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Abstract

Neural progenitor cells have shown the effectiveness in the treatment of Parkinson’s disease, but the therapeutic efficacy remains variable.
One of important factors that determine the efficacy is the necessity of pre-differentiation of progenitor cells into dopaminergic neurons
before transplantation. This study therefore investigated the therapeutic efficacy of mesencephalon-derived human neural progenitor cells
with or without the pre-differentiation in alleviating a rat model of Parkinson’s disease. We found that a combination of 50 ng/ml fibroblast
growth factor 8, 10 ng/ml glial cell line-derived neurotrophic factor ang.i0forskolin facilitated the differentiation of human fetal
mesencephalic progenitor cells into dopaminergic neurons in vitro. More importantly, after transplanted into the striatum of parkinsonian
rats, only pre-differentiated grafts resulted in an elevated production of dopamine in the transplanted site and the amelioration of behavioral
impairments of the parkinsonianrats. Unlike pre-differentiated progenitors, grafted intact progenitors rarely differentiated into dapaminerg
neurons in vivo and emigrated actively away from the transplanted site.

These data demonstrates the importance of pre-differentiation of human progenitor cells before transplantation in enhancing therapeutic

potency for Parkinson’s disease.
© 2004 ISDN. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

(DAergic) neurons in the midbrain and, consequently, de-
pletion of dopamine (DA) in the striatum of the patients

Parkinson’s disease (PD) is a progressive neurodegen{Olanow and Tatton, 1999Intracerebral transplantation of
erative disorder characterized by the loss of dopaminergichuman fetal mesencephalon tissue or cells, aimed at the

Abbreviations: PD, Parkinson’s disease; DA, dopamine; NPC, neural
progenitor cell; IL, interleukin; LIF, leukemia inhibitory factor; GDNF,
glial cell line-derived neurotrophic factor; FGF, fibroblast growth fac-
tor; 6-OHDA, 6-hydroxydopamine; DMEM, Dulbecco’s modified Eagle’s
medium; EGF, epidermal growth factor; bFGF, basic FGF; FITC, flu-

orescein isothiocyanate; TH, tyrosine hydroxylase; ir, immunoreactivity;

DOPAC, dihydroxyphenylacetic acid; GFAP, glail fibrillary acidic protein;
CLSM, confocal laser scanning microscopy; SVZ, subventricular zone
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replacement of degenerated DAergic neurons as well as the
replenishment of DA neurotransmitter, has been proved a
promising approach for treating PRigdvall et al., 1990;
Freed et al., 1992; Olanow et al., 199@he wide appli-
cation of these therapies, though, has been hindered by
the difficulty of obtaining adequate amounts of embry-
onic tissue. Particularly, the results from the clinical trials
recently was unsatisfied for elder patients of PEreged

et al., 200}. Since neural progenitor cells (NPCs) have the
capacity of both self-renewal and multiple-differentiation
(McKay, 1997; Gage, 2000 they might be an appro-
priate alternative source of cells for clinical applica-
tion and offer a promising future for cell replacement
therapies.
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Up to now, extensive studies have been documented on2. Experimental procedure
the PD treatment with transplantation of NPCs derived
from experimental animals. In addition, a few studies have 2.1. Cultivation and differentiation of
been reported about therapeutic effects of transplantation ofmesencephal on-derived human NPCs
NPCs from human sources as human NPCs are considered
to be a better source than animals in the clinical use. In 1997, Human NPCs were isolated from the ventral mesen-
Svendsen and co-workers observed some reliable alleviationcephalon of a natural aborted human fetus at 12-weeks
of the rat PD model with transplantation of human whole gestational age. Permission to use human embryonic tissue
brain NPCs $vendsen et al., 1997however, the effect of  was granted by the Ethical Committee of Peking Univer-
mesencephalon-derived human NPCs was studied seldomsity. The procedure of obtaining NPCs was as described
Our hypothesis is that mesencephalic NPCs might possesgpreviously {escovi et al., 1999 Briefly, the tissue was
more advantages than other brain areas during treating PDdissected, washed with cold D-Hank’s solution and minced
because some researches have showed that, compared witthoroughly. Tissue fragments were mechanically sepa-
those from striatum and cortex, mesencephalon-derivedrated into single cells and were cultivated in serum-free
NPCs more readily differentiated into DAergic neurons af- neurosphere-forming medium containing Dulbecco’s modi-
ter transplantationvendsen et al., 1996; Ostenfeld et al., fied Eagle’s medium (DMEM):F12 (1:1), B27 supplements
2002. In addition, what recently has been focused on more (1:50, Gibco), 20ng/ml epidermal growth factor (EGF,
and more is that whether the pre-differentiation into DAer- Gibco), 20ng/ml basic fibroblast growth factor (bFGF,
gic neurons should be a key step before transplantation.Gibco) and 10 ng/ml LIF (Chemicon). Neurospheres were
While the studies conducted so far demonstrate the useful-passaged every 2 weeks. After four passages, NPCs were
ness of NPC transplantation in treating PD, results from identified by double-staining the neural stem cell spe-
either rodent or primate animal models remain inconsistent. cific protein-nestin and the proliferation-related nuclei
It is possible that the inconsistent observations from differ- antigen-Ki67. NPCs as neurospheres were fixed with 4%
ent laboratories may be due to the engrafted NPCs beingparaformaldehyde solution, and immersed in 30% sucrose
obtained from different regions or species among various overnight. After embedding in OCT and quick refrigeration,
experiments. It has been reported that most mouse NPCseurospheres were sliced by cryoultramicrotome girh0
preferentially differentiated into DAergic neurons when and mounted on the poly-L-lysine-coated slices. After
transplanted into the striatum of parkinsonian raan(g blocked with 10% normal goat serum, slices were incubated
et al., 2002, but another group reported that none of en- with mouse anti-Ki67 (1:100, BD) and rabbit anti-nestin
grafted rat NPCs became DAergic neurons in the striatum (1:200, Chemicon) primary antibodies, and then with fluo-
unless cells had been treated with cytokines in vitro be- rescein isothiocyanate (FITC)- and rhodamine-conjugated
fore transplantationGarvey et al., 2001 The latter studies  secondary antibodies (1:200, BD). The staining lack of
showed that pre-differentiated NPCs by a cocktail cytokines the primary antibody incubation was used as the negative
including interleukin (IL)-1, IL-11, leukemia inhibitory  control.
factor (LIF) and glial cell line-derived neurotrophic factor For DAergic differentiation, NPCs at the four passage
(GDNF) in vitro functioned on the behavioral improvement were plated onto the poly-lysine-coated glass coverslips
of parkinsonian rats relative to intact NPCs after trans- for immunostaining or seeded in the culture plates for West-
plantation Carvey et al., 2001 Thus, pre-differentiated ern blot analysis. After EGF, bFGF and LIF withdrew, a
tissues seem to have different biological properties from mixture of 50 ng/ml FGF8 (PeproTech EC Ltd., London,
undifferentiated tissues after transplantation. But the dif- England), 10ng/ml GDNF (Gibco) and 1M forskolin
ferential therapeutic efficacy of mesencephalon-derived hu- (Sigma) was added to the culture and incubated for 7 days
man NPCs with or without pre-differentiation has not been followed by testing the expression of tyrosine hydroxylase
documented. (TH), which is the first and rate-limiting enzyme in the pro-

In the present study, we used a combination of fibrob- cedure of DA synthesis. Cells on coverslices were fixed
last growth factor (FGF) 8, GDNF and forskolin to induce by 4% paraformaldehyde, blocked with 10% normal goat
the differentiation of human fetal mesencephalic NPCs serum and incubated with mouse anti-TH (1:1000, Sigma)
into DAergic neurons in vitro. We proposed that this primary antibody and FITC-conjugated secondary antibody.
pre-differentiation influence their roles relative to intact Images were examined under fluorescence microscope. In-
NPCs, and thereby result in a differential therapeutic ef- tact NPCs and the NPCs cultured without any induction fac-
ficacy between the two cell populations after transplanted tor were used as the controls. To assess the percentage of
into the striatum of 6-hydroxydopamine (6-OHDA) le- TH-immunoreactivity (ir) cells, induced cultures on three
sioned rats. In addition, the different behaviors of two kinds coverslips were counted in five randomly selected micro-
of grafts in vivo were investigated in order to find out the scopic visual fields per coverslip.
possible differential mechanisms. Our aim was to provide For Western blot analysis, cells were washed twice with
an appropriate cell transplantation method for clinical PD 0.1M PBS and lysed with 200 lysis buffer (0.01M
therapy. Tris—HCI, 0.15M NaCl, 1mM EDTA, 0.5% deoxycholic
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acid, 0.1% SDS, 1 mM N&O4, 1mM PMSF and 1% examination as described before at 4, 8 and 12 weeks after
NP-40). Equal amounts of protein were loaded under reduc- transplantation, respectively.

ing conditions onto a 10% SDS gel. After electrophoresis,

the protein was blotted onto a polyvinylidene difluoride 2.4. Measurement of DA production

membrane. The membrane was blocked by skimmed milk

and incubated with anti-TH antibody (1:2000, Sigma). Rats were sacrificed at 12 weeks after transplantation
Signals were visualized by incubating with horse radish by decapitation. The striatum was immediately collected,
peroxidase-conjugated secondary antibody and enhancedveighed, homogenized in 0.1 M perchloric acid and cen-
chemiluminescence reagent (NEN Life Science Prod-  trifuged. DA and its metabolite dihydroxyphenylacetic acid
ucts), then photographed using Kodak 1D image analysis (DOPAC) were determined by HPLC with electrochemical
software. Normal rat striatum, intact NPCs and NPCs detection using a reverse phase column. Results were pre-
cultured without any induction factor were used as the sented as the ratio of the content of lesioned (right) side
controls. versus that of contralateral (left) side.

2.2. Generation of parkinsonian rat model 2.5. Assessment of cell transplantation

Total 50 adult female Sprague—Dawley rats (8 weeks of Rats were deeply anesthetized with an overdose of
age, 250-3509) were maintained in a 12-h light/dark cy- chloral hydrate at 12 weeks after transplantation. Intrac-
cle in cages with free access to food and water. All surgical ardiac perfusion was performed with 0.1 M PBS followed
interventions and animal care were provided in accordanceby 4% paraformaldehyde. Brain tissues were dissected,
with the Guide for the Care and Use of Laboratory Animal post-fixed and cryoprotected as described above. Fixed
Models of the NIH. The hemi-parkinsonian rats were gen- brains were sliced on a freezing microtome (38) and
erated by unilateral injection of 4l of 6-OHDA (Sigma, the serial sections at 180 intervals throughout the graft
2 g/l dissolved in 0.9% saline containing 0.2 mg/ml ascor- were collected for further processing. Sections were pre-
bic acid) into the right medial forebrain bundle at the fol- treated with 0.3% KO, to quench endogenous peroxidase,
lowing coordinates: AR= —4.3mm, ML= —1.5mm, DV blocked with 3% normal horse serum, and then incu-
= —7.5mm Paxinos and Watson, 1996 he injection rate bated respectively with mouse anti-human nuclei (1:200,
was at lul/min and the needle was left in place for an addi- Chemicon) and mouse anti-TH (1:2000, Sigma) primary
tional 5 min before being slowly retracted. Rats were given antibodies overnight at 4C. Then they were incubated
an amphetamine (Sigma, 5 mg/kg injected intraperitoneally) with rat-absorbed biotinylated horse anti-mouse secondary
challenge 4 weeks later and their rotational scores were col-antibody (1:200, Vector Laboratories). After incubation
lected for 60 min in a computer-assisted rotometer systemwith peroxidase conjugated avidin-biotin complex (1:100,
(Rota-count 8, Columbus instruments, Columbus, OH). Only Vector Laboratories), signals were developed by exposure
rats exhibiting six or more net ipsilateral rotations/min were to 0.02% 3,3diaminobenzidine and 0.03% ,8,. The
selected for further study. survival and migration of grafted human cells were as-
sessed by immunostaining of human nuclei-ir cells on the
brain section and that out of the striatum. DAergic neu-
rons in striatum were estimated by counting the number

Parkinsonian rats (successful models,= 36) were of TH-ir cells in the graft sites of each animal at 1gé
randomly classified into three groups transplanted respec-intervals through the graft. For immunofluorescent stain-
tively with basic medium (negative control), intact NPCs ing, incubation with HO, was eliminated. Sections were
and pre-differentiated NPCs by the combination of FGF8, incubated with rabbit anti-neurofilament-M (1:200, Chemi-
GDNF and forskolin for 7 days in vitro. Cells for transplan- con) for neuronal phenotype and rabbit anti-glial fibril-
tation were dispersed and suspended in basic DMEM/F12lary acidic protein (GFAP, 1:500, NewMarkers) for glial
(1:1) media with no any cytokine, and were counted by ty- phenotype, double-stained with human nuclei antibody

2.3. Cdll transplantation and behavioral test

pan blue exclusion with viability above 95%. Live cells for
transplantation were set at a density of 100, p00Fitoussi

et al., 1998. The cell suspension was injected into two sites
of DA-depleted striatum of rats (28 for each site). The
coordinates were set as AP +1.0mm, ML = —3.0 mm,
DV= —4.1/-5.0mm Paxinos and Watson, 19p6All

respectively, and then with corresponding fluorescence con-
jugated secondary antibodies. Antigen colocalization was
verified by analyzing a series of sections gir@ thick
throughout the specimens under the confocal laser scan-
ning microscopy (CLSM, Leica, Heideberg, Germany).
The percentage of double-positive cells in the striatum

animals were immunosuppressed with cyclosporin A was estimated roughly by counting the cell number in
(10 mg/kg/day, injected intraperitoneally, Novartis, Pharma five randomly selected microscopic visual fields per sec-
AG, Basel, Switzerland,) 24 h before transplantation and tion. The contralateral (nontransplantation) side was used
then throughout the entire survival period. Behavioral im- as the control relative to the ipsilateral (transplantation)
provements were tested by amphetamine-induced rotationside.
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2.6. Satistical analysis up to 6 months. In our experiment, cultivation and neuro-
sphere formation of NPCs derived from the human mesen-
All data were expressed as the mear8.E.M. Student’s cephalon were relatively difficult, as compared to those de-
t-test was used to compare the ratio of cytokine-converted rived from the other brain areas such as the subventricular
TH-ir neurons with control in the differentiation study in zone (SVZ) and hippocampus, or rodent animal brains (data
vitro, and to compare the difference of the number of TH-ir not shown). But, once neurosphere formed, the proliferation
cells differentiated from grafted pre-differentiated and intact and survival of NPCs derived from this area had no differ-
NPCs in vivo. Behavioral recovery in animals and DA and ence as compared with those obtained from the other brain
DOPAC contents were analyzed using a one-way analysis ofareas. Most cells in the neurospheres co-expressed nestin
variance (ANOVA SPSS software), as appropriate, followed and Ki67 Fig. 1B and G, suggesting that they remained
by a Bonferroni (Dunn) comparison of groups using least in a primordial state and held self-renewal capacity at the
squares-adjusted means. Probability levels<6f05 were same time. Intact NPCs as neuronspheres did not express
considered statistically significant. TH (data not shown). After the mitogens (EGF, bFGF and
LIF) were removed from the culture media, cells migrated
from the neurospheres and began to differentiate, but seldom

3. Results converted into TH-ir cells spontaneouslyid. 1D). When
incubated with a combination of 50 ng/ml FGF8, 10 ng/ml
3.1. Proliferation and differentiation of NPCs in vitro GDNF and 1QuM forskolin for 7 days, NPCs were induced

to become TH-ir cells (26.1% 2.45%,Fig. 1E), a signif-
Human fetal mesencephalic cells began to form primary icant increase relative to the controls (1400.53%,P <
neurospheres, an aggregation of NPCs, after 2 weeks of cul-0.01). The apparent up-regulation of TH expression by the
tivation (Fig. 1A), and continued to form more secondary cytokine mixture was confirmed using Western blot analysis
and tertiary neurospheres after each passage in vitro for(Fig. 1F.

68 kDa- —
60 kDa-

Fig. 1. Proliferation and differentiation of human fetal mesencephalic NPCs in vitro. Human mesencephalic NPCs proliferated as floating @gurospher
when cultured in a serum-free medium supplemented with EGF, bFGF and LIF (A). Most cells in the neurospheres coexpressed nestin (red) and Ki67
(green) (B). Image at a high magnification of (B) was presented in (C). After EGF, bFGF and LIF withdrawal, NPCs were incubated with FGF8, GDNF
and forskolin for 7 days induction and their TH expression increased (E) apparently relative to the control (D). Expression of TH (68 kDa) was confirmed
by Western blot analysis (F). Lane F-1, the rat TH as a positive control (60kDa); F-2, NPCs before induction; F-3, NPCs after mitogen withdrawal
and without any cytokines induction for 7 days; F-4, NPCs after mitogen withdrawal and induced by a combination of cytokines (FGF8, GDNF and
forskolin) for 7 days. Bar (A) 10p.m; (B) 20pm; (C) 5um; (D and E) 2Qum.



X. Wang et al./Int. J. Devl Neuroscience 22 (2004) 175-183 179

‘g 14 - 100% -
= 12 -
£
€ n10 .. B80% -
S £ & E #
] — = k
E o 8 4 kok ol o @
g Y S & 60% -
x 3 B
B c 6 1 %k ol
g3, S 5 40% -
[ N - QO
= - c =
7] o=
o 2 O 20%
1]
= 0
naive GI-DHDA 4 8 12 0% 00! =
esion ——MM————— ‘
(A) weeks after transplantation  (B) DA DOPAC

Fig. 2. Behavioral and biochemical analysis of parkinsonian rats. (A) Amphetamine-induced rotation in the group transplanted with predeiferenti
NPCs @, n = 12) was ameliorated to a greater extent relative to the vehicle control gfoup & 12), as observed from 4 weeks after transplantation

and throughout the observation period. This recovery was also significantly different from the intact NPC graftslroup- (2). Rats transplanted

with intact NPCs showed no significant improvement compared to the control group. (B) DA and DOPAC content in the group transplanted with
pre-differentiated NPCs were elevated significantly measured at 12 weeks after transplaBatios: @), as compared with the control groupl{n

= 4). Transplantation of intact NPCL::( n = 4) did not significantly increase the contents of DA and DOPAE.< 0.05,**P < 0.01.

3.2. Transplantation and behavioral recovery of counted. The average number for the six rats transplanted
parkinsonian rats with pre-differentiated NPCs was 5024 424 (Fig. 3B),
and the number for intact NPCs group was 57562324

In the 6-OHDA lesioned side of the brain, most of the (Fig. 3A; P> 0.05 as compared with the group treated with
DAergic neurons in the substantia nigra and their fibers in pre-differentiated NPCs). Interestingly, we found that the
the striatum were depleted (data not shown), resulting in
an abnormal rat rotation upon amphetamine challenge. In
the group transplanted with pre-differentiated NPCs, rats
showed significant behavioral recovery relative to vehicle
control, which began at 4 weeks after transplantation and
sustained behavioral improvement throughout the observing
period for up to 12 weeks. The average rotation score de-
creased from 10.12 0.70 to 6.61+ 0.93 at 4 weeks, 6.27
+ 1.42 at 8 weeks and 3.98 1.09 at 12 weeks after trans-
plantation. In contrast, transplantation of intact NPCs did
not significantly affect behavioral impairment caused by DA
lesions Fig. 2A). The contents of DA and DOPAC in the
striatum, which reflect the level of active neurotransmitter
and its usage efficiency, were measured by HPEG.(2B).
In order to avoid the individual variances, the result was
presented by the ratio of the level of lesioned side versus
contralateral (normal) side, which may reflect the actual re-
covery degree of neurotransmitter. The HPLC result showed
that in the group transplanted with pre-differentiated NPCs,
the contents of DA and DOPAC were elevated significantly
to 56.23+ 7.61% P < 0.05) and 62.47 7.70% P <
0.05) respectively compared with the negative control group
(DA, 3.02 + 0.84%; DOPAC, 10.95: 6.42%), while the
intact NPC grafts showed no obvious recovery (DA, 3139
0.98%; DOPAC, 2.79t 1.39%) with this regard.

Fig. 3. Survival and migration of engrafted human cells in parkinsonian
rats. Engrafted pre-differentiated (B) and intact NPCs (A) survived well
in the striatum of parkinsonian rats at the 12 weeks post transplantation
3.3. Survival, migration and differentiation of and had the similar survival ability tested by human nuclei staining. Two
transpl anted cells grafts dispersed in the striatum loosely around the needle track, but intact
NPCs expressed higher migration potency moving out of the striatum as

T dd the i f I ival after t lant presented in the schematic drawing (C). They emigrated from the striatum
0 address the Issue or cell survival after transplanta- (D), especially into the corpus callosum (E), cortex (F) and even across

tion, total human nuclei-positive cells at a series of the the middie line into the contralateral corpus callosum (G). Bar (A and
1804m sections through the graft of each rat brain were B) 50pum; (D and E) 10Gum; (F) 20um; (G) 50um.
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migration capacity, which is also considered to be one of
important properties of NPCs, varied significantly between
two grafts. Most of engrafted cells in the rats transplanted
with pre-differentiated NPCs were confined to the striatum
and loosely scattered around the needle tr&ég. (3B). In
contrast, in the group transplanted with intact NPCs, many
engrafted cells migrated away from the striatum (see the
schematic drawing ifFig. 3C). These cells showed active
migration along and within the white matter tracts, mainly
to the corpus callosunt{g. 3B, cortex fig. 3P, and even

to the contralateral corpus callosurfid. 3G). In consis-
tent with previous reportsQstenfeld et al., 2002 human
nuclei-positive cells in the white matter showed an enlon-
gated nucleus parallel to the host fiber tracts. In addition to
the migrating on the coronal section, cells underwent a long
distance (about 3.4 mm) moving on the sagittal plane along
the corpus callosum and cortex, and once the cells emi-
grated away from the striatum, they did not return into the
striatum parenchyma. 66.7% & 6) of intact NPC grafted
brains showed active migration phenomena, whereas, only
16.7% 6 = 6) of pre-differentiated NPC grafted brains
was detected the migration. The average percentage of cells
migrating out of the striatum in the all human nuclei-ir
survived cells was 27.43 5.19% in the group trans-
planted with intact NPCs, and 2.12 0.23% transplanted
with pre-differentiated NPCs. No human nuclei-positive
cells were detected in brains of rats in the negative control
group.

Normally, there are little or no DAergic neurons in
the Smatum' Thus, ,the TH-ir cells if seen in the stria- Fig. 4. DAergic and multi-potential differentiation of engrafted cells in
tum were likely derived from the grafted human cells. parkinsonian rats. TH-ir cells (C and D) and fibres (B) were appar-
The result showed that only those rats transplanted with ently detected around the needle track in the group transplanted with
pre-differentiated NPCs exhibited TH-ir cells in their pre-differentiated NPCs compared with that of intact NPC grafts (A). In
grafted striatum, and this transplantation also resulted in the group transplantgd with pre-differentiated NPCs, more (_BFAP—ir as-
the reinnervation of host striatumFig. 4B), which might trocytes (arrov_vhead in F) were obse_rved relatlvg to that of |nt'act NPC

. . . . grafts (arrow in E). Cells double-stained by anti-human nuclei (green)
also contribute to the therapeutic efficacy. However, this ang GFAP (red) antibodies were considered as those differentiated from
was not the case in the NPC-transplanted grdtig. (4A). grafted human-derived cells detected by CLSM. Bar (A and Bj20
Under higher magnification, TH-ir cells with different mor-  (C) 10um; (D-F) 20um.
phologies were detected around the needle track in the
striatum transplanted with pre-differentiated NPCs. Most .
of them possessed fewer and shorter neurfig @40 and contrast, engrafted intact NPCs were not found to become
some TH-ir cells indeed extended more and longer neuritesNeuronal phenotype and only a few became astrocytes
from the neurosomaF(g. 4D), exhibiting typical matured ~ (2.51% 0.70%,Fig. 4. Thus, our results showed that in
DAergic neurons. Grafts of pre-differentiated NPCs yielded Vitro pre-differentiated could facilitate the differentiation
the number of 110.67 16.38 TH-ir cells, which was ©f NPCs into neural cells after intrastriatal transplantation,
significantly different from the intact NPC graftd (< especially into GFAP-ir astrocytes.

0.001). No THe-ir cells were found in the group transplanted
with the intact NPCs as well as in the negative control
group. 4. Discussion

Multipotent differentiation of engrafted cells was de-
tected by double-immunofluorescent staining of human Many researches on animal-derived NPCs transplanta-
nuclei paired with neurofilament-M for neurons and GFAP tion therapy for PD have been studied fully and accurately,
for astrocytes, respectively. In the group transplanted with whereas, the therapeutic efficacy and possible mechanisms
pre-differentiated NPCs, some of the human nuclei-ir cells in human-derived NPCs therapy were seldom reported. For
expressed neurofilament-M (8.02 1.25%) and large clinical treatment of PD, an important but as yet unfulfilled
numbers expressed GFAP (33.33 7.89%, Fig. 4. In goal is the generation of therapeutically large numbers of
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DAergic neurons from expanded human cultures, which ap- The present results showed that using an animal model for
parently possesses more advantages than those from aniPD, intrastriatal transplantation of pre-differentiated NPCs
mals (e Belle and Svendsen, 2002Particularly, the func- derived from human fetal mesencephalon, but not their intact
tion of mesencephalon-derived human NPCs on PD has notprogenitors, ameliorated behavioral deficits in parkinsonian
been discussed, possibly due to the difficulties of cultivation rats. Consistently with this behavioral recovery, DA content
and passage of mesencephalic NPCs in vitro compared within the striatum was also elevated in the group transplanted
those from other brain areas such as hippocampus, SVZ with pre-differentiated NPCs, providing the basis for the ex-
cortex and so on. Among those in vitro experiments, the pre- tent of behavioral improvement. One of major metabolites
vious example of expanded mesencephalon-derived humarof DA, DOPAC, which reflected the usage efficiency of DA
NPCs being induced to express TH resulted in only modest during synaptic transferring procedure, also increased signif-
(approximately 1%) conversiorSforch et al., 2001 Sub- icantly compared with the intact NPC grafts. This result in-
sequent in vivo investigation indicated that transplantation dicated that in the present system of pre-differentiated NPC
of intact human NPCs into the striatum of rats resulted pri- grafts, DA could be utilized efficiently, suggesting that the
marily in production of glia and GABAergic neurons, not behavioral recovery may be benefited from the elevated lev-
the DAergic neurons needed in the treatment of PD, and els and usage efficiency of neurotransmitter likely produced
even most grafted NPCs still maintained their primary sta- by pre-differentiated NPC grafts.
tus and did not undergo the differentiation procedure on  What will be the reasons interpreting this differential effi-
the earth Ericker et al., 1999 These findings were among cacy between the intact and pre-differentiated human NPCs
the evidences that suggest that undifferentiated progenitorsgrafts? The immediate speculations are that transplanted
may not be the appropriate candidate in transplantation ther-cells did not survive, or, alternatively, they could not dif-
apy of PD. To overcome this problem, some investigations ferentiate into DAergic neurons after transplantation. Our
have sought to convert NPCs into the DAergic phenotype results demonstrated that the capacities of cell survival of
prior to grafting Carvey et al., 2001Studer et al., 1998)  grafted two kinds of NPCs were similar, thus the possibility
and achieved definite result that the therapeutic efficacy of that different therapeutic effects were a result of different
pre-differentiated rodent NPCs preceded to the intact NPCs.cell survival could be ruled out. Previous works with cell
A recent report\(Vu et al., 2002 on human NPCs investiga-  transplantation suggest that behavioral recovery be directly
tion suggested that, for obtaining the high numbers of cells correlated to the number of surviving DAergic neurons in
of desired neuronal phenotypes in vivo, priming or induced the host striataBrundin et al., 1998 Adequate number
differentiation of NPCs in vitro prior to grafting is necessary. of TH-ir neurons survived in the striata was the basis for
In the present study, NPCs generated from ventral mesen-animal behavioral improvement. Present result showed that
cephon of aborted human fetus could be expanded well andpre-differentiated NPCs generated more functional TH-ir
formed cell clusters of neurospheres in serum-free mediumcells in vivo than intact NPCs. This differential DAergic
with the addition of EGF, bFGF and LIF in vitro. Induced differentiation between the two kinds of grafts implied that
by a combination of FGF8, GDNF and forskolin for 7 days, pre-differentiation of NPCs prior to transplantation might
NPCs differentiated into TH-ir cells and the conversion ra- help lead to the generation of lots of desired phenotype
tio was about 20%. FGF8 has been reported involved in following grafting. Therefore, we were not surprised that
the determination of a DAergic neuronal cell fate in vivo transplantation of pre-differentiated human NPCs could in-
and the possible function mechanism is that after binding duce a behavioral recovery of parkinsonian rats, since more
to its receptor, it activates an intracellular signaling path- TH-ir cells were detected in this group, which contributed
way, wherein phosphorylation of MAP kinase leads to an to the differential efficacy of treatment for PD. The surprise,
increase in Fos/Jun binding to the AP1 regulatory site on the though, is that, given the potential of intact human NPCs to

TH gene Guo et al., 1998; Mark et al., 1999; Kim et al.,
2002. This induction of TH gene expression by this kind
of growth factor could be amplified by cooperating with its
co-activator forskolin, since it has been well known that as
a co-activator, forskolin can up-regulate the level of cyclic
AMP, which has been shown to exert critical control of tran-
scription of the TH geneHwang et al., 1997; Riaz et al.,
2002. GDNF was added into the induction cultures as a
neurotrophic factor specific for DAergic neuronsn et al.,
1993 and expected to promote the differentiation of DAer-
gic neuronal phenotype.

In order to demonstrating that the pre-differentiation is
a very key step for transplantation therapy for PD, the dif-
ferential efficacy of pre-differentiated and intact NPCs was

become any type of neurons and the fact that they indeed
became DAergic neurons in vitro, transplanted intact NPCs
did not give rise to DAergic neurons thereby not improve
the behavioral disorder. It should be noted that the differen-
tiation efficiency of grafted intact NPCs was rather low and
it generally took about 3 weeks for NPCs to undergo dif-
ferentiation in vivo Nishino et al., 200D Even though, it
was still beyond our prediction that, at 12 weeks after trans-
plantation, the engrafted intact NPCs did not differentiated
into TH-ir neurons and only a few GFAP-ir astrocytes were
sporadically detected in the striatum, suggesting that, in our
case, the parkinsonian rats’ striatum might not be a suitable
environment for human NPCs to spontaneously and sizably
differentiate into DAergic neurons. Current finding was in

compared and the possible mechanisms were investigatedagreement with the previous rodent studyatvey et al.,
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2001 showing that few, if any, human NPCs differentiated or transplanting genetic modified NPCs may protect grafted
into DAergic neurons in the rat striatum in vivo. The fail- neurons from oxidative and metabolic stress, and provide
ure of grafted NPCs to differentiate into DAergic neurons in epigenetic trophic supporbawson and Dawson, 2002
the host striatum may be due to the fact that the adult stria- In conclusion, our results demonstrated that intrastriatal
tum is a non-neurogenic arelddrrera et al., 199%nd that transplantation of pre-differentiated human mesencephalic
the striatal microenvironment is not favorable for DAergic NPCs, but not intact NPCs, ameliorated behavioral impair-
neuron differentiation. ments of parkinsonian rats. This difference in the therapeu-
In addition, the greater migration ability possessed tic effects may result from the fact that intact NPCs em-
by intact NPCs after transplantation might aggravate the igrated actively away from the transplanted site and were
DAergic differentiation in operation site. Compared with not able to differentiate into DAergic neurons in vivo, while
pre-differentiated NPCs, intact NPCs showed a greater ten-pre-differentiated NPCs gave rise to more DAergic neurons
dency to emigrate away from the striatum, which resulted and astrocytes. Contrary to intact NPCs, pre-differentiation
in a decreased cell number in the target site, including thosein vitro is a very key step to improve the disordered be-
with potential to differentiate into DAergic neurons. Simi- haviors of parkinsonian animal models after transplantation.
lar observations were also found by other studies showing Our study may provide a practical protocol for the treatment
active migration of NPCs after being transplanted into the of PD through neural cells transplantation.
adult rat brain Caldwell et al., 2001; Ostenfeld et al., 2002;
Fricker et al., 1999; Englund et al., 200Present study
indicated that pre-differentiation by the cytokine mixture Acknowledgements
of FGF8, GDNF and forskolin in vitro down-regulated the
extensive migration of grafted NPCs in vivo. What needs  This work was supported by grants from the Chinese Na-
to conduct next step may be to find out the molecular tional Basic Research Program (G1999054008) and Natural
mechanisms regulating the migration capability of NPCs.  Science Foundation of Beijing (7021002) to Xiaomin Wang,
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at 12 weeks after transplantation, both types of engrafted Ministry of Science and Technology (2002-489) to Linsong
cells, i.e., the pre-differentiated and the intact human NPCs, Li. We thank Dr. John Q. Wang for critical reading of the
have similar survival abilities in the brains of parkinsonian manuscript.
rats. However, it is important to note that the conversion
rate of DAergic phenotype was very limited even in the
group transplanted with pre-differentiated NPCs. This re-
duced TH-ir cells number occurred even though a signifi- gryngin, p,, Bjsrdund, A., Studer, L., Tabar, V., McKay, R., 1998. Survival
cantly greater number of DAergic neurons could be obtained o expanded dopaminergic precursors is critical for clinical trials. Nat.
in the in vitro induction experiment prior to transplantation. Neurosci. 1, 537.
We had confused with the fact that behavioral impairment al- Brundin, P., Nilsson, O.G., Gage, F.H., Bjérklund, A., 1985. Cyclosporin A
leviated by pre-differentiated NPC grafts was to a greater ex- gcrea;es the survival of cross-species intrastriatal grafts of embryonic
. . . opamine neurons. Exp. Brain Res. 60, 204—-208.
tent than the number of TH-ir cells detected in the striatum. cajgwell, M.A., He, X.L., Wilkie, N., Pollack, S., Marshall, G., Wafford,
In the present study, a large number of grafted astrocytes K.A., Svendsen, C.N., 2001. Growth factors regulate the survival and
were seen within the striatum along with the transplantion fate of cells derived from human neurospheres. Nat. Biotechnol. 19,
of pre-differentiated NPCs. This may indicate Some !mpor- Cazrlv7e5y?4P7.$\)/.I., Ling, Z.D., Sortwell, C.E., Pitzer, M.R., McGuire, S.O.,
tant roles played by these exogenous astrocytes in improv- Storch, A., Collier, T.J.,, 2001. A clonal line of mesencephalic
ing local striatal environments and thus the overall behav-  progenitor cells converted to dopamine neurons by hematopoietic
ioral recovery after transplantation. One of roles that these cytokines: a source of cells for transplantation in Parkinson’s disease.
astrocytes might play was to synthesize and secret CertainDa\l/Ev)égﬁN‘?lli/IrOLD];a-s’ogr\S_\}ES.ZOOZ Neuroprotective and neurorestorative
neurot_rop_hlc factors that could rescue and P“_’mc’te _Smatal strate’gies f;)r Parkinsyon’s’disease. Nat. Neurosci. Suppl. 5, 1058-1061.
DAergic fibers to regenerate or restore the injured tissues,englund, U., Bjorklund, A., Wictorin, K., 2002. Migration patterns
resulting in ultimate behavioral improvements in parkinso-  and phenotypic differentiation of long-term expanded human neural
nian rats ((nuse| etal., 1991; Kordower et al., 1999\/6 did progenitor cells after transplantation into the adult rat brain. Dev. Brain
not know what factors SuPpreSSEd. the expression of TH-ir Fit?uesss'i,l?l’\zll.’, 182§t_n:illf—:garkai, I., Tornatore, C., Herzberg, U., Yadid,
phenotype exactly. It seemed that immunoresponse was not G 1998. Dopamine turnover and metabolism in the striatum of
included in the reason8(undin et al., 198pbecause an im- parkinsonian rats grafted with genetically-modified human astrocytes.
munosuppressive agent, cyclosporin A, was administrated Neuroscience 85, 405-413.
throughout the experimental period and obvious immunore- Frééd. C.R., Breeze, R.E,, Rosenberg, N.L., Schneck, S.A., Kriek, E., Qi,
. . . L J.X., Lone, T., Zhang, Y.B., Snyder, J.A., Wells, T.H., 1992. Survival
Jection phenomena was th observed in thIS_ StUdy I_Jp to of implanted fetal dopamine cells and neurologic improvement 12 to
12 weeks after transplantation. Probably boosting particular 46 months after transplantation for Parkinson's disease. N. Engl. J.
neurotrophic factors with the pre-differentiated NPC grafts  Med. 327, 1549-1555.
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