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Mesencephalic precursor cells may one day provide dopami-
nergic neurons for the treatment of Parkinson’s disease. How-
ever, the generation of dopaminergic neurons from mesence-
phalic precursors has been difficult to follow, partly because an
appropriate means for recognizing mesencephalic ventricular
zone precursors has not been available. To visualize and isolate
mesencephalic precursor cells from a mixed population, we
used transgenic mice and rats carrying green fluorescent pro-
tein (GFP) cDNA under the control of the nestin enhancer.
nestin-driven GFP was detected in the mesencephalic ventric-
ular zone, and it colocalized with specific markers for neural
precursor cells. In addition, data from flow-cytometry indicated
that Prominin/CD133, a cell-surface marker for ventricular zone
cells, was expressed specifically in these GFP-positive (GFP ™)
cells. After sorting by fluorescence-activated cell sorting, the
GFP ™ cells proliferated in vitro and expressed precursor cell
markers but not neuronal markers. Using clonogenic sphere
formation assays, we showed that this sorted population was

enriched in multipotent precursor cells that could differentiate
into both neurons and glia. Importantly, many neurons gener-
ated from nestin-GFP-sorted mesencephalic precursors devel-
oped a dopaminergic phenotype in vitro. Finally, nestin-GFP *
cells were transplanted into the striatum of a rat model of
Parkinson’s disease. Bromodeoxyuridine-tyrosine hydroxylase
double-labeling revealed that the transplanted cells generated
new dopaminergic neurons within the host striatum. The im-
planted cells were able to restore dopaminergic function in the
host striatum, as assessed by a behavioral measure: recovery
from amphetamine-induced rotation. Together, these findings
indicate that precursor cells harvested from the embryonic
ventral mesencephalon can generate dopaminergic neurons
able to restore function to the chemically denervated adult
striatum.
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Parkinson’s disease is characterized by the selective degeneration
of dopaminergic (DA) neurons in the substantia nigra of the
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midbrain (Nagatsu et al., 1984; Agid et al., 1987; Damier et al.,
1999). Grafts of embryonic ventral mesencephalon (VM) can
survive and reduce motor symptoms after transplantation into
the brains of Parkinson’s patients and animal models of Parkin-
son’s disease (Brundin et al., 1988; Sauer and Brundin, 1991;
Frodl et al., 1994; Lindvall, 1994; Nakao et al., 1994; Haque et al.,
1997; Bjorklund and Lindvall, 2000). Although transplantation is
a promising treatment for Parkinson’s disease, its clinical appli-
cation has been limited to a few cases, because it is very difficult
to obtain large numbers of human embryonic mesencephalic
tissues. To overcome this problem, various candidate cells have
been investigated as possible donor cells for transplantation ther-
apy for Parkinson’s disease.

Mesencephalic precursor cells derived from the developing
midbrain appear to be a good candidate cell source for dopami-
nergic precursors. Like ventricular zone (VZ) cells elsewhere
throughout the neuraxis, mesencephalic precursor cells can ex-
pand, self-renew, and generate neuronal progeny. However, un-
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like neural progenitors derived from the telencephalic VZ, these
cells have transcription factors characteristic of their midbrain
origin (Smidt et al., 1997; Sakurada et al., 1999) and can respond
to regional signals by rapidly differentiating as DA neurons (Ye et
al., 1998). Because of these features, these cells should provide an
especially appropriate cellular substrate for generating DA neu-
rons in vitro (Ling et al., 1998; Studer et al., 1998; Daadi and
Weiss, 1999; Potter et al., 1999). Nonetheless, in previous studies,
mesencephalic precursor cells that were transplanted into the
adult striatum differentiated into DA neurons to only a limited
extent (Svendsen et al., 1996, 1997). Thus, it is unclear whether
precursor cells taken from the ventral mesencephalic VZ have any
particular bias or predisposition to differentiate into DA neurons.
To better characterize the intrinsic biases and phenotypic poten-
tial of these cells, we needed to isolate a pure population of VZ
precursor cells from fresh VM tissue.

As a first step toward isolating VZ precursors from the mid-
brain, we devised a method for labeling live mesencephalic pre-
cursor cells. Our plan was that, once labeled, the cells could be
directly isolated and their differentiation could be followed over
time, both in vitro and in vivo. For this purpose, we established
transgenic lines of both mice and rats carrying green fluorescent
protein (GFP) under the control of the neural-specific enhancer
for the nestin gene (Zimmerman et al., 1994; Lothian and Len-
dahl, 1997), thereby tagging live neural precursor cells with a
viable, real-time fluorescent reporter. We then used fluorescence-
activated cell sorting (FACS) to identify and isolate these cells
from the mesencephalic VZ. Finally, the differentiation of the
cells was followed in vitro or the cells were directly implanted into
chemically lesioned adult rat striatum in vivo.

We report here that these precursor cells retained the capacity
to differentiate appropriately as DA neurons, to restore DA
function to chemically deafferented striatum, and to reestablish
dopamine-dependent motor behaviors.

MATERIALS AND METHODS

Transgenic mice and rats. To generate the nestin-GFP transgenic rats,
fertilized eggs were microinjected with the previously described trans-
gene (Roy et al., 2000a,b; Kawaguchi et al., 2001). The 2.7 kb Sall
fragment of the E/nestin:EGFP plasmid was purified and then injected
into the pronucleus of fertilized eggs. Sprague Dawley female rats were
crossed to the nestin-GFP males to obtain transgenic rat embryos. The
nestin-GFP transgenic mice used in this study were described previously
(Yamaguchi et al., 2000). C57BL/6 female mice were crossed to the
nestin-GFP male mice to obtain transgenic mouse embryos. Transgenic
mice and rats were identified by Southern blot analysis or by PCR using
tail DNA and primers specific for the GFP sequence.

Dissociated cell culture. Pregnancies were dated by inspection for the
vaginal plug, and the day of the plug was defined as embryonic day 0 (E0).
VMs were dissected from mouse (E11.5-E12.5) or rat (E13.5-E14.5)
embryos in serum-free medium composed of a 1:1 mixture of DMEM
and F-12 (Life Technologies, Gaithersburg, MD) and then digested in
0.25% trypsin (Life Technologies) at 37°C for 5 min. The cells were
washed with fresh medium and then were triturated with a fire-polished
Pasteur pipette. The cells were plated onto coverslips coated with poly-
ethyleneimine (PEI) and cultured in DM EM-F-12 containing insulin (25
ug/ml), transferin (100 wg/ml), progesterone (20 nM), sodium selenate
(30 ng), putrescine (60 um), and 10% fetal bovine serum (FBS).

Sphere culture. Sorted cells were cultured as described previously
(Reynolds and Weiss, 1992). In brief, the cells were washed with
DMEM-F-12 and resuspended in DM EM-F-12 containing insulin (25
ng/ml), transferring (100 pg/ml), progesterone (20 nm), sodium selenate
(30 ng), putrescine (60 uM), and basic FGF (bFGF) (20 ng/ml). Cells
were plated at 5000 cells/200 ul per well in ultra-low attachment 96-well
plates (Costar, Cambridge, M A). For the differentiation assay, spheres at
7-8 d in vitro were plated onto PEI-coated coverslips and cultured for
another 7-10 d in DM EM-F-12 containing 10% FBS.
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Immunofluorescence analyses for cryosections and cultured cells. Em-
bryos were fixed overnight in 4% paraformaldehyde in PBS, pH 7.4, at
4°C, cryoprotected in 30% sucrose in PBS overnight, embedded in O.C.T.
compound (Sakura Finetechinical Co. Ltd., Tokyo, Japan), and frozen in
liquid nitrogen. Ten-micrometer-thick cryosections were cut and affixed
to 3-aminopropyltriethoxysilane-coated glass slides (Matsunami Glass,
Osaka, Japan). Cells attached to PEI-coated coverslips were fixed in 4%
paraformaldehyde in PBS for 10 min at room temperature. Fixed cryo-
sections and cultures were washed three times with PBS and permeabil-
ized and blocked in PBS containing 0.3% Triton X-100 and 10% donkey
serum for 30 min at room temperature, followed by an overnight incu-
bation in the same buffer at 4°C with one or more of the following
antibodies: mouse anti-tyrosine hydroxylase (TH) monoclonal antibody
(obtained from Dr. Hiroshi Hatanaka, Osaka University, Osaka, Japan)
(Hatanaka and Arimatsu, 1984) diluted 1:500; rabbit anti-TH antibody
(obtained from Dr. Ikuko Nagatsu, Fujita Health University, Toyoake,
Japan) (Nagatsu et al., 1989) diluted 1:10,000; mouse anti-BIII-tubulin
monoclonal antibody (Sigma, St. Louis, MO) diluted 1:100; rat anti-
Musashil monoclonal antibody (Kaneko et al., 2000) diluted 1:500;
mouse anti-Ki67 monoclonal antibody (Novocastra Laboratories, New-
castle upon Tyne, UK) diluted 1:1000; mouse anti-Nestin monoclonal
antibody rat 401 (Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA) diluted 1:500; rabbit anti-dopamine transporter
(DAT) polyclonal antibody (Chemicon, Temecula, CA) diluted at 1:1000;
rabbit anti-GFAP polyclonal antibody (Dako, High Wycombe, UK) di-
luted 1:5; mouse anti-microtubule-associated protein 2 (MAP2) mono-
clonal antibody (Sigma) diluted at 1:100; and rat anti-Prominin mono-
clonal antibody 13A4 (obtained from Dr. Wieland B. Huttner, University
of Heidelberg, Heidelberg, Germany) (Weigmann et al., 1997) diluted
1:300. After three washes with PBS, the sections or cells were incubated
with secondary antibodies conjugated with FITC or Cy3 (Jackson Im-
munoResearch, West Grove, PA) diluted 1:1000 in PBS, for 1 hr at room
temperature. The cultured cells were also incubated briefly with 10 um
Hoechst 33342 (Sigma) to stain the nuclei. After three washes with PBS,
the samples were mounted on slides and examined with a Zeiss
(Oberkochen, Germany) LSMS510 confocal imaging system or Zeiss
Axioplan2.

Cell sorting. FACS sorting of GFP-positive (GFP ™) cells was per-
formed essentially as described previously (Wang et al., 1998; Roy et al.,
2000a,b; Kawaguchi et al., 2001; Sawamoto et al., 2001a). VMs were
dissected from embryos in cold DMEM-F-12 medium and digested in
0.25% trypsin (Life Technologies) at 37°C for 5 min. The cells were
washed with fresh medium and then were triturated with a fire-polished
Pasteur pipette. Dissociated cells were spun, resuspended in PBS con-
taining 10 ug/ml propidium iodide (PI) and 0.05% sodium azide, and
filtered through nylon mesh. Sorting and analyses of fluorescent cells
were performed on an FACS Vantage flow cytometer/cell sorter (Becton
Dickinson, Franklin Lakes, NJ). Data analyses were performed using
CELLQuest software (Becton Dickinson). Cells (1-2 X 10 ~%/ml) were
analyzed for forward scatter, side scatter, PI fluorescence, and GFP
fluorescence with an argon laser (488 nm, 100 mW). Dead cells were
excluded by gating on forward and side scatter and by eliminating
PI-positive events. Cells harvested from wild-type mice were used to set
the background fluorescence. Viable and fluorescent cells from the
transgenic embryos were sorted into DM EM-F-12 medium at a speed of
3000 cells per second. For anti-Prominin staining, the VM cell suspen-
sion was incubated with the monoclonal antibody 13A4 for 30 min on ice.
The cells were washed with PBS and then stained with phycoerythrin
(PE)-conjugated anti-rat IgG, followed by washing. The stained cells
were resuspended in PBS containing 10 pg/ml PI and 0.05% sodium
azide and applied to the flow cytometer for analysis.

Unilateral 6-hydroxydopamine lesions and amphetamine-induced circling
behavior. Young adult male Sprague Dawley rats (Charles River, Osaka,
Japan), weighing 180-200 gm at the start of the experiment were used.
The rats were maintained under a 12 hr dark/light cycle with ad libitum
access to food and water. All surgical procedures were conducted under
anesthesia with sodium pentobarbital (50 mg/kg, i.p.). Unilateral lesions
of the ascending mesostriatal DA pathway were made by intracerebral
injections of 6-hydroxydopamine (6-OHDA) (3 mg/ml in 0.2 mg/ml
ascorbate—saline; Sigma), as described in detail previously (Nakao et al.,
1998). Two weeks after the lesion surgery, amphetamine (0.25 mg/kg,
i.p.)-induced turning behavior was monitored over a period of 60 min.
The rats that exhibited a net rotational asymmetry of at least six full
turns per minute toward the lesioned side were selected for transplanta-
tion surgery, because this extent of amphetamine-induced rotational
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asymmetry corresponds, on average, to a 9% depletion of striatal DA
neurons (Schmidt et al., 1983). The drug-induced rotational behavior was
tested again 5 weeks after grafting to examine the functional effects of
the implanted GFP " cells.

Transplantation surgery. The sorted GFP * cells were spun and resus-
pended in a final volume of 100-150 ul of HBSS. The cell viability,
assessed with a trypan blue dye exclusion test, was over 95% just before
grafting, and the cell concentration was 10,000-13,000 per microliter
Lesioned rats were divided into two groups: lesion control (n = 4) and
transplantation (n = 5). In the transplantation group, two stereotaxic
deposits, of 2 ul of cell suspension each, were injected into the lesioned
striatum as described previously (Nakao et al., 1994, 1998). All of the
engrafted rats were given intraperitoneal injections of bromodeoxyuri-
dine (BrdU) (50 mg/kg; Sigma) for 14 consecutive days, starting on the
day of transplantation surgery.

Tissue processing. The animals were anesthetized with lethal doses of
sodium pentobarbital and perfused transcardially with physiological sa-
line, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4.
After a 6 hr post-fixation incubation in the same fixative, the brains were
immersed in 20% sucrose in 0.1 M phosphate buffer at 4°C until they sank.
Sections were cut at 30 wm in a cryostat and collected in PBS.

For quantification of the number of grafted cells expressing the DA
phenotype, free-floating sections were processed for TH immunohisto-
chemistry as described previously (Nakao et al., 1994, 1998). Briefly, the
sections were preincubated in 10% blocking serum—0.2% Triton X-100—
PBS for 1 hr at room temperature and then incubated overnight at room
temperature with primary antibodies against tyrosine hydroxylase (1:500;
Pel-Freeze). Subsequently, the tissue was exposed to biotinylated anti-
rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) for 1 hr at
room temperature. The bound antibodies were visualized using an avi-
din-biotin—peroxidase complex system (Vectastain ABC Elite kit; Vec-
tor Laboratories), with 3,3-diaminobenzidine as the chromogen. The
number of TH-immunoreactive neurons in each graft was counted under
bright-field illumination on every third section. The raw counts of TH-
immunoreactive cells were corrected according to the formula of Aber-
crombie (1946).

Some brain sections were also processed for immunofluorescence
double-labeling to determine whether new DA neurons might be gener-
ated from grafted GFP™" cells by mitotic neurogenesis. Free-floating
sections were pretreated in 50% formamide-2X SSC at 65°C for 2 hr,
incubated in 2N HCI at 37°C for 30 min, and then rinsed for 10 min in
0.1 M boric acid, pH 8.5. Brain sections were incubated overnight with
mouse monoclonal anti-BrdU (1:100; NeoMarkers, Fremont CA) and for
2 hr with biotinylated horse anti-mouse antibody (1: 200; Vector Labo-
ratories). Sections were then incubated with ExtraAvidin-FITC conju-
gate (10 mg/ml; Sigma) for 2 hr. After three 5 min washes with PBS, the
sections were incubated overnight with anti-TH antibody (1:500; Pel-
Freeze), followed by a 2 hr incubation with Cy3-labeled sheep anti-rabbit
IgG (1:50; Chemicon). Sections were thoroughly washed in PBS and then
mounted on glass slides and covered with coverslips. Fluorescent signals
were detected and processed using a confocal scanning laser microscope
(Olympus Optical, Osaka, Japan).

Statistical analyses. All data were expressed as the mean = SEM. A
paired two-tailed Student’s ¢ test was used to compare amphetamine-
induced rotation scores before and after grafting. p < 0.05 was consid-
ered significant.

RESULTS

Specific expression of the nestin-GFP transgene in the
ventricular zone of the ventral mesencephalon

To label live precursor cells in the ventral mesencephalon, we
used a GFP reporter gene placed under control of the regulatory
elements of the nestin gene (Roy et al., 2000a,b; Yamaguchi et al.,
2000; Kawaguchi et al., 2001; Sawamoto et al., 2001). We first
examined the expression pattern of GFP in the VM of Nestin-
GFP mouse embryos at E11.5. At this stage, DA neurons are
generated in the ventricular zone of the VM by mitotic neuro-
genesis (Kawano et al., 1995). Under a fluorescence stereomicro-
scope, GFP fluorescence was detected throughout the developing
CNS, including the mesencephalon (Fig. 14,B). To determine
where GFP was expressed within the VM, coronal sections
through the mesencephalon were examined. nestin-driven GFP
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Figure 1. Mesencephalon of a nestin-GFP embryo. A, B, Head of an
E12.5 nestin-GFP embryo. A, Bright-field image. B, GFP fluorescence was
detected throughout the CNS. C, A coronal section of the ventral mes-
encephalon (indicated by white line in B). GFP fluorescence was detected
in the ventricular zone. Scale bars: 4, B, 1 mm; C, 100 um.

fluorescence was brightest in ventricular zone cells in the VM and
very weak outside of the VZ (Fig. 1C), which is an expression
pattern similar to that of the Nestin protein and mRNA (Hock-
field and McKay, 1985; Dahlstrand et al., 1995).

Sections of mesencephalon dissected from E11.5 nestin-GFP
mouse embryos were then fixed and immunostained with anti-
bodies against cell type-specific markers in combination with
Cy3-conjugated secondary antibodies (Fig. 2). Figure 2A4-C
shows a section stained with anti-TH antibody. In the VM, TH is
expressed only in the DA neurons (Kalsbeek et al., 1992). The
TH"' DA neurons were not located in the GFP " ventricular
zone. We next stained sections with an antibody against BIII-
tubulin, a marker for postmitotic neurons (Fig. 2D-F). The
pattern of GFP expression was essentially reciprocal to that of
BIII-tubulin (Fig. 2D-F), suggesting that the nestin-GFP trans-
gene was expressed by neural precursor cells in the VZ at a high
level but was downregulated rapidly during neuronal differentia-
tion. On the other hand, the expression pattern of GFP over-
lapped with the immunoreactivity of Musashil (Fig. 2G-I), an
RNA-binding protein that is highly enriched in CNS precursor
cells (Sakakibara et al., 1996; Kaneko et al., 2000). We also
examined whether GFP was expressed in mitotic cells. To label
the nuclei of actively dividing cells in the VZ, we stained sections
with an antibody against the Ki67 antigen, which is expressed
specifically in proliferating cells (Gerdes et al., 1983). We found
that a population of Ki67 * cells in the VZ expressed GFP (Fig.
2J-L). These results imply that the nestin-GFP is active in pre-
cursor cells in the VZ, including mitotic neural progenitor cells,
but is downregulated during differentiation and departure from
the VZ.

To more precisely define the antigenic phenotype of the GFP
cells, dissociated VM cells derived from nestin-GFP embryos
were cultured for 24 hr and then fixed and immunostained for cell
type-specific markers. All GFP ™" cells were immunoreactive to
anti-Nestin (Fig. 2M-0) and to anti-Musashil (data not shown).
In contrast, the GFP ™" cells were negative for TH (Fig. 2P-R).
The GFP " cells were also negative for neuronal (BIII-tubulin and
MAP2) and astrocytic (GFAP) markers (data not shown).

Together, these results suggest that, in the VM, nestin-
driven GFP expression was more robust in undifferentiated
progenitor cells than in their differentiated daughters, includ-
ing TH™ DA neurons.
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Figure 2. Expression pattern of the nestin-GFP transgene in the ventral
mesencephalon. A-L, Coronal sections of the ventral mesencephalon
from nestin-GFP E11.5 embryos were stained with antibodies against
tyrosine hydroxylase (A-C), pIII-tubulin (D-F), Musashil (G-I), or
Ki67 (J-L). M-R, Dissociated cells from the nestin-GFP ventral mesen-
cephalon were stained with antibodies against Nestin (M-O) or tyrosine
hydroxylase (P-R). Each antibody was visualized with a Cy3-conjugated
secondary antibody (red). Scale bars: A-L, 100 um; M-R, 25 pm.

Direct isolation of VM precursor cells by FACS

The expression patterns of nestin-GFP in the embryo (Figs. 1, 2)
raised the possibility that we could use flow cytometry to identify
and isolate neural precursor cells in the VZ as a cell population
expressing GFP. We first analyzed the GFP fluorescence intensity
of dissociated VM cells from E11.5-E12.5 embryos. More than
80% of the total cells from nestin-GFP embryos showed a brighter
green fluorescence than did any of the control cells, which were
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Figure 3. Tsolation of nestin-GFP* cells from the embryonic VM. A-C,
Flow-cytometric analyses of mesencephalic cells. 4, VM cells from wild-
type embryos were incubated with PE-conjugated anti-rat IgGs. B, VM
cells from nestin-GFP embryos were incubated with PE-conjugated anti-
rat IgG. C, VM cells from nestin-GFP embryos were incubated with rat
monoclonal antibody 13A4 (anti-Prominin) and PE-conjugated anti-rat
IgG. D-F, A coronal section of E11.5 nestin-GFP ventral mesencephalon
stained with anti-Prominin and a Cy3-conjugated secondary antibody
(red). Scale bars, 100 wm.

derived from the VMs of age- and strain-matched nontransgenic
mice (Fig. 34,B). This was consistent with our observation that
most of the cells outside of the VZ also had very weak but
detectable green fluorescence (for example, see Fig. 1C).

To confirm that the GFP " VM cell population isolated by flow
cytometry contained cells from the ventricular zone, we labeled
cells with the monoclonal antibody 13A4, which recognizes the
extracellular portion of Prominin, a plasma membrane protein
specifically expressed on the apical surface of epithelial cells
(Weigmann et al., 1997). To examine the localization of Prominin
in the VM, coronal sections of the mesencephalons from rnestin-
GFP mice were stained with 13A4, followed by a Cy3-conjugated
secondary antibody (Fig. 3D-F). Prominin expression was de-
tected only on the apical surface of the ventricle, in which nestin-
driven GFP was brightest.

We then stained a VM cell suspension from nestin-GFP VM
tissue with 13A4 and a PE-conjugated secondary antibody and
analyzed this binding simultaneously with GFP fluorescence (Fig.
3C). Almost all of the 13A4-positive cells showed bright GFP
fluorescence, which was consistent with our observation that GFP
fluorescence was brightest near the ventricular wall (Figs. 1C,
2A-L), in which mitotic neurogenesis occurs. [We reported pre-
viously that the intensity of nestin-driven GFP expression in
neural cells correlated with their mitotic and neurogenic poten-
tials (Kawaguchi et al., 2001).]

Therefore, to obtain a highly purified population of precursor
cells, the 10-15% of the total cell population (Fig. 3B, RI) that
had the brightest relative fluorescence was sorted as GFP ™ cells
and used for the analyses described below. Reanalysis of the
sorted GFP * cell population by flow cytometry confirmed that all
of the sorted cells expressed GFP (data not shown). The sorted
GFP * cells were allowed to attach to coverslips and stained with
antibodies against Nestin, BIII-tubulin, and TH. As expected,
virtually all of the GFP ™ cells were positive for Nestin and
negative for BIII-tubulin and TH (data not shown), suggesting
that we had isolated a nearly pure population of precursor cells.
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In vitro characterization of the sorted GFP* cells

Because the anti-Ki67 staining of sections indicated that a sub-
population of the GFP ™ cells was actively dividing in vivo (Fig.
2J-L), we next examined whether the isolated GFP* cells could
also proliferate in vitro. Sorted cells were plated onto PEI-coated
coverslips and cultured in DM EM-F-12-based serum-free media
with epidermal growth factor (EGF) and bFGF (20 ng/ml each).
Cells were treated for 1 hr with BrdU (10 um) 1.5 hr after plating,
fixed, and stained with anti-BrdU. Of the total cells counted (n =
2152), 7.8% (168 cells) had BrdU-labeled nuclei. In contrast, the
sorted GFP-negative (GFP ™) population incorporated BrdU into
only 2% (27 cells) of the total cells (n = 1313). These results
indicate that, under these culture conditions, fetal brain cells with
bright GFP fluorescence were mitotic compared with those in
which nestin transcription was no longer active.

We next examined whether the GFP* VM cell population
contained neural stem cells that were multipotent and had the
capacity to self-renew. To evaluate these characteristics, we used
a culture system in which neural stem cells selectively proliferate
to form multicellular aggregates called neurospheres (Reynolds
and Weiss, 1992). For this procedure, the sorted cells were
counted and plated at a density of 5000 cells per well (Fig. 4A4).
The cells were then cultured in serum-free medium supplemented
with 20 ng/ml bFGF. We observed a number of small growing
neurospheres that were composed of fluorescent cells as early as
2 d after plating (Fig. 4B). Seven days after plating, we counted
the number of fluorescent neurospheres whose diameter was >50
pm (Fig. 4C). We found a striking difference between the poten-
tial of GFP " cells and GFP ~ cells (cells without fluorescence or
with a lower intensity of fluorescence than the GFP ¥ cells) to
generate spheres. GFP ™ cells generated 33 =+ 8.6 spheres per well
(n = 8), whereas GFP ~ cells generated only 2 * 0.9 spheres per
well (n = 8). In addition, the size of the spheres derived from the
GFP * cells was greater than that of the spheres from GFP ~ cells;
GFP * cells generated 9.2 + 3.0 spheres with a diameter of >100
wpm per well (n = 7), but no spheres of this size could be found in
the GFP ~ cultures (n = 7).

We next examined the lineage potential of the sphere-initiating
cells that were enriched in the GFP ™" fraction. For this purpose,
we transferred spheres formed in GFP ™ cultures to PEI-coated
coverslips and cultured them in medium containing FBS. After 16
hr, the spheres had flattened but incompletely; cells in the edge
region of the colony spread well, but those in the center still
formed multicellular aggregates (Fig. 4D). We then examined the
GFP expression in the colonies using fluorescence microscopy.
The cells in the aggregate at the center of the colony showed
green fluorescence, but the spreading cells at the edge did not
(Fig. 4E). The colonies were then cultured as monolayers for 14 d,
after which the cell sheets were stained with antibodies against
neuronal (MAP2 and BIII-tubulin), astrocytic (GFAP), and oli-
godendrocytic (O4) markers. All of the colonies examined (n =
20) contained these three cell types (data not shown), indicating
that the GFP " cells that gave rise to the colonies were multipo-
tent. Putative DA neurons that were positive for TH and/or DAT,
as well as MAP2, were also observed in most of the colonies (Fig.
4F-Q). In parallel with these experiments, we also sorted GFP "
cells from the striatum. The striatum-derived GFP * cells gener-
ated neurospheres as described previously (Kawaguchi et al,
2001); however, they never differentiated into neurons that were
positive for TH or DAT (data not shown).

Finally, to examine the capacity of the sorted GFP ™ cells for
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Figure 4. The sorted nestin-GFP* cells generated neurospheres. A-D,
GFP fluorescent images of growing spheres at days 0 (A4), 2 (B), and 7
(C). D-E, Cell sheet derived from a single neurosphere 16 hr after
transferring it onto an adhesive coverslip. D, Phase contrast. E, GFP
fluorescence was detectable only in the center of the colony in which cells
still existed as multicellular aggregates. F—-Q, Cell sheets after 10 d of
differentiation stained with antibodies against DAT and GFAP (F-H),
DAT and MAP2 (I-K), TH and MAP2 (L-N), or TH and DAT (O-Q).
Putative DA neurons are indicated by arrows. Scale bars: A, B, 15 pm;
C-E, 50 pm; F-Q, 25 pm.

self-renewal, primary spheres were individually transferred to
separate wells and then dissociated into single cells. These single
sphere-derived cells were then cultured and assessed for second-
ary sphere formation. After 7 d, 50 = 19 spheres per well (n = 7)
showing GFP fluorescence similar to the primary spheres were
generated. These results further indicated that the sphere-
initiating cells sorted as GFP " cells were both self-renewing and
multipotent.
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Figure 5. Transplanted GFP " cells caused functional recovery in a rat

model of Parkinson’s disease. A, B, Net ipsilateral amphetamine induced
rotation asymmetry over the 60 min test session. 4, Control animals (n =
4) showed no improvement. B, The animals with grafts (n = 5) showed
steady improvement.

Transplantation of the sorted GFP* cells into a rat
model of Parkinson’s disease

To study the function of the sorted GFP ™ cells in vivo, we used a
rat model of Parkinson’s disease (for review, see Brundin et al.,
1994). To obtain donor cells that could be transplanted into rats
without immunosuppression, we generated transgenic rats carry-
ing a nestin-GFP transgene. The expression pattern of GFP in the
ventricular zone and the nature of the sorted GFP * cells in vitro
were similar to those seen in mice. GFP expression in the ven-
tricular zone was restricted to cells that were positive for
Musashil and Nestin but negative for TH and pIII-tubulin (data
not shown), and GFP " cells sorted from the VM of nestin-GFP
rat embryos at E13.5-E14.5 (which corresponds to E11.5-E12.5
in mice) contained virtually no TH ™" neurons. Furthermore, pilot
transplantation experiments using mouse cells as donors gave
data similar to those using rat cells (data not shown). Therefore,
we show here only the results from experiments using the rat cells
as donors.

The chosen rat model permits a behavioral assessment (rota-
tion response to amphetamine) of the extent to which the Par-
kinson’s symptoms have been alleviated (Schmidt et al., 1983). In
this experiment, all of the animals with a unilateral 6-OHDA
lesion displayed a robust rotation response to amphetamine be-
fore transplantation, and there was no significant difference in
rotation scores between the rats assigned to the lesion control and
transplantation groups (p > 0.05; unpaired two-tailed Student ¢
test). In the transplantation group, each rat received a total of
~50,000 grafted cells in the lesioned striatum. Five weeks after
grafting the cells, a significant reduction in rotational asymmetry
was observed in the grafted rats (p < 0.01) (Fig. 5B), whereas the
lesion control animals did not show any improvement (p > 0.05)
(Fig. 54). The rotation scores of the grafted animals were re-
duced 65.2% on average compared with the pretransplantation
scores.

The 6-OHDA lesions of the mesostriatal bundle produced a
virtually complete loss of TH™ DA neurons in the substantia
nigra with a concomitant depletion of TH-immunoreactive fibers
in the lesioned striatum. During examination of the brain tissues,
each rat that had received GFP " cells was found to have two
grafts containing TH ™ cells in the rostral part of the host stria-
tum. Individual TH™ cells within the grafts displayed morpho-
logical features suggestive of mature neurons and extended nu-
merous TH™ fibers into the DA-depleted striatum (Fig. 6A4).
Each rat had a mean number of 624 = 123 TH™ cells in the two
graft deposits. The percent reduction in net rotational asymmetry
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Figure 6.  Morphology of TH " neurons in the graft. 4, Brain sections of
the 6-OHDA-lesioned animals that received sorted GFP ™ cells were
immunostained for TH. B-D, Evidence that transplanted GFP* cells
generated new TH™ neurons. B, Anti-TH staining (red). C, Anti-BrdU
staining ( green). D, Merged image. Scale bars, 100 wm.

of individual animals was plotted against the number of surviving
TH™ neurons, and linear regression analysis was performed.
These two parameters were found to be significantly correlated
(p < 0.005; r* = 0.851).

To label the new DA neurons generated from the donor cells by
mitotic neurogenesis, the host animals were injected with BrdU
daily for 2 weeks. The sections through the graft were stained
with anti-BrdU and anti-TH antibodies (Fig. 6B-D). The rats
contained an average of 47.2 = 12.0 cells (n = 5) that were
positive for both BrdU and TH in the striatum. Nuclei in 7.2 *
0.8% of the TH ™" cells (n = 5) were labeled with BrdU. Thus,
enough transplanted precursor cells differentiated into functional
DA neurons to improve the amphetamine-induced rotational
asymmetry in this rat model of Parkinson’s disease.

DISCUSSION

Midbrain DA neurons are generated from precursor cells in the
ventricular zone of the developing VM. After mitosis in the
ventricular zone, the precursor cells migrate radially, start to
express specific markers including TH, and differentiate into
mature DA neurons (Kawano et al., 1995). Because of the DA
character of these cells, they are an interesting candidate source
for donor cells that could be used in transplantation therapy for
Parkinson’s disease. Most studies of these precursor cells have
been based on cells acquired by expanding dissociated cell cul-
tures. However, after long-term culture under mitogenic stimula-
tion, these expanded cell populations may become chromosoma-
lly abnormal and phenotypically unrepresentative of their
founder populations. Therefore, large-scale expansion from a
small number of progenitors may not be the best strategy for
studying their native potential. The selection of mesencephalic
precursor cells based on surface markers, a common and effective
strategy in the hematopoetic system, is hampered in the neural
system by the lack of surface antigens specific for the neural
precursor phenotype. As an alternative strategy, we have devel-
oped a technique to visualize and isolate a specific cell type by
labeling neural cells with GFP under the control of a specific
promoter (for review, see Okano and Goldman, 2000). Using a
nestin-GFP transgene, we demonstrated a strong correlation be-
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tween GFP expression and the immature precursor cell pheno-
type in the forebrain (Kawaguchi et al., 2001). Here, we used the
nestin-GFP transgene to visualize and identify mesencephalic
precursor cells in the ventricular zone. As expected, GFP fluo-
rescence was restricted to cells within the ventricular zone ex-
pressing Musashil and Nestin. Expression of GFP was near the
background level in the postmitotic neurons that were positive for
BII-tubulin and/or TH. Almost all of the mitotic cells (Ki67 )
expressed bright GFP fluorescence in the ventricular zone. Thus,
we established that nestin-GFP was a useful and reliable marker
for mesencephalic precursor cells.

To confirm that we could identify the precursor cells by flow
cytometry as a population of cells with a bright GFP fluorescence,
we used an antibody against Prominin. Prominin is a transmem-
brane protein that is expressed in the microvilli of the apical
surface of epithelial cells, including those of the neuroepithelium
(Weigmann et al., 1997). Recently, an antibody against the human
homolog of Prominin, CD133, was used to enrich for human
neural stem cells that initiate neurosphere generation (Uchida et
al., 2000). Here, we found that Prominin was expressed on the
ventricular surface in the developing mouse mesencephalon, in-
dicating that Prominin could be used as a surface marker for
neural precursor cells in mice. In flow cytometry, Prominin im-
munoreactivity was detected specifically on the cells that ex-
pressed the nestin-GFP transgene. The expression pattern of
nestin-GFP using frozen sections, cultured cells, and cell suspen-
sions suggested that the sorted nestin-GFP ™ VM cells constituted
a nearly pure population of precursor cells.

In vitro analysis indicated other characteristics that identified
the sorted cell population as precursor cells. First, almost all of
the sorted cells were positive for Nestin and Musashil but not for
TH. Second, the sorting based on nestin-GFP fluorescence re-
sulted in an enrichment of mitotically active cells in vitro. Third,
this population included neural stem cells that could generate
neurospheres. Finally, each sphere differentiated into multiple
types of cells, including neurons that expressed DA markers such
as TH and DAT (Lorang et al., 1994). It is known that virtually
all spheres are clonally derived when cells are plated at a density
<5 X 10 ~* cells/ml (Hulpas et al., 1997). Therefore, these results
imply that the nestin-GFP™ population contained multipotential
precursor cells that could generate DA neurons. Thus, sorting
nestin-GFP™ cells enabled us to obtain a nearly pure population
of live VM precursor cells for the first time. The sorted cells
should be a useful source of material for biological analyses of
DA neurons and clinical studies for neurological disorders caused
by defects in DA neurons.

Embryonic VM tissue used for transplantation contains a mix-
ture of at least (1) differentiated neurons that have already un-
dergone final mitosis, (2) immature neurons that have also un-
dergone final mitosis but not started to express neuronal markers,
and (3) neural progenitor cells that are still mitotic. However, it
was unclear whether all of these cells have the potential to
develop into functional DA neurons after transplantation. A
recent study found that the great majority of TH™ neurons in
nigral grafts were derived from postmitotic DA neurons that were
already present in the VM tissue at the time of implantation
(Sinclair et al., 1999). We also demonstrated that purified DA
neurons could survive transplantation and improve Parkinson’s
disease (Sawamoto et al., 2001b). However, the potential of
precursor cells to generate DA neurons in the adult brain was not
studied sufficiently. Here, for the first time, we could evaluate the
function of mesencephalic precursor cells isolated directly from
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the mixed population of cells in VM tissue. We transplanted
~50,000 precursor cells in the striatum, and found that 1.25% of
them (624 =+ 123 cells) survived as TH ™ neurons at the end of the
experiments. Because the sorted GFP * population did not con-
tain any TH™ cells, we could ascertain that the TH™ cells
detected in the grafts were generated after transplantation into
the host brain.

The sorted cell population should include both mitotic and
postmitotic precursors. Importantly, we obtained clear evidence
that a subpopulation of the sorted precursor cells could generate
new DA neurons by mitotic neurogenesis in the adult striatum, by
BrdU labeling studies. Seven percent of the TH* neurons in the
grafts contained BrdU in their nuclei. Because the protocol for
BrdU injection (once per day) used in this study probably did not
label all of the DA neurons generated after transplantation, these
data (7%) might underestimate the amount of mitosis that oc-
curred in the host striatum. Thus, the present results indicate that
primary precursor cells that have been isolated directly from
fresh VM tissue possess a high potential to generate new DA
neurons in the adult striatum. Furthermore, others have demon-
strated recently that the adult striatum lesioned with 6-OHDA
may provide a supportive environment for the differentiation of
DA neurons (Zigova et al., 1998; Nishino et al., 2000).

The TH *BrdU ~ neurons in the grafts were likely to be im-
planted as immature postmitotic cells that began to express TH in
the host striatum. There may be advantages to implanting post-
mitotic immature, rather than mature, DA neurons. For example,
the dissociation of mature DA neurons in brain tissue is likely to
cause serious damage to cells from the disruption of axons and
dendrites. Because immature cells have a simple morphology, the
dissociation process may not affect their viability and ability to
innervate tissue after implantation. In addition, postmitotic cells
should have already committed to a cell fate in the developing
VM. Therefore, they ought to be able to develop into mature DA
neurons even if they are transplanted into an ectopic environ-
ment. In fact, in this study, the TH™ neurons found in the grafts
had long axons innervating the host tissue, a morphological
feature they share with endogenous DA neurons.

The physiological function of the DA neurons generated from
the sorted cell population was analyzed based on recovery from
the amphetamine-induced rotation behavior in a rat model of
Parkinson’s disease. All of the animals that received the sorted
precursors in their striatum showed significant recovery in the
amphetamine-induced rotation behavior. We found a good cor-
relation between the DA neuron cell number in the grafts and the
degree of recovery, suggesting that dopamine secretion from the
generated DA neurons was responsible for the improvement of
the phenotype. Taking together the data on behavioral recovery
and the successful transplantation of DA neurons, we conclude
that the sorted precursors generated functional DA neurons in
vivo that could survive and innervate the adult striatum.

In contrast with our results, the transplantation of mesence-
phalic precursors that had been expanded in vitro as neurospheres
did not result in sufficient differentiation into DA neurons to
completely resolve the behavioral defects seen in the same rat
model of Parkinson’s disease (Svendsen et al., 1996, 1997). Al-
though it is unknown why in vitro expansion of precursor cells
might result in a loss of their potential to differentiate into DA
neurons, it is possible that, under the conditions used for expan-
sion, the cells were altered and lost their identity as DA precur-
sors. Endogenous precursor cells have access to positional infor-
mation that is important for adopting a specific fate. Long-term
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culture under stimulation with growth factors causes the loss of
such positional information for unknown reasons (Santa-Olalla et
al., 2000). For the application of precursor cells to transplantation
therapy of Parkinson’s disease, it is necessary to establish culture
conditions that maintain their potential for DA differentiation, as
well as their viability (Brundin and Bjorklund, 1998) after expan-
sion in vitro. This work should stimulate future research aimed at
the characterization of the VM precursor cells, as well as the
molecular mechanisms by which precursor cells generate DA
neurons.
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