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　　Abstract　　Ascorbic acid(AA)induced different iation of neural stem cells(NSCs)in to dopaminergic(DAergic)neu rons is report-

ed.NSCs derived from rat mesencephalon w ere maintained and expanded in a def ined medium containing mitogens of basic fib roblast

grow th factor (bFGF)and epidermal grow th factor(EGF).Compared wi th the cont rol , ascorbic acid t reatment led to more DAergic neu-

ronal dif ferentiation as indicated by the expression of tyrosine hydroxylase (TH)and dopamine transporter (DAT), which are specific

markers of dopamine neurons.AA induction also enhanced exp ression of Nurr1 and Shh.PD98059 , an inhibi tor of mitogen-activated pro-
t ein kinase/ ext racellular signal-regulated kinase(MAPK/ ERK)pathway , could block AA-induced Nurr1 , TH and DAT mRNA exp res-

sion.T he results migh t suggest a new st rategy to provide enough dopaminergic cells for the therapy of Parkinson' s disease(PD), and
Nurr1 and ERK signaling pathw ay might participate in the AA-induced DAergic diff erent iat ion.

　　Keywords:　neural stem cel ls , differentiation , Parkinson' s disease , mitogen-activated protein kinase(MAPK)/ extracellular sig-

nal-regulated kinase(ERK)pathway , signal transduction.

　　Recent prog resses in stem cell biology and recog-
nition of the unique biological propert ies of stem cells

have made i t possible to t reat the neurodegenerative

diseases including Parkinson' s disease(PD)by means
of cell replacement and nutri tional suppo rt with neural

stem cells (NSCs).Tissue reconst ruction based on

stem cells provides us with opportunities and some unpre-
dicted applications.The urgent task of today is to inter-
pret the signals modulating the expansion and differentia-
tion of stem cells and the underlying mechanisms , to con-
t rol stem cells differentiation into special defined pheno-
types such as DAergic neurons , and to enhance the sur-
vival and integration of cells af ter transplantation.

The applausive strategy to t reat PD is cell re-
placement[ 1] , which requires enough functional

DAergic neurons.NSCs can be used as an alternative

source of t ransplantation to replenish the DAergic

neurons.However , reliable means of inducing NSCs

to generate DAergic neurons has been far f rom satis-
factory.To find out ef fective inducto rs w hich could

provide unlimi ted cell resource for transplantation

might make a breakthrough in stem cell application.
Previous researches have found that several facto rs

could affect this process[ 2] .Recent ly , presence of

ascorbic acid (AA) in the central nervous sy stem

(CNS)aroused great interests[ 3] .Brain has the high-
est AA level among all tissues because of the presence

of a specific AA transporter sy stem(a recent ly identi-
fied stereo-specific transporter)in neurons , which is

responsible for keeping the steep int ra/ext ra-cellular
AA concentration gradient.AA concentration is espe-
cially high in forebrain including neostriatum which is

rich in dopaminergic terminals.And substrantia nigro
is the critical site cont rolling AA release f rom the

neostriatum[ 4] .Taking these into considerat ion , we
propose that AA may take part in the DAergic neuro-
genesis.On the base of long-term proliferation and

expansion of mesencephalic stem cells , our research

focused on the effect of AA on inducing DAergic dif-
ferentiat ion and possibly related gene expression in

this process.Using the MAPK cascade inhibitor

PD98059 , the signaling pathw ays involved w ere also

studied.

1　Materials and methods

1.1　Materials

Wistar rats were provided by the Experimental



Animal Center of Academy of M ilitary Medical Sci-
ence.Culture medium and g row th factor (DMEM/
F12 , B27 , EGF , bFGF)were obtained from Gibco.
The antibodies against nestin , dopamine t ransporto r

(DAT), g lial fibrillary acidic protein(GFAP), neu-
ron specific enolase (NSE) and galactocerebroside

C (Gal C)were purchased from Chemicon.Rat ty ro-
sine hydroxylase (TH) antibody and ascorbic acid

w ere the products of Sigma.The kits for RNA ex-
traction and reverse t ranscription were bought f rom

Promega.

1.2　Isolation and expansion of NSCs

NSCs w ere isolated from 12.5-day-old rat ' s
mesencephalon.The tissue w as microdissected and

incubated in 0.125% t rypsin for 30 min to obtain a

single cell suspension , which were then resuspended

in serum-f ree expansion medium DMEM/F12 supple-
mented with 2%B27 (Gibco), 20 ng/mL human re-
combinant FGF-2(Gibco), 20 ng/mL human recom-
binant EGF (Gibco), 100 units/mL penicillin and

100mg/mL streptomycin.Cells were plated at an ini-
tial concentration of 4×105 cells/mL in 25 cm2 cell

culture flasks and allowed to grow as microspheres.
Primary culture medium was changed every 3 ～ 4

days.For passage , neurospheres w ere dissociated to

single cells by trypsin incubat ion and resuspended in

culture medium.Nest in expression and the ability to

differentiate into neurons and glial cells of the ex-
panded NSCs w ere examined.

1.3　Ascorbic acid t reatment

The new ly passaged cells w ere plated onto Poly-
L-ly sine pre-coated glass coverslips at a densi ty of 5×
104 cells/mL in 24 w ell plates(Costar).After 3 days

culturing , the expansion medium was replaced by dif-
ferentiation medium DMEM/F12 containing 2%B27 ,
and supplemented with AA at different concentrations

(1 μmol/ L , 10 μmol/L , 50 μmol/L , 100 μmol/ L ,
200μmol/L).The medium was half changed on the

3rd day , and then on the 6th day cells w ere analyzed

for a number of markers specif ic fo r DAergic neuron ,
such as TH and DAT , using immunocytochemistry.

1.4　Gene expression during dif ferentiation

To examine gene expression profile , cells were

inoculated as above in 10 cm plates and separated into

3 g roups.As the control , cells were cultured in

serum-f ree expansion medium (DMEM/F12 , 2%
B27 , EGF , bFGF).In the second group , cells were

cultured in DMEM/F12 , 2% B27 , supplemented

w ith 5%FCS.The thi rd g roup w as t reated wi th AA

(DMEM/F12 , B27 , 100μmol/ L AA).The medium
was half changed on the 3rd day , and then cells w ere

collected on the 6th day for analyzing expression of

several possibly related genes , such as TH , DAT ,
Shh , PTX3 , Nurr1 using RT-PCR technique.

1.5　Effect of PD98059 on differentiation

PD98059 (2′-amino-3′-methoxyflavone , Cal-
biochem), a st rong inhibi tor of MEK(ERK kinase),
was used to analy ze w hether the ERK signaling path-
way w as involved in the AA-induced DAergic differ-
entiation.PD98059 w as dissolved in ethanol in dark

to yield 25 mmol/ L stock solution.This stock solu-
tion was added into 100μmol/L AA-induction medi-
um in a final concentration of 25μmol/L.The medi-
um was half changed on the 3rd day and the cells

were collected on the 6th day for analysis.

1.6　Immunocy tochemist ry

Cells w ere fixed with 4% parafo rmaldehyde.
Nonspecific binding si tes were blocked wi th 5% goat

serum in phosphate buffered saline (PBS), and the

cells w ere permeabilized with 0.1% Tri ton X-100 in

PBS.Primary antibodies w ere incubated w ith the

cells for 2 h at 37 ℃ and kept overnight at 4 ℃ at di-
lutions f rom 1∶500 to 1∶1000.The follow ing primary
antibodies were used:Monoclonal anti-TH (1∶500),
monoclonal anti-DAT (1∶1000), monoclonal anti-
nestin(1∶200), ant i-GFAP (1∶500), anti-NSE (1∶
200)and Gal C (1∶1000)antibodies.After being

w ashed three times fo r 5 min w ith PBS , bio tinylated
secondary antibody w as applied and incubated for

30 min , and after w ashed as above , streptavidin-con-
jugated HRP was added and incubated for another 30

min.DAB dying w as operated as described every-
where.Then the slides were w ashed and sto red for

observing.Fo r nestin expression , fluorescein linked

secondary antibody w ere added to incubate with fi rst

antibody for 30 min and observed by a fluorescence

microscope.

1.7　RT-PCR analysis

For RT-PCR analysis , cells were collected and

subjected to T RIZOL lysis and total cellular RNA ex-
t ract ion w as carried out according to the manufactur-
er' s recommendation.MMLV kit (Promega)was

used for reverse transcription.The following primers

were used to amplify target cDNA (Table 1).PCR
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was perfo rmed for 32 cycles of 94 ℃ for 30 s , 52 ℃
(TH)/55 ℃(DAT , Nurr1 , Shh , PTX3)for 30 s ,

and 72 ℃ for 30 s w ith a GENEAMP PCR System

2400(Perkin-Elmer).

Table 1.　Primers designed to detect target cDNA

cDNA Up Down Product size(bp)

TH 5′-CAG AGT CTC ATC GAG GAT GC-3′ 5′-CTT GTC CTC TCT GGC ACT GC-3′ 376

DAT 5′-TGC TGG TCA T TG TTC TGC TC-3′ 5′-ATC CAC ACA GAT GCC TCA CA-3′ 202

Nurr1 5′-CT T GTA CCA AAT GCC CCT G-3′ 5′- CAT CGG GCT ATG CTG TAC C-3′ 196

Shh 5′-AAA AGC TGA CCC CTT TAG CC-3′ 5′-TGC ACC TCT GAG TCA TCA GC-3′ 198

PTX3 5′-GAG CAC AGT GAC TCG GAG AA-3′ 5′-CTC AGT GAG GTT GGT CCA CA-3′ 201

2　Results

2.1　NSCs expansion in vi tro

Many cells died in the special serum-f ree culture

medium in primary culture , while a few other cells

divided rapidly and formed small clusters in a few

days.Thereaf ter , the clusters g rew larger steadily

and formed proliferating spheres.After 7 days expan-
sion , many f loat spheres composed of hundreds of

cells could be seen.The spheres exhibi ted regular

shape w ithout neurite extension(Plate I , lef t).The
medium was changed every 3 days and the cells were

passaged every 6 ～ 7 day s.Primary clone forming rate

w as very low , while increased for the follow ing pas-
sage.These cells could be passaged continuously in

vi tro , and showed a constant expansion rate in every

passage.After 15 passages , the to tal cell number in-
creased by about 2.4×104 folds.

While proliferat ing , the spheres were immunore-
active fo r nestin , an intermediate f ilament found only

in progeni tor cells(Plate I , right).When the mito-
gens w ere w ithdrawn and FBS added , the cells at-
tached to the bot tom of the f lasks g radually and began

to show different appearances.Neuron-like cells ex-
hibited round o r ellipsoidal cell body w ith few long

ex tensions;glial-like cells were thin and flat w ith sev-
eral extensions(Plate II).

2.2　Effect of AA on NSCs differentiation

Removal of mitogens ini tiated random differenti-
ation of NSCs , but the amount of TH+ cells w as

rave.In contrast , exposure of the stem cells to AA

increased the proportion of TH+cells in dif ferent iated

cell population.100 μmol/L AA treatment led to

more than 20-fold increase , and 10μmol/L AA led to

nearly 5-fold increase in TH
+
cells compared w ith the

control(Plate III , Fig.1).DAT protein expression

also increased(Plate IV , Fig.1).But 1μmol/ L AA

treatment show ed no significant function.Addi tional-
ly , when AA exceeded 100μmol/ L , the ratio of TH+

cells w ould not increase any mo re.

TH and DAT mRNA expression levels during

AA induced differentiation w ere tested by RT-PCR.
In agreement w ith the immunocy tochemical results ,
AA treatment increased the expression level of TH

and DAT mRNA(Fig.1).

Fig.1.　TH and DAT mRNA expression induced by AA.a , Con-
t rol;b , 1μmol/ L AA;c , 10μmol/ L AA;d , 50μmol/ L AA;e ,

100μmol/ L AA;f , 200μmol/ L AA.

2.3　Gene expression in dif ferentiation of NSCs

To understand the mechanisms involved in the

AA-induced DAergic neuronal dif ferentiation , we ex-
amined a number of gene expression that have been

previously show n to be important fo r DAergic neurons

generation.NSCs from mesencephalon expressed

PTX3 and moderate Nurr1 but no TH , DAT or Shh.
Neither FCS nor AA treatment affected expression of

PTX3.5%FCS enhanced expression of Nurr1 and

DAT but not TH or Shh.100 mmol/L AA exposing

led to a high expression of TH and Shh , and even

higher expression of Nurr1 and DAT compared w ith

FCS treatment(Fig.2).

2.4　Effect of PD98059 treatment

In order to elucidate the signal t ransduct ion

pathw ays that might be responsible for AA induced

increase in DAergic neurons , we utilized PD98059 , a
specific inhibito r of MAPK pathw ay , to examine its

function.Addition of PD98059 led to death of a lot of

cells.RT-PCR results show ed that TH and DAT

mRNA expressions induced by AA were completely

inhibited;the level of Nurr1 expression decreased

while Shh expression did not changed much(Fig.2).
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Fig.2.　Genes expressed in dif ferentiation and the effect of

PD98059 t reatment.a , Control;b , FCS group;c , AA group;d ,

AA+PD98059 group.

3　Discussion

Cell t ransplantation has become a prospective

therapeutic st rategy w ith a great po tential to treat hu-
man neural degenerative diso rders , in w hich the neu-
ral cells undergo degeneration and death[ 5] .The re-
cent breakthrough in stem cell research has brought

about an alternative g raf t to t reat neurological diseases

by means of cell-replacement.NSCs[ 6] are multipo-
tential cells that can both in v ivo and in vi tro gener-
ate neuron , ast rocy te , and oligodendrocy te , the three
main cell types in central nervous system.Stem cell

transplantation might help us to overcome the intrin-
sic inability of regeneration of nervous tissue to re-
place the lost elements , and the g rafted cells might

produce some beneficial effects by providing host cells

w ith additional t rophic suppo rt.Because of the blood-
brain barrier , there is almost no rejection response be-
tween dif ferent individuals or even dif ferent species.
Furthermo re , stem cells can be used as vectors for in-
teresting gene expression by inserting the gene of

functional protein into the genome of the cells.Given
their capacity of self-renew al and differentiat ing ef fi-
cient ly into the desired cell types , NSCs are ideal seed
cells for cell-replacement in treatment of neural dis-
eases.

Successful cell transplantation must include sur-
vival , acquisition of special phenotypic t raits and

functional integ ration into the recipient brain circu-
ity[ 7] .Research on regulating NSCs to differentiate

into special cell phenotypes and the underlying mech-
anisms is of significance for future applications.Re-
sults of numerous experiments in v ivo have made it

clear that transplanted neural progenitor cells receive

the modulation of host microenvironment signals , but

the survival and differentiation to functional neurons

f rom NSCs were very few , which suggest that only

signals f rom the niche are far from enough
[ 8]
.Modu-

lating the host microenvironment might be one st rate-
gy , while exploring the inducing signals that might

swi tch NSCs differentiation befo re t ransplantat ion

might be more effective by improving their survival

and differentiation[ 9] .It is important to study the

factors and mechanisms involved in promo ting NSCs

to differentiate into desired phenotype for practical use.

After 3 times passaging , the primary neurons

were almost lost , so w e can eliminate the primary

mesencephalic DAergic TH+ cells and examine the

exclusive ef fect of ascorbic acid on dif ferent iation.TH
is a restriction enzyme of dopamine metabolism and a

specific marker for DAergic neurons.In PD patients ,
TH expression is depressed.AA treatment enhanced

the proportion of NSCs convert ing into TH+ cells at

the concentration of 10 μmol/L , and peaked at

100μmol/ L.Accordingly , AA increased the TH

mRNA expression.Above 100μmol/L , posi tive ratio

of TH+ cells did not change any more even the AA

concentration increased , which suggested that the ef-
fect of AA had saturated.AA exposing no t only in-
creased expression of TH but also had effect on neuro-
t ransmit ter synthesis and release.DAT is exclusively

expressed in DAergic cells , and the protein and

mRNA levels of DAT also increased through AA in-
ducing.Our research has exhibited the possibility of

AA in promo ting NSCs to dif ferent iate into DAergic

neurons.

NSCs from mesencephalon expressed PTX 3 and

weekly expressed Nurr1 but no t TH , DAT or Shh.
AA induction did no t affect expression of PTX3 but

enhanced expression of Nurr1 , Shh , TH and DAT.
PTX3 , a homeodomain-containing t ranscription fac-
to r , was expressed from day 11 on DAergic neuronal

precursors , and they are the only cell population ex-
pressing PTX3 in the CNS.Its expression is main-
tained throughout the adult life in human and mouse.
It was suspected that PTX3 activates tyrosine hy-
droxylase promoter through a high-af finity binding

site , which is sufficient for PTX 3 responsiveness[ 10] .
As a site special gene , PTX3 did not show obvious

changes af ter FCS and AA treatment , which suggests

that PTX3 might not be involved in NSCs differentia-
tion.Nurr1 belongs to the orphan nuclear receptor

superfamily and is predominant ly expressed in central

DAergic system and plays an important role in devel-
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opment and survival of mesencephalic DAergic neu-
rons[ 11] .Embryonic stem cells overexpressing Nurr1

can dif ferentiate into dopamine neurons in v itro and

in PD rat model.Consistent with expression of TH

and DAT , expression of Nurr1 w as enhanced af ter

AA induction.This suggests that Nurr1 may take

part in the AA-induced differentiation.When FCS

w as used as an inducer , there w ere more g lial cells

and few er DAergic cells compared w ith AA induc-
tion.This can interpret w hy Nurr1 w as intensively

expressed in AA group than in FCS g roup.Shh is re-
garded as the modulator in NSCs dif ferentiating to-
wards neurons , the enhanced expression of which af-
ter induction matches the case that NSCs dif ferentia-
tion w as activated.And different ratio of neurons and

g lial cells can explain i ts different expression level in

AA group and FCS group.

The MAPK cascade plays a crucial role in t rans-
ducing of a w ide range of ext racellular stimulates into

responses governing grow th and dif ferentiation[ 12] .
Among MAPK superfamily , ERK play s a key role in

cell proliferation , cell cycle arrest , and terminal dif-
ferentiation , whereas JNK/SAPK and p38 kinase are

thought to inhibit cell g row th and induce apoptosis.
To assess the role of ERK in the AA-induced dif feren-
tiat ion process , we inhibi ted ERK pathways by

PD98059.PD98059 is a selective and cell-permeable
inhibito r of M EK(ERK kinase)that does no t inhibit

SAPK/ JNK o r p38 kinase pathways
[ 13]

.In our

study , a lot of cells died w hen PD989059 was added

into AA-inducing sy stem , confirming that MAPK

cascade is critical fo r cell survival.

The finding that AA-induced expressions of TH

and DAT were totally blocked by PD98059 suggested

that ERK signal pathw ay w as involved in AA-induced
DAergic differentiat ion.Decreased Nurr1 expression

indicated that Nurr1 at least plays a role in AA induc-
tion.The details of the signal transduction and the

exact role of this pathway remain to be elucidated.
Whether there are other signal pathw ay s involved

needs further research.The finding that Shh expres-
sion did not change much af ter PD98059 treatment

implies that ERK might not be in the Shh pathw ay o r

not a target of Shh.

Antio xidant agents including asco rbic acid have

shown to improve survival of mesencephalic DAergic

neurons in primary cell culture and to counteract the

toxic effects in vi tro or in v ivo
[ 14] .However , the

molecular mechanisms regulating NSCs differentiation

are not w ell understood yet.Whether the mechanisms

of AA' s effect on DAergic differentiation are related

to its antioxidant function need further research.But
Yan et al.[ 15] found that effect of AA on differentia-
tion cannot be mimicked by o ther antioxidants.AA' s
ef fect of successful conversion of fetal progenitor cells

in vi tro to the desired neuronal phenotype provides a

new st rategy for a large scale generat ion of DAergic

neurons for PD treatment.The research also suggests

that Nurr1 takes part in AA-induced DAergic differ-
entiation.AA may promote NSCs dif ferent iating into
DAergic neurons through ERK signal pathw ay .But
the exact role of this pathw ay remains unknown.
Studies on inducing NSCs to dif ferent iate into desired

pheno type , seeking for highly effective inducers and

identify ing the molecular mechanisms underlying

w hich w ould provide us w ith a solution to the prob-
lems encountered in t reating the neural degenerative

diseases.Researches in these areas are just on the

w ay.
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