasing [5-9]. In principle, the efficacy of cell-
based transplantation for PD animals and
patients would be apparent, but this therapeu-
tic strategy does not become a routine treat-
ment for PD because of the limited donor, long
term efficacy, tumorigenicity and ethical issues.
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Mesenchymal stem cells (MSCs) have the ad-
vantages of easy acquirement, self-renewing
ability, multilineage potential [10-12], immuno-
suppressive properties and low immunogenici-
ty, and secretory function [13, 14]. Furthermore,
they possess a non-tumorigenic potential and
are free of ethical restriction for cell transplan-
tation [15]. Without doubt, MSCs hold great
promise for clinical applications. Previous stud-
ies already exhibited their neural differentiation
abilities [10, 16, 17], and confirmed their poten-
tial use in the treatment of PD [5, 18, 19].
Although there are a number of reports on the
differentiation of bone marrow MSCs into DA
neurons, there still exist some obstacles to the
application, such as low directional differentia-
tion rate of MSCs and long-term viability of
MSCs-derived DA neurons. Therefore, it is nec-
essary to improve the methods for inducing
bone marrow MSCs to DA neurons in vivo and
to search for a more favorable strategy of cell-
based transplantation.

Nuclear receptor-related factor 1 (Nurrl), a
transcription factor, belongs to the orphan
nuclear receptor family. It is important for DA
neuron development and maturation [20].
Nurrl governs DA formation by inducing expres-
sion of tyrosine hydroxylase (TH), vesicular
monoamine transporter (VMAT2), dopamine
transporter (DAT), and aromatic amino acid
decarboxylase (AADC) [21-25]. Nurrl deficiency
in developing or mature DA neurons resulted in
loss of striatal DA, loss of expression of mDA
neuron-specific marker gene, and neuronal
degeneration, and associated with PD or exag-
gerated PD severity [20, 26], suggested that
Nurrl might be a potential therapeutic target
for PD [27]. Moreover, Nurrl also plays a pro-
tective role in DA neuron maintenance by inhib-
iting the activation of microglia and astrocyte
[28, 29]. There were some reports that over-
expression of Nurrl induced neural precursor
cells to differentiate into DA neurons [30-33].

In view of the distinctive features of MSCs and
the crucial roles of Nurrl in development dif-
ferentiation and maintenance of DA neurons,
intrastriatal transplantation of MSCs engi-
neered to overexpress Nurrl via recombinant
lentivirus was used to investigate effects on
6-hydroxydopamine (6-OHDA) induced PD rats
in respect to survival, differentiation and the
therapeutical effect of such cells. Our results
showed that Nurrl gene-modified MSCs can
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overexpress and secrete Nurrl protein in vitro
and can survive and migrate in the brain.
Intrastriatal transplantation of Nurrl gene-
modified MSCs improved the rotational behav-
ior of PD rats and increased the numbers of
TH-positive cells in SN and TH-positive fibers in
the striatum, inhibited the activation of glial
cells, and reduced the expression of inflamma-
tory factors in the SN. These results provide
proof that Nurrl gene-modified MSCs intrastri-
atal transplantation has a promising prospect
for application in PD.

Materials and methods
Culture and determination of rat MSCs

All experiments associated with rats were in
accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals, and approved by the Animal Ethics
Committee of Weifang Medical University. Rat
MSCs were isolated from the bone marrow
of 6-week-old Sprague-Dawley (SD) rats as
described [5]. Briefly, the rats were anesthe-
tized with chloral hydrate, and whole bone mar-
row was extracted from the tibias and femurs
and was suspended in low-glucose Dulbecco’s
Modified Eagle’s Medium (L-DMEM) (Gibco,
USA), containing 10% fetal bovine serum
(Gibco, USA), and maintained in a HERA Cell
150 CO, incubator (Heraeus, Germany) at 37°C
under 5% CO,. The final concentration of cells
in culture flasks (Corning, USA) was at 5 x 108/
mL. After 24 h, the medium was changed to
remove the nonadherent cells, and later the
medium was changed every 3 days. When the
cells reached 80% confluence, they were har-
vested using 0.25% trypsin (Sigma, USA) and
subcultured at a ratio of 1:3. At passage 3,
cells were characterized by immunocytoch-
emistry and used for gene transfection and
transplantation.

By staining the cell surface antigen markers,
the features of the bone marrow-derived
MSCs were determined by immunocytochemi-
cal methods [10]. The isolated bone marrow-
derived MSCs were approximately 100% posi-
tive for CD44 known mesenchymal stem cell
markers, but negative for CD34 regarded as
hematopoietic stem cell markers [34, 35], indi-
cating no contamination with hematopoietic
stem cells.
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Figure 1. In vivo study chronology. Rats received 6-OHDA injection (left “0”),
and post-lesion impairment was evaluated by intraperitoneal injection of
apomorphine at the end of 2 weeks. One day later, PD rats were divided into
3 groups (Saline group, Lv-MSCs group and Lv-Nurrl-MSCs group). The PD
rats in each group were intrastriatal injection of normal saline, GV287-MSCs
and GV287-Nurrl-MSCs, respectively. The number of animals in each group
was five. 1, 2 and 4 weeks after cell transplantation the rats in each group
were examined the behavioral changes. Rats were sacrificed for immunohis-
tochemical, RT-PCR and Western blot studies at the end of 4 weeks post-cell

transplantation.

Plasmids and virus vector GV287-Nurrl pro-
duction

Recombinant lentivirus containing rat Nurrl
gene was provided by Shanghai GeneChem.
The gene of Nurrl was amplified by PCR after
designed primers. The primers of Nurrl are:
forward, 5° GAG GAT CCC CGG GTA CCG GTC
GCCACCATG CCTTGT GTT CAG GCG 3’, reverse,
5 TCC TTG TAG TCC ATA CCG AAA GGT AAG GTG
TCC AGG 3’, The size of the amplified Nurrl
gene was 1838 bp. Then GFP-expressing
GV287 lentivirus vector inserted by Age I/Age |
digestion to construct the plasmids GV287-
Nurrl. The clone obtained was confirmed by
DNA sequencing. Then the vector mixture of
GV287-Nurrl 20 pg, pHelper 1.0 15 pg and
pHelper 2.0 10 ug was used for packaging len-
tivirus vector. The lentivirus vectors were used
for the transient transfection of 293T cells by
liposome transfection method.

Transfection of MSCs

The third passages of MSCs were used in the
following experiments. MSCs were transduced
with LV-Nurrl (multiplicity of infection, MOI: 50)
lentivirus vectors in the presence of polybrene
(5-10 pg/mL) for 12 h. The titer of lentivirus
vector GV287-Nurrl was 2 x 108 transforming
units (TU)/mL. Packaging and production of the
GV287 was performed. The empty backbone
vectors (GV287) were used as negative con-
trols. Expression of Nurrl protein in the cells
and supernatant of MSCs was examined by
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Sacrifice of rats

T ment strategy

Male Sprague Dawley (SD)
rats (200-250 g) received uni-
lateral stereotaxic injections
of 15 pg 6-OHDA (Sigma,
USA) (2.5 ug/uL, dissolved in
0.2% ascorbate-saline) into
the right striatum with two-
point injection of 6-OHDA in
two spots. In accordance with
the atlas of Paxinos and
Watson [36], the right cau-
date putamen and right glo-
bus pallidus coordinate sys-
tem were determined as following: caudate
putamen: AP + 0.7 mm, ML 2.6 mm, DV -4.5/-
5.5 mm; globus pallidus: AP + 4.4 mm, ML 1.2
mm, DV -4.5/-5.5 mm. The injection rate was
1.0 uL/min, and the needle was left in place for
10 min after each injection and then slowly
withdrawn at 1.0 mm/min.

All PD rats (n = 45) were randomly divided into
three groups based on the table of random
numbers. Saline group (PD + normal saline, n =
15): PD rats that received normal saline 6 pL;
Lv-MSCs group (PD + GV287-MSCs, n = 15): PD
rats that received 3-5 x 10%/uL GV287-MSCs;
Lv-Nurrl-MSCs group (PD + GV287-Nurrl-
MSCs, n = 15): PD rats that received 3-5 x 10%/
pL GV287-Nurrl-MSCs.

PD rats were anesthetized by intraperitoneal (i.
p.) injection of chloral hydrate and placed in a
stereotaxic apparatus. Cells (GV287-MSCs or
GV287-Nurrl-MSCs) were harvested by trypsin-
ization, washed twice, and resuspended in
serum-free medium at 3-5 x 10*/jL. A total of
2-3 x 10° cells/5 yL MSCs were injected into
striatum ipsilateral to the unilateral 6-OHDA
injection. Cell suspensions were implanted into
the striatum of the 6-OHDA-injected side hemi-
sphere with a 25 pL Hamilton syringe (Hamilton,
USA) at the following coordinates: AP + 0.2 mm,
ML 3.0 mm, DV -4.5/-5.5 mm. The syringe was
inserted to the deepest position (5.5 mm), and
3 WL cell suspension was injected. The needle
was left in place for 2 min, withdrawn to 4.5
mm, and another 3 pL cell suspension was
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Table 1. Primer sequences used in reverse transcription polymerase chain reaction

Gene Sequences of primers Annealing condition (°C) Size (bp)

Nurrl Forward primer 5-GCTAGCTGAAGCCATGCCTTGTGT-3’ 58.7 1835
Reverse primer 5’-CTCGAGACGTGCATGGGAGAAAGT-3’

TH Forward primer 5-TTATGGTGCAGGGCTGCTGTCTT-3’ 60 130
Reverse primer 5’-CACAGGCTGGTAGGTTTGATCTTGG-3’

DAT Forward primer 5 -TGGGTTTGGAGTGCTGATTGCC-3’ 62 130
Reverse primer 5’-GAAGGAGAAGACGACGAAGCCAGAG-3’

CD11b Forward primer 5-GCGAGAAGGAGACATCCAGAGCA-3’ 58.3 290
Reverse primer 5-CTGTGAAGATCCTCTGAGCCTCCAT-3’

GFAP Forward primer 5-GTTGTGAAGGTCTATTCCTGGTTGCTC-3’ 59 208
Reverse primer 5’-CAAACTTTCAAACAGGATGGACGCT-3’

COX-2 Forward primer 5-AGTGGGATGACGAGCGACTGTTC-3’ 58 210
Reverse primer 5’-AGCAGCGGATGCCAGTGATAGAG-3’

TNF-o Forward primer 5’-CACCCACACCGTCAGCCGAT-3’ 59 266
Reverse primer 5’-GATGAACACGCCAGTCGCCTC-3’

GAPDH Forward primer 5-TGTCGTGGAGTCTACTGGCGTCTT-3’ 62 278

Reverse primer

5’-TTCAGCTCTGGGATGACCTT-3’

injected. The syringe was left in place for 10
minutes before slowly extracting completely. In
place of cell suspensions, normal saline was
injected into the rats in the saline group. The
animals’ treatment strategies see Figure 1.

Apomorphine-induced rotations

Two weeks after 6-OHDA injection or 1, 2 and 4
weeks after the cells intrastriatal injection,
rotational behavior of rats were examined as
previously described [5]. Briefly, rats were
injected intraperitoneally with apomorphine
(Sigma, USA) (0.5 mg/kg), and only those rats
exhibiting =7 r/min during a 30 min period
toward the contralateral side after apomor-
phine treatment were regarded as successful
PD rat models and used for further experi-
ments. Rat behavioral analysis has been
assessed by two experimenters in a blinded
fashion to minimize bias.

Immunohistochemical detection

Four weeks after cell transplantation, PD rats
were deeply anesthetized with chloral hydrate
and perfused transcardially with 0.1 M phos-
phate buffer saline (PBS) followed by 4% para-
formaldehyde fixative. The brains transferred to
a 4% paraformaldehyde solution, post-fixed for
24 h at 4°C and then immersed in 30% sucrose
until they sank. Five rat brains in each group
were embedded in paraffin and cut into 5 ym
sections.
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To investigate the expression of Nurrl and TH
in both substantia nigra and striatum, and the
expression of CD11b, GFAP, COX-2, TNF-x in
substantia nigra, immunohistochemical stain-
ing was performed. The paraffin-embedded
sections were deparaffinized and rehydrated,
followed by washes in PBS and 0.01 mol/L
citrate buffer for antigen retrieval. Brain sec-
tions were blocked in 10% normal goat serum
for 30 min, and then incubated overnight at
4°C with the following primary antibodies:
Nurrl (1:200, rabbit, Abcam, ab93332, RRID:
AB_10563537); TH (1:1000, mouse, Sigma,
T2928, RRID: AB_477569); DAT (1:150, rabbit,
Santa Cruz, sc-14002, RRID: AB_2190287);
CD11b (1:300, mouse, Chemicon, CBL1512,
RRID: AB_93253); GFAP (1:300, rabbit, Santa
Cruz, sc-9065, RRID: AB_641022); COX-2
(1:200, goat, Santa Cruz, sc-1746, RRID:
AB_631310); TNF-a (1:70, goat, Santa Cruz,
sc-1350, RRID: AB_2204365). After a thorou-
gh rinse, sections were incubated with biotinyl-
ated secondary antibodies (Invitrogen, USA) at
37°C for 30 min, followed by 30 min of incuba-
tion in avidin-biotinylated peroxidase complex
(Invitrogen, USA) at 37°C. After being rinsed in
PBS, all sections were visualized with DAB.

Western blot

Western blot was performed to assess whether
Nurrl was expressed and secreted by MSCs
infected with GV287-Nurrl virus and to exam-
ine the expression changes of Nurrl, TH and

Am J Transl Res 2018;10(6):1583-1599



Nurrl gene therapy for Parkinson’s disease

Figure 2. Morphology and surface antigen of MSCs. The bone marrow cells were small and round and suspended
in culture fluid just after inoculation (A). After 24 h some cells adhering in the flask were visible (B). After plating
for 72 h, the attached cells were proliferating and dividing, and the cells showed a spindle or polygonal shape (C).
After about 10 days, the cells reached 80% confluence before being subcultured (D). After 3-4 passages, the cells
presented a relatively homogeneous spindle shape (E), and were arranged in parallel or spiral (F). Cells were posi-
tive for CD44 (G) and negative for CD34 (H). Scale bar: (A-D) = 100 uym; (E-H) = 50 pym.

DAT in SN tissue after the Nurrl gene-modified
MSCs transplantation.

The MSCs infected with GV287-Nurrl virus
were cultured for 72 h and total proteins were
extracted using RIPA lysis buffer (Takara).
Protein concentrations were estimated using
a bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific, Pierce, Rockford, lllinois,
United States). The proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinyli-
dene difluoride membranes (Millipore, Billerica,
Massachusetts, United States). The mem-
branes were blocked using 5% non-fat dry milk
in Tris-buffered saline and Tween 20 (TBST)
and then incubated with primary antibodies
directed against Nurrl (1:300, Abcam, Cam-
bridge, United Kingdom), B-actin (1:1000, San-
ta Cruz, USA, sc-69879, RRID: AB_1119529)
at 4°C overnight. The secondary antibodies
were applied for 2 h at room temperature. The
immunoblots were visualized using enhanced
chemiluminescence (ECL; Thermo Scientific).
The absorbances were quantified by using
Quantity One 1D Analysis Software (Bio-Rad),
and the relative level of Nurrl protein was
determined as the ratio of Nurrl to B-actin pro-
tein level.

Four weeks after cell transplantation, protein
extracts were prepared from the midbrain of
each group, and the Western blot procedure
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the same as above. The primary antibodies are
rabbit anti-Nurrl (1:400, Abcam, Cambridge,
United Kingdom), mouse anti-TH (1:2000,
Sigma, USA), rabbit anti-DAT (1:200, Santa
Cruz). B-actin (1:1000, Santa Cruz) served as a
loading control.

Reverse transcription-PCR

Total RNA was extracted from the lesion side
of the substantia nigra of each group using
TRIzol reagent (Sangon Biotech (Shanghai) Co.,
Ltd.) following the manufacturer’'s protocols.
About 2 pg of total RNA were reversely tran-
scribed in a 20 pL reaction using the AMV
reverse transcription system (Sangon Biotech
(Shanghai) Co., Ltd.). Polymerase chain reac-
tion (PCR) was performed in a 50 pL reaction
solution containing 25 pL of Premix Tagq™
(TaKaRa), 1 upL of forward primer, 1 uL of
reverse primer, 2 uL of template cDNA, and 21
pL RNase-free ddH,0. Sequences of the prim-
ers are shown in Table 1. The PCR products
were separated by electrophoresis on 1% aga-
rose gel, stained with ethidium bromide. The
gels were scanned and qualified using Image J
software. The mRNA level relative to that of
GAPDH was calculated.

Statistical analysis

Data (such as cell counting, average optical
densities detection) were analyzed by one-way

Am J Transl Res 2018;10(6):1583-1599
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in culture fluid just after inoc-
ulation (Figure 2A). After 24 h
some cells adhering in the
flask were visible (Figure 2B).
After plating for 72 h, the
attached cells were proliferat-
ing and dividing. These cells
showed a spindle or polygonal
shape (Figure 2C). After about
10 days, the cells reached
80% confluence before being
subcultured (Figure 2D). After
3-4 passages, the cells pre-
sented a relatively homoge-
neous spindle shape (Figure
2E), and were arranged in par-
allel or spiral (Figure 2F). The
adhering cells were positive
for CD44 (Figure 2G) but neg-
ative for CD34 (Figure 2H)
by immunocytochemical stai-
ning, indicating that they are
bone marrow MSCs.

Expression of Nurrl gene in
transduced rat MSCs

Relative levels of Nurr1 protein

. SR a— e [-aclin

When MOI = 50, the GV287-
Nurrl infection efficiency was
the highest, and the efficiency
of infection reached about
90% after 72 h. MSCs differ-

Figure 3. Expression of Nurrl gene in transduced rat MSCs. The morpho-
logical features of MSCs infected by lentivirus GV287-Nurrl (MOl = 50) at
different times (A-C) and MSCs transduced by lentivirus GV287 (D). MSCs
infected by lentivirus GV287-Nurrl after 24 h (A); MSCs infected by lentivirus
GVvV287-Nurrl after 48 h (B); MSCs infected by lentivirus GV287-Nurrl after
72 h, and differentiated into neuron-like cells with monopolar or multipolar
processes (C); MSCs infected by lentivirus GV287 after 72 h (D). Represen-
tative Western blot of Nurrl protein in cell extracts and supernatant from
MSCs after transduction with or without GV287-Nurrl. B-actin was used as
an internal control (E). The relative intensity of Nurrl protein was analyzed by
Western blot (F). Data are presented as mean + SEM. Scale bar: (A) = 100

entiated into neuron-like cells
with monopolar or multipolar
processes under fluorescen-
ce microscope (Figure 3A-C),
but the MSCs transduced wi-
th the blank vector underwent
no obvious morphological ch-
anges (Figure 3D). In order to
determine the effect of Nurrl

um; (B) = 50 um; (C, D) = 20 um.

ANOVA or two-way ANOVA. Statistical analysis
was performed with SPSS 13.0 software (SPSS,
Chicago, IL, USA). All data were presented as
mean + SEM. Statistical significances were cal-
culated using F-test. Statistical significance
was defined at P<0.05.

Results
Morphological characteristics of rat MSCs

Under the inverted microscope, the bone mar-
row cells were small and round and suspended
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expression in MSCs transdu-
ced with GV287-Nurrl, Wes-
tern-blot analysis was per-
formed to detect the effectiveness of transge-
ne expression. The results showed that Nurrl
specific protein bands were detected in MSCs
and supernatant before and after GV287-Nurrl
infection, but after GV287-Nurrl infection,
MSCs produced more Nurrl protein (Figure
3E). The average density of Nurrl and B-actin
specific bands was assessed and the relative
levels of Nurrl protein after normalizing to
B-actin increased more than ten times in MSCs
after GV287-Nurrl infection that were signifi-
cantly increased compared with control MSCs.

Am J Transl Res 2018;10(6):1583-1599



Nurrl gene therapy for Parkinson’s disease

A Bilateral SN in normal rats Bilateral SN in PD rats

-

DAT
B Cc v 1.59
Maker Control Model o
2000bp ?
2 e T
w0 < 19 - Model
" Z
= !
~ R 5
= ':(6 ” a
o GAPDH & il i_
' Nurrt ™ DAT
D E , 10
A= -
Control Model £ 084
Nurr 3 3 Control
R — (67kD) '.5 0.64 - Model
TH 2 A
- A (53iD) g 0.4-
DAT
— — Ol . % | ﬂ 5
w— | R "
EEETIS (43kD) & 0.0 : . :
Nurr1 TH DAT

Figure 4. Expression of Nurrl, TH and DAT in the substantia nigra of PD rats detected by immunohistochemistry,
RT-PCR and Western blot. Microphotographs showed the Nurrl, TH and DAT immunoreactive neurons (A). Represen-
tative RT-PCR of Nurrl, TH and DAT in normal and PD rats. GAPDH was used as an internal control (B). The relative
mRNA level of Nurrd, TH and DAT was analyzed by RT-PCR (C). Representative Western blot of Nurrl, TH and DAT
protein in normal and PD rats. B-actin was used as an internal control (D). The relative intensity of Nurrd, TH and DAT
protein was analyzed by Western blot (E). Data are presented as mean + SEM. *P<0.01, P<0.01 versus PD rat. The
number of rats in each group was as follows: control (n = 3), model (n = 5). Scale bar = 50 ym.

The Nurrl protein was almost undetectable in MSCs (Figure 3F). The results indicated that
the supernatant of MSCs, while it was observed lentivirus GV287 mediated Nurrl gene-modi-
clearly in that of GV287-Nurrl transduced fied MSCs over-express and secrete Nurrl.
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Figure 5. Survival and migration and differentiation of implanted cells in the rat brain of the Lv-Nurr1-MSCs group
four weeks after transplantation by immunohistochemical and double immunofluorescence staining. Lv-Nurrl-
MSCs were injected into the striatum with microsyringe. The number of Nurrl-positive cells in the right striatum was
significantly more than that in the left side, and cell migration was visible. Nurrl-positive cells were in the different
part of the brain. (A). Nurrl-positive cells were fusiform or polygonal, and some like neurons. (B) is the enlarged view
of (A) (B). Double immunofluorescence staining of TH (red) and Nurrl (green) and nucleus (blue) (C-E). The number
of rats in LV-Nurr1-MSCs group was five. Scale bar: (A) = 500 uym; (B) = 50 um; (C-E) = 20 um.

Expression of Nurrl, TH and DAT in the sub-
stantia nigra of PD rats

The microphotographs of Nurrl immunoreac-
tivity (ir) showed that Nurrl-ir products located
in the neuronal nucleus of the substantia nigra
as Chu Y reported [37]. Nurrl-positive cells
were found not only in the substantia nigra, but
also in the other brain regions. 6-OHDA result-
ed in the decrease of Nurrl-, TH- and DAT-
positive cells. There were a lot of Nurrl-positive
cells in the substantia nigra of the normal rats
(0.912 + 0.031, the ratio of the number of posi-
tive cells in bilateral substantia nigra), but less
positive cells in the substantia nigra of PD rats
(0.339+0.023) (Figure 4A). TH-immunoreactive
cells in the substantia nigra compacta pars dis-
played polygonal or pyramidal shapes, and DAT-
immunoreactive cells were oval or triangular.
There were many TH- and DAT-positive cells in
the substantia nigra of control rats (0.908 +
0.021) and (0.889 + 0.029), but only a few
TH-positive cells (0.279 + 0.033) and a small
number of DAT-positive cells in the substantia
nigra of PD rats (0.346 + 0.033) (Figure 4A).
Compared with the normal rats, the number of
the Nurrl-, TH- and DAT-positive cells in the
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substantia nigra of PD rats was significantly
decreased (P<0.01).

Message RNA expression analysis of Nurrl, TH
and DAT was carried by reverse transcription
PCR. The mRNA expression level of Nurrl, TH
and DAT were reduced in PD rats compared
with the normal rats (Figure 4B, 4C, "P<0.01).
The similar pattern was also observed for the
protein levels of Nurrl, TH and DAT in the sub-
stantia nigra in normal and PD rats by Western-
blot (Figure 4D, 4E, *P<0.01).

Survival and migration and differentiation of
the Lv-Nurr1-MSCs

Nurrl is essential for early differentiation of
midbrain DA neurons [19]. Nurrl over-expres-
sion improved survival rate of MSCs and pro-
mote fetal bone marrow MSCs migration [38].
Four weeks post-injection, the transplanted
cells could be easily observed by immunohisto-
chemical staining in paraffin sections of the
striatum, which was used as the target struc-
ture for the injection. The number of Nurrl-
positive cells in the right striatum was sig-
nificantly more than that in the left side.

Am J Transl Res 2018;10(6):1583-1599
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Figure 6. Effects of Lv-Nurrl-MSCs on the number of nigral TH-positive neurons, the density of striatal TH-positive
fibers, and the expression of Nurrl, TH and DAT in mRNA and protein level of the substantia nigra. The number of
nigral TH-positive neurons and the density of striatal TH-positive fibers in the group of Lv-Nurrl-MSCs-injected were
more than other group. TH-positive cells in the SN (A1-A4); TH-positive fiber in the striatum (The data has been
shown in the text) (B1-B4); Representative RT-PCR of Nurrd, TH and DAT in the SN. GAPDH was used as an inter-
nal control (C). The relative mRNA level of Nurrl, TH and DAT was analyzed by RT-PCR (*P<0.01, **P<0.05) (D).
Representative Western blot of Nurrd, TH and DAT protein in the striatum. B-actin was used as an internal control
(E). The relative intensity of Nurrl, TH and DAT protein was analyzed by Western blot (*P<0.01, *2P<0.05) (F). (A)
Substantia nigra; (B) Striatum; 1: normal side of the saline group; 2: saline-injected side of the saline group; 3: Lv-
MSCs-injected side of the Lv-MSCs group; 4: Lv-Nurrl-MSCs-injected side of the Lv-Nurrl-MSCs group. The number
of rats in each group was five. Scale bar: (A1-A4) = 100 um; (B1-B4) = 50 um.

Lv-Nurrl-MSCs were detected at other parts rons (Figure 5A, 5B). Double immunofluores-
of the brain, such as cerebral cortex and cence showed Nurrl/TH-positive cells (Figure
the contralateral brain. Some cells even have 5C-E), and no Nurrl/DAT-positive cells were
morphological characteristics similar to neu- found.
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the expression of TH [40, 41]
and DAT [42]. RT-PCR results
showed there was a constitu-

Figure 7. Effects of intrastriatal injection of Lv-Nurr1-MSCs on apomorphine-

induced rotation asymmetry in rats after 6-hydroxydopamine (6-OHDA) le-
sion. Average rotational turns/min are showed at different time points (1, 2
and 4 weeks, n = 5 for each group). The average rotational rates of PD rats
in the Lv-MSCs group (10.57 + 1.86 at 1 week, 7.64 + 1.56 at 2 weeks and
6.71 + 1.87 at 4 weeks) significantly decreased (*P<0.05), and the great-
est decrease was observed in the Lv-Nurrl-MSCs group (7.43 + 1.14 rota-
tion/min at 1 week, 6.14 + 1.48 at 2 weeks and 5.58 + 1.16 at 4 weeks)
compared with the saline group (10.92 + 1.69 at 1 week, 10.94 + 1.67 at
2 weeks, and 10.83 £+ 1.59 at 4 weeks) (*P<0.01). Moreover, the Lv-Nurrl-
MSCs group showed significantly greater behavioral improvement than that

of the Lv-MSCs group (°P<0.01).

Effects of Lv-Nurr1-MSCs on the survival of
nigral DA neurons and their axons

There were many dense-distributed TH-immu-
noreactive cells in the bilateral SN of the nor-
mal rats (Figure 6A1). But only a few in the SN
of lesion side of the saline group (Figure 6A2).
Four weeks after cell transplantation, the ratio
of the cell number of lesion side/normal side in
the Lv-Nurrl-MSCs group (0.903 = 0.037)
(Figure 6A4) is significantly greater than that of
the saline group (0.279 + 0.033) (P<0.01) and
Lv-MSCs group (0.446 + 0.029) (Figure 6A3)
(P<0.05). Similar difference of TH-immuno-
reactive fiber in the striatum, which is the pro-
jecting site of DA neurons from the SN, was
observed (Figure 6B1-B4). The ratio of the aver-
age optical density of TH-positive ter-
minals in the striatum in the lesion and normal
sides of the Lv-Nurrl-MSCs group (0.049 +
0.014) was significantly higher than that of the
saline group (0.026 + 0.009) (P<0.01) and the
Lv-MSCs group (0.046 + 0.012) (P<0.05).
These results indicated that Lv-Nurrl-MSCs
transplantation significantly improved the func-
tions of the nigrastriatal system.
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tive expression of Nurrl, TH
and DAT mRNA in SN, and the
expression of these mRNA in
Lv-Nurrl-MSCs group was sig-
nificantly greater than that in
the saline group (P<0.01) and
the Lv-MSCs group (P<0.05)
(Figure 6C, 6D). Western blots
confirmed that significant lev-
els of Nurrl, TH and DAT pro-
tein were produced in the SN
of rats in the Lv-Nurrl-MSCs group, more than
that of the saline group (P<0.01) and the
Lv-MSCs group (P<0.05) (Figure 6E, 6F). These
data suggest that the MSCs had therapeutic
effect for PD in the Lv-MSCs group and the
Lv-Nurrl-MSCs group, and the Lv-Nurrl-MSCs
transplantation had a better effect.

Effects of Lv-Nurr1-MSCs on rotational asym-
metry

Behavioral tests were carried out to assess
locomotor activity 2 weeks after 6-OHDA injec-
tion and 1, 2, 4 weeks after cells transplanta-
tion. The rotational behaviors induced by apo-
morphine of all groups were showed as Figure
7. Intrastriatal injection of Lv-Nurrl-MSCs
resulted in a significant decrease of the num-
ber of rotations in Lv-Nurrl-MSCs group (7.43 +
1.14 rotation/min at 1 week, 6.14 + 1.48 at 2
weeks and 5.58 + 1.16 at 4 weeks) when com-
pared with rats in the Lv-MSCs group (10.57 +
1.86 at 1 week, 7.64 + 1.56 at 2 weeks and
6.71 + 1.87 at 4 weeks) (P<0.05) or in the
saline group (10.92 + 1.69 at 1 week, 10.94 +
1.67 at 2 weeks, and 10.83 + 1.59 at 4 weeks)
(P<0.01). Moreover, the rotational asymmetry

Am J Transl Res 2018;10(6):1583-1599
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Figure 8. Effects of intrastriatal injection of Lv-Nurr1-MSCs on the morphology of the CD11b-, GFAP-, COX-2- and
TNF-o-positive cells and the integrated absorbance (IA) of CD11b, GFAP, COX-2 and TNF-a in mRNA level of the sub-
stantia nigra. CD11b-positive cells (A1-A4); GFAP-positive cells (B1-B4); COX-2-positive cells (C1-C4); TNF-a-positive
cells (D1-D4); Representative RT-PCR of CD11b, GFAP, COX-2 and TNF-a in the SN. GAPDH was used as an internal
control (E). The relative mRNA level of CD11b, GFAP, COX-2 and TNF-a was analyzed by RT-PCR (*P<0.01, 22P<0.05)
(F). 1: normal side of the saline group; 2: saline-injected side of the saline group; 3: Lv-MSCs-injected side of the
Lv-MSCs group; 4: Lv-Nurr1-MSCs-injected side of the Lv-Nurr1-MSCs group. The number of rats in each group was

five. Scale bar = 20 ym.

in the Lv-MSCs group at 2 weeks and 4 weeks
(P<0.05), not at 1 week, was significantly
decreased compared to the saline group. Data
are expressed as mean + SEM. The improve-
ment of PD rat behavior suggests that although
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both LV-MSCs and LV-Nurrl-MSCs injections
may have prevented striatal dopamine deple-
tion, leading to neuroprotective effect of the
nigrostriatal passway in PD rats, LV-Nurrl-
MSCs is better than LV-MSCs.
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Effects of Lv-Nurr1-MSCs on the activation
of neuroglial cells and the expression of pro-
imflammatory factors in the SN

Nurrl acts in microglia and astrocytes to sup-
press the production of inflammatory media-
tors associating with the death of dopaminergic
neurons [28, 43]. We investigated the effect of
Lv-MSCs and Lv-Nurrl-MSCs on microglia acti-
vation in the midbrain 4 weeks after the trans-
plantation. Microglia proliferation was visual-
ized by CD11b immunohistochemical staining,
and it was sparsely in normal side of SN in the
saline group rats (Figure 8A1). A large number
of activated microglia with thick processes and
enlarged cell bodies, also known as ameba-
like, was observed in the lesion side of SN in
the saline group rats (Figure 8A2). Lv-MSCs
transplantation could reduce the number and
the intensity of CD11b immunostaining in SN in
the Lv-MSCs group (Figure 8A3). A significantly
less increase in CD11b immunostaining was
observed in lesion side of SN in the Lv-Nurrl-
MSCs group (Figure 8A4). Similar results were
seen in the activation of another neuroglia cell,
astrocyte, observed by GFAP-immunoreactive
staining (Figure 8B1-B4). We also detected the
expression levels of pro-imflammatory factors
in the SN. The results showed that the integrat-
ed absorbance (IA) of COX-2 and TNF-a positive
cell in the SN in Lv-MSCs group and Lv-Nurrl-
MSCs group was less, and the staining was
lighter than that of the saline group. The results
suggested that cell transplantation alleviates
the increased expression of COX-2 and TNF-«
induced by 6-OHDA (Figure 8C1-C4, 8D1-D4),
and the effect of transplantation of Lv-Nurrl-
MSCs is more obvious. RT-PCR displayed the
expression levels of CD11b, GFAP, COX-2 and
TNF-c mRNA in the SN, and the results of
RT-PCR were same as the trend of the immuno-
histochemistry. Taken together, it indicates that
MSCs transplantation inhibits 6-OHDA induced
neuroinflammatory response, and Lv-Nurrl-
MSCs transplantation exerts a greater effect.

Discussion

So far there is no effective way to cure PD. Stem
cell therapy has great promise for PD as these
cells have self-renewal and multi-differential
potential. Bone marrow MSCs are the impor-
tant candidates for cell therapy, regarding their
easy acquirement, low immunogenicity, high
transfection efficiency and long-term expres-
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sion of exogenous gene [44]. The DA precursor
cells of the substantia nigra are derived from
the embryonic neural epithelium. Many cyto-
kines and transcription factors are involved in
the development and differentiation of DA neu-
rons in the central nervous system. Nurrl plays
important roles in neuronal neurotransmitter
phenotype determination, neuronal survival
and functional maintenance [20, 45]. The mid-
brain DA neurons of Nurrl gene knockout mice
are agenesis, and their phenotypic markers,
such as TH, ADCC, DA, are undetectable in the
nigrostriatal pathway. However, DA neurons in
other brain regions were intact. These findings
indicated that the role of Nurrl gene is specific
for the development of midbrain DA cells. Nurrl
also regulates midbrain DA neuron markers
such as TH, DAT, ADCC, VMAT2 [20], and these
proteins are closely related with DA synthesis,
vesicle packaging, axonal transport and DA
reuptake and vesicle storage [46].

Nowadays cell and gene therapy has brought
hope to the treatment of PD. MSCs are consid-
ered as a potent tool for regenerative cell ther-
apy [47]. Our preliminary study proved bone
marrow MSCs can differentiation into neurons
and glial cells in vivo and in vitro, further more
when MSCs were transplanted into the stria-
tum of the PD rats, the implanted cells can dif-
ferentiate into MAP+-positive neurons and pro-
mote the regeneration of neurons and axons in
the striatum, improve the abnormal behavior of
PD rat models. But in previous studies, it was
not found that the transplanted MSCs differen-
tiated into TH (the rate limiting enzyme in the
synthesis of dopamine) positive cells [5, 10].
We speculate that this may be because the
ability of MSCs to naturally differentiate into
mature DA neurons in the striatum is low as a
pluripotent stem cell. Therefore, in order to pro-
mote the differentiation of MSCs into DA cells
and ensure a sufficient number of DA cells to
meet the needs of PD treatment, one of the
approaches is to transduce the key transcrip-
tion factors that determine the development
and maturation of DA neurons from MSCs.
Since Nurrl plays a crucial role in the develop-
ment and maturation of DA neurons, in the
present study, we represent the efficient trans-
duction of rat MSCs with a lentiviral vector
encoding the complete cDNA of the rat nurrl
gene. The immunofluorescent staining showed
that the Nurrl-transducted MSCs revealed
strong fluorescence, and Western blot showed
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that both the Nurrl-transducted MSCs and
its culture medium expressed Nurrl protein.
These results indicated that lentivirus mediat-
ed Nurrl gene-modified MSCs could over-
express and secret Nurrl.

Gene therapy brings hope to the treatment of
PD. In the field of gene therapy, the lentiviral
vector has been widely used because it has the
advantages of high transduction efficiency,
long-term, stable transgene expression in the
CNS [48-50] and low cytotoxicity of human and
rat MSCs [51, 52]. Some of the previous stud-
ies on the lentiviral vector-based gene therapy
for PD model displayed that the vector contain-
ing the target gene is injected directly into the
brain of the rat [53-55]. The result of clinical
application displayed that ProSavin, a lentiviral
vector-based gene therapy that was produced
by a triple transient transfection of HEK293T
cells [51], was good in safety and tolerability
in patients with advanced PD, and the motor
behavior of all patients was improved [51].
While others exhibited that lentivirus-mediated
genetic engineering mesenchymal stem cells
were transplanted for PD model [56-59].
Transduction genes encode growth factors,
such as GDNF [56, 57, 60], neurturin [58],
Persephin (PSPN) [59], sonic hedgehog [54],
CDNF, MANF [61] or enzymes, for example, TH
[62], G protein coupled receptor kinase 6 [55]
or transcription factor, such as LMX1a [63] and
so on. Gene transduction not only improves the
aberrant behavior, dramatically increases the
number of TH-positive cells of the SN, stimu-
lates axon regeneration and increases the den-
sity of TH-positive terminals, but also raises DA
level in the striatum [52, 56, 58, 60, 61]. In this
study, we prepared lentivirus-mediated Nurrl
genetic engineering bone marrow MSCs, and
transplanted the LV-Nurrl-MSCs into the stria-
tum of PD rats. The rotational behavior of rats
was significantly improved in 2 weeks after cell
transplantation, and in 4 weeks, the improve-
ment of animal behavior is more obvious.

After 4 weeks of transplantation, the implanted
Lv-Nurrl-MSCs cells could survive in the stria-
tum and migrate to the cortex and the contra-
lateral brain tissue along the corpus callosum.
Compared with the saline group, the number
of Nurrl-positive cells and the density of
TH-positive terminals in the lesion side of the
striatum and the number of TH- and DAT-
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positive cells in the lesion side of the SN in the
Lv-Nurrl-MSCs group and the Lv-MSCs group
were increased significantly, especially the
Lv-Nurrl-MSCs group. Although only a small
amount of Nurrl/TH double positive cells were
found in the striatum, the number of Nurrl/TH
positive cells in the SN increased significantly.
These results suggested that although the pos-
sibility of the transplanted Lv-Nurrl-MSCs dif-
ferentiated into functional DA neurons is still to
be confirmed further, there are a lot of Nurrl-
positive cells in the striatum, and these cells
may act on the neighboring cells by secreting
Nurrl proteins, which is beneficial to the repair
of the injured DA neurons in the SN.

Neural inflammation is an important cascade
event of neuronal degeneration in PD [64],
including microglia activation, astrocyte gliosis
and cytokine release, which aggravated neuro-
degenerative process and finally led to neuro-
nal death. Postmortem analyses reported that
there were some microglia and astrocytes
around the degenerated neurons of the SN
[65]. The microglia activation and astrocyte
response were also found in various animal
models of PD. Microglia activation promotes
the release of reactive oxygen species (H,0,,
0,, NO) and toxic cytokines (TNF-q, IL-1B, IL-6,
IFN-y), then gives rise to oxidative stress and
mitochondrial dysfunction, and finally leads to
neuronal damage. Astrocytes play important
and critical roles in the initiation and progres-
sion of PD [66]. The changes of microglia and
other microenvironment in the brain are able to
trigger the function of astrocytes that produces
plenty of neurotoxic factors and lack of growth
factors to the neurons, eventually lead to neu-
ronal death [28, 67]. Recently, the neuroprotec-
tive effects of Nurrl have been increasingly
considered [29]. The research evidences pre-
sented that the reduction of Nurrl expression
resulted in the release of IL-13 and TNF-a from
microglia, and the production of hazardous fac-
tors, such as NO and ROS, could further magni-
fied the inflammatory reaction, which are the
factors that leads to the death of DA neurons.
So Nurrl expressed in glia acts as an inhibitor
of inflammatory cytokines secreted by activat-
ed microglia, and plays a key role in inhibiting of
expression of pro-inflammatory neurotoxic mol-
ecules in microglia and astrocytes [28, 67].
Therefore, we studied the effects of nurrl
gene-modified bone marrow MSCs on the
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changes of glial cells and the expression of
the inflammatory factors in the SN of PD rats.
The results showed that compared with the
LV-MSCs group and the saline group, the num-
bers of activated glial cells and COX-2- and TNF-
a-positive cells of the lesion side of the SN in
the LV-Nurrl-MSCs group were reduced. The
expression of CD11b, GFAP, COX-2 and TNF-a
mMRNA were reduced significantly. These results
suggested that the transplantation of LV-Nurrl-
MSCs may inhibit the activation of glial cells
and the expression of the inflammatory factors
of the SN, and plays an important role in anti-
inflammatory and neuroprotective effects on
DA neurons.

In summary, we verified that Nurrl gene-modi-
fied MSCs secrete Nurrl protein in vitro, and
Nurrl gene-modified MSCs transplanted into
the striatum survives and migrates in the brain
and some differentiate into TH-positive cells,
which results dramatically ameliorated the
abnormal behavior of PD rat and increased the
numbers of DA neurons in the substantia nigra.
The protective effect on DA neurons of the
intrastriatal transplantation of Nurrl gene-
modified MSCs is closely related with the inhibi-
tion activation of glial cells and the reduction of
expression of inflammatory factors. Thus, intra-
striatal transplantation of the Nurrl gene-mod-
ified MSCs achieves the purpose of treating PD
by two ways of secreting Nurrl protein and dif-
ferentiating into DA neurons.
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