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previous work (Granderath et al., 2000), these results show that
both PNTP1 and REPO acts through their respective binding
sites in the loco promoter to activate transcription.

Synergistic effect of REPO and PNTP1 was also observed
in vivo. While ectopic expression of either PNTP1 or REPO in
the neuroectoderm caused only a minor increase in the number
of cells that expressed a loco enhancer-trap strain (rC56),
co-expression of REPO and PNTP1 in the neuroectoderm
caused a dramatic increase in the response (Fig. 51-K). When
misexpression was directed using the engrailed-GAL4 driver,
co-expression of REPO and PNTP1 caused a fivefold increase
in the number of rC56-expressing cells compared with the
expression of REPO or PNTP1 alone (Fig. 5L). Such a
synergistic effect was not observed between REPO and
TTKG9, or between PNTP1 and TTK69 (data not shown). We
conclude that the glial expression of loco is regulated by the
cooperation of REPO and PNTP1.

REPO also suppresses neuronal characteristics

In addition to promoting glial differentiation, the glial
determinant GCM also inhibits neuronal differentiation
(Hosoya et al., 1995; Jones et al., 1995). This function is
probably mediated by glial transcription factors that operate
downstream of GCM. Because the results presented above
established that REPO cooperates with TTK69 and PNTP1 to
direct the expression of glial-specific genes in the CNS, we
tested whether these proteins also function to inhibit neuronal
differentiation.

Fig. 5. REPO and PNTP1 cooperate to activate the transcription of
loco. (A-C) Whole-mount in situ hybridization of stage 16 embryos
using the loco-cl probe. Ventral views. Wild-type embryos (A)
express loco-cI mRNA in two rows of longitudinal glial cells
(arrowheads). loco-cI mRNA expression in longitudinal glia was
undetectable in repo mutant embryos (B) or in pointed mutant
embryos (C). Anterior is leftwards. (D) Structure of the loco-cl
promoter-luciferase reporter genes used for transfection assays.
AEE-{uc carries a 0.7 kb loco promoter fragment, which contain two
CAATTA motifs (square). Single base changes (asterisk) were
introduced in both motifs in AEE*-luc reporter. AES-luc has a 1.4 kb
loco fragment, which includes an Ets-binding site (triangle) and a
GCM-binding site (oval), both identified by Granderath et al.
(Granderath et al., 2000). The glial enhancer fragment (Rrk) used by
Granderath et al. (Granderath et al., 2000) is shown above the map.
The exact position of the transcriptional start site is not known.

(E) REPO activates transcription through the CAATTA motif in the
loco-c1 promoter. S2 cells were transfected with AEE-luc (black) or
AEE*-luc (gray) reporter and REPO-expressing plasmid (REPO) or
the empty vector (ACT). Luciferase activity obtained after the
transfection of the effector constructs was normalized to the activity
of the AEE-luc reporter co-transfected with the empty vector.

(F) REPO and PNTP1 cooperates on the expression of the loco
promoter. S2 cells were co-transfected with the AES-luc reporter
gene and effector constructs that expressed GCM (column 2), REPO
(column 3), PNTP1 (column 4) or REPO and PNTP1 (column 5).
Luciferase activity was normalized to the value obtained with the
empty vector (column 1). (G-L) REPO and PNTP1 has synergistic
effects on loco expression. (G-K) lacZ expression of rC56, an
enhancer trap insertion into the loco locus. The following transgenes
were misexpressed in the entire neuroectoderm using the scabrous-
GALA4 strain: (G) none; (H) GCM; (I) REPO; (J) PNTP1; (K) REPO
and PNTP1. (L) Number of rC56-positive cells upon misexpression
using the engrailed-GALA4 driver. The number of rC56-positive cells
in the engrailed-positive region in each segment were scored (n=15).

Ectopic expression of GCM throughout the neuroectoderm
has a profound effect on neuronal differentiation; the number
of cells that express the neuron-specific marker ELAV is
reduced to 5-15% of that in normal embryos (Hosoya et al.,
1995). In stage 13 embryos, ectopic expression of REPO or
TTK69 alone caused, respectively, little or a modest reduction
in the number of ELAV-positive cells (Fig. 6A,C,D). When
these two proteins were co-expressed, however, neuronal
differentiation was severely blocked, surpassing the inhibition
achieved by the ectopic expression of GCM (Fig. 6B,E). Thus,
REPO cooperates with TTKG9 "not only to promote glial
development, but also to inhibit neuronal differentiation.

To address whether repo activity is indeed necessary for the
inhibition of neuronal differentiation, we took advantage of
embryos that ectopically express.GCM, in which ‘REPO,
TTK69 and PNTPI are all misexpressed, In these embryos, the
number of ELAV-positive cells was greatly reduced, and only
short stretches of axons could be recognized by staining with
an antibody .that labels all CNS axons..(Fig. 7B,F). The
introduction of a pointed mutation into this genotype had little
effect on the number of ELAV-positive cells or the axonal
phenotype, indicating that pointed is not essential for inhibiting
neuronal differentiation in this genetic background (Fig,
7D,H). However, removal of repo function caused a striking
effect on the GCM-misexpression phenotype; ELAV-positive
cells increased significantly in number, and they grew long
axons that made bundles reminiscent of longitudinal or
commissural tracts (Fig. 7C,G). The effect of the repo mutation
was much more pronounced than the removal of TTK (Fig.
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Fig. 6. REPO and TTKG9 cooperate to suppress neuronal
development. The expression of the neuron-specific protein ELAV in
stage 13 embryos. (A) Wild type. (B-E) Ectopic expression using the
scabrous GALA driver. (B) Ectopic expression of GCM reduced the
number of ELAV-expressing cells. Ectopic expression of REPO (C)
or TTKG9 (D) caused, respectively, little or a modest reduction in the
number of ELAV-expressing cells. When REPO and TTK69 were co-
expressed, they synergisticaily reduced the number of ELAV-positive
cells (B). Anterior is leftwards.

7L1), which has been regarded as the major factor in repressing
neuronal differentiation in glial cells. As the expression of the
glial marker M84 was still absent (Fig. 7C), the rescue of
neuronal differentiation was achieved without normal glial
function, most probably through an autonomous effect on
presumptive neurons. We conclude that REPO is an essential
factor for mediating the function of GCM, both to promote
glial development and to inhibit neuronal differentiation.

DISCUSSION

REPO is the major factor for glial differentiation

Although glial specification by GCM is well established, how
the characteristics of individual glial cells are determined is
poorly understood. GCM expression is confined to the early

Fig. 7. REPO is necessary
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stage of glial development, suggesting that GCM itself does
not participate in the terminal differentiation of glia. Moreover,
GCM also directs blood cell development; GCM is expressed
in macrophage precursors and ectopic expression of GCM in
crystal cell precursors causes the transformation of crystal cells
to macrophages (Bernardoni et al., 1997; Lebestky et al.,
2000). These results clearly show that the expression of GCM
does not always lead to the determination and terminal
differentiation of glia. In glial cells, GCM induces the
expression of three transcription factors, REPO, TTK69, and
PNTPI1 (Hosoya et al., 1995; Jones et al., 1995; Giesen et al.,
1997), and the loss of these proteins causes abnormal glial
development, although GCM expression remains normal
(Halter et al., 1995; Giesen et al., 1997) (data not shown).
Although gem can direct repo expression in various contexts
(Akiyama-Oda et al., 1998; Bernardoni et al., 1998), repo is
not expressed endogenously in blood cells, but is confined to
GCM-positive glial cells, lasting even after gcm expression has
ceased. In repo mutant embryos, the migration, survival and
terminal differentiation of glial cells are abnormal (Campbell
et al., 1994; Xiong et al., 1994; Halter et al., 1995). In this
paper, we showed that the homeodomain protein REPO
activates gene expression in glia, and also demonstrated that
REPO mediates the suppression of neuronal differentiation
(Fig. 8). These results suggest that REPO is the major factor
that is necessary for glial development.

Target specificity of REPO is controlled by a
combination of cooperating factors

Identifying the target genes of homeodomain proteins has
been difficult, partly because most homeodomain proteins
bind similar DNA sequences in vitro. REPO has been shown
to bind the CAATTA motif in vitro (Halter et al., 1995), and
we showed that REPO is necessary and sufficient to activate
the transcription of the ftz HDS reporter gene that carries the
CAATTA motif in its promoter. In cultured Drosophila cells,
the ability of REPO to activate the CAATTA-Iuc reporter
gene was dependent on the presence of the REPO
homeodomain and the CAATTA motif in the reporter gene.

sca-GAL4 - UAS-gcm

for the inhibition of neuronal
differentiation by GCM.
(A-D,I) The axonal scaftold
was labeled using mADb
BP102 (brown). (A-D) Glial
cells were labeled by -
galactosidase expression
from the glial marker M84
(black). (E-H,J) All neurons
in the CNS were labeled
using the ELAV antibody.
(AE) Wild type.

(B,F) Ectopic expression of
GCM expression using the
scabrous GALA driver.
Ectopic expression of GCM

Wiid-Type B

_ BP102/M84

repo® pnie® TEko930

in the repo mutant background (C,G), poinfed mutant background (D,H) or itk mutant background (1,1). Ectopic expression of GCM caused a
reduction in the number of ELAV-positive neurons and axonal extension, as well as an increased number of cells that expressed the M84 marker
(B,F). Removal of repo function resulted in a dramatic restoration of ELAV-positive cells and axonal development (C,G). The effect of
removing pointed (D,H) or ttk (I,J) function was, respectively, undetectable or minor (compare with B,F). Note that the ¢k mutant (1J) is
labeled for axons (I; mAB BP102) and neurons (J; ELAV); this animal did not carry the glial marker M84 (LJ). All embryos were stage 15.

Anterior is upwards.
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Fig. 8. Model of glial development. Glial cell development involves
two processes that both depend on REPO: the activation of glial
differentiation and the inhibition of neuronal ditferentiation.

These results strongly suggest that REPO activates the
transcription of the fiz HDS reporter gene by directly binding
to the CAATTA motif in vivo.

Despite the glia-specific expression of the fiz HDS reporter
gene, the CAATTA motif is not a specific target site of REPO.
FTZ and EN bind the CAATTA motif (Desplan et al., 1988;
Schier and Gehring, 1992), which also resembles the consensus
binding sequence for ANTP and UBX (Miiller et al., 1988;
Ekker et al., 1992). Why do other homeodomain proteins fail
to drive the ftz HDS reporter gene in vivo? Recent results show
that homeodomain proteins require co-factors to activate the
transcription of their target genes. Co-factors, such as EXD and
FTZF1, are also DNA-binding proteins that require specific
binding sites in the target gene (Chan et al., 1994; van Dijk and
Murre, 1994; Guichet et al.,, 1997, Yu et al., 1997).
Homeodomain proteins other than REPO may be incapable of
activating the ftz HDS reporter gene because it does not have
binding sites for their co-factors.

The behavior of the fiz HDS reporter gene suggests that the
requirement for co-factors may also apply to REPO. Although
the ectopic expression of REPO induced the ectopic expression
of the frz HDS reporter gene in the periphery, it did not affect
the expression pattern in the CNS. Thus, REPO cannot be the
single factor responsible for the activation of the ftrz HDS
reporter gene. Indeed, the expression pattern of the fiz HDS
reporter gene is altered by changing nucleotides outside the
CAATTA motif (Nelson and Laughon, 1993), indicating that
Jftz HDS contains binding sites for factors other than REPO.
The simplest interpretation is that such factors are present in
the periphery, but not in the CNS.

Using additional target genes of REPO, we provided further
evidence that the transcriptional regulation by REPO:involves
co-factors. Although the enhancer-trap linge M84:and-the loco
gene were both dependent on REPO function, and.could be
expressed precociously and ectopically upon mis-expression of
REPO, much stronger responses were obtained when REPO
was  co-expressed’ with TTKG69. or -PNTP. Eandogenous
expression of M84 and the loco gene occurs in cells that co-
express REPO and TTK69 or PNTPI, respectively. TTK69-and
PNTPL are- thus good candidates for REPO co-factors.
Together with an earlier study (Granderath'et al., 2000) our
results show that REPO and PNTP1 cooperate on loco
expression through their binding sites in the loco promoter.
Likewise the synergism between REPO and TTK69 may also
occur on the promoter of their target genes.

Our conclusion that the expression of M84 and loco are
achieved by a cooperation of REPO and TTK69/PNTP1 does

not rule out.the possibility that these genes are also direct
targets of GCM. In fact, reporter genes driven by loco enhancer
elements are expressed normally in stage 14 7epo mutant
embryos, “indicating that other factor(s) activate their
transcription at-the onset of gliogenesis (Campbell et al., 1994;
Granderath et al., 2000). Because the loco enhancer element
contains GCM-binding sites, GCM can directly regulate loco
(Granderath et al., 2000). However, as the expression of GCM
in glia is transient, transcription initiated by. GCM must be
sustained by other factors. REPO and PNTPI1 are the best
candidates for factors that maintain loco expression throughout
glial development and functioning.

The synergistic effect of REPO and TTK69 on M84 marker
expression suggests a positive role of TTKG9 on glial
differentiation. As the major function of TTK69 has been
thought to be the inhibition of neuronal differentiation through
transcriptional repression (Brown et al., 1991; Read et al.,
1992; Xiong and Montell, 1993; Giesen et al., 1997), the
positive action of TTKG69 on glial gene expression could be an
indirect effect through repressing transcription of a repressor
for M84 expression. However, TTKG69 can activate
transcription in yeast cells (Yu et al., 1999), suggesting that
TTK69 may also promote transcription, depending on the
cellular context. Recent studies also implicate a role of TTK69
in cell proliferation, through controlling the expression of
regulators of the cell cycle (Badenhorst, 2001; Baonza et al.,
2002). Badenhorst (Badenhorst, 2001) has shown that
overexpression of TTKG9 results in the inhibition of glial
development, accompanied by the repression of the S-phase
cyclin and glial proliferation. As we observe an increase in the
number of cells that express M84 glial marker upon co-
expression of TTKG69 and REPO, our result cannot be
accounted for by the ability of TTK69 to inhibit glial cell cycle.
Whereas ectopic expression of TTK69 reduces the expression
of the endogenous repo gene (Badenhorst, 2001), our
misexpression paradigm provides exogenous REPO through
the GAL4/UAS control. Thus the existence of REPO might
modify the activity of TTK69, so that it plays a positive role
on glial development.

Repression of neuronal differentiation during glial
development

Glial fate determination involves not only the promotion of
glial’ differentiation. but also the suppression of neuronal
properties. Because ectopic GCM can induce neurogenesis in
certain contexts (Akivama-Oda et al., 1998; Van de Bor et al.,
2002), it is unlikely that GCM directly represses neuronal
differentiation. TTKG69 has been proposed to inhibit neuronal
differentiation,.. mainly  _because of its loss-of-function
phenotype in the sensory organ (Giesen et al., 1997). Here, we
have shown that the co-expression of REPO and TTKG69 has a
potent neuron-suppressing activity, and further demonstrated
that the repo mutant permits neuronal differentiation even
when GCM is overexpressed. This strongly suggests that
REPO functions not only to activate the transcription of glial
genes, but also to prevent the neuronal differentiation of
presumptive glial cells (Fig. 8).

If glia and neuron represent two mutually exclusive cell
states that must be chosen between early in development, it is
somewhat strange that suppression of neuronal development
should be carried out by proteins that are expressed throughout



glial differentiation. The existence of continuous suppression
of neuronal properties in glia suggests that cells within the
nervous system may retain the potential to become neurons or
glia throughout their cellular history. This idea is supported by
the observation that GCM is able to transform post-mitotic
neurons into glia (Jones et al., 1995). Conversely, in the
vertebrate nervous system, glial cells (astrocytes and
oligodendrocyte-precursor) can respond to environmental
signals and function as neural stem cells, generating neurons
(Doetsch et al., 1999; Kondo and Raff, 2000). The role of
REPO and TTK69 may be to suppress the ability of glia to
respond to cues that would cause them to change into neurons
or neural precursors.
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Can Form Myelinated Axons and Both
Efferent and Afferent Synapses With

Xenogeneic Rat Neurons

Koichi Uchida,'* Hideyuki Okano,” Takuro Hayashi,' Yutaka Mine,'
Yoshikuni Tanioka,” Tatsuji Nomura,” and Takeshi Kawase'

'Department of Neurosurgery, School of Medicine, Keio Univensity, Tokyo, Japan
®Department of Physiology, School of Medicine, Keio University, Tokyo, Japan
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Neuroepithelial stem cells derived from the swine mes-
encephalic neural tube were examined regarding their
eligibility for neural xenografting as a donor matetial, with
the aim of evaluating myelinated axon formation and
both types of synaptic formation with xenogeneic host
neurons as part of possible neural circuit reconstruction.
The mesencephalic neural tube tissues were dissected
out from swine embryos at embryonic days 17 and 18
and were implanted immediately into the striatum of the
Parkinsonian model rat. The swine-derived grafts had
many nestin-positive rosette-forming, neurofilament-
positive, and tyrosine hydroxylase-positive cells in the rat
striatum. Electron microscopic study revealed both effer-
ent and afferent synaptic formations in the donor-derived
immature neurons or tyrosine hydroxylase-positive do-
nor cells in the grafts. Myelinated axons, both positive
and negative for swine-specific neurofilament antibody,
were mingled together in the graft. These results indi-
cated that implanted neuroepithelial stem cells could
survive well and divide asymmetrically into both nestin-
expressing precursors and differentiated neurochemical
marker-expressing neurons in the xenogeneic rat stria-
tum, with the help of an immunosuppressant. Donor-
derived immature neurons formed both efferent and af-
ferent synapses with xenogeneic host neurons, and
donor-derived axons were myelinated, which suggests
that implanted swine neuroepithelial stem cells could
possibly restore damaged neuronal circuitry in the dis-
eased brain. © 2003 Wiley-Liss, Inc.

Key words: swine; neuroepithelial stem cell; neural
xenograft; myelin; synapse

Reynolds and Weiss (1992) successfully expanded
stem cells from the adult brain in vitro, and over the past
decade much attention has been focused on the neural
stemn cell and its multipotency and self-renewing charac-
teristics as a potential donor material for neural grafting
(Fisher, 1997; Stemple and Mahanthappa, 1997). Because

© 2003 Wiley-Liss, Inc.

of the self-renewal characteristic of the stem cells, they
naturally remain into adulthood in situ. However, their
features change with age, and we propose that younger
stem cells such as neuroepithelial stem cells (NESCs)
might have greater potential in repairing damaged neural
circuitry than older ones, because younger stem cells have
a greater potential for differentiating into neurons (Uchida
et al., 1995, 1999; Qian et al., 2000). A recent report
indicated, on the other hand, that neural stem cells from
the adult brain tended to differentiate more into astrocytes
than into neurons (Gritti et al., 1996; Palmer et al., 1999).
Reconstruction of damaged neuronal circuitry can best be
achieved by grafting of cells with a vigorous neuronal
differentiation capability, and this property is unique to
NESCs placed in the target of interest by transplantation
techniques. Additional desirable capabilities include vig-
orous axonal growth and migratory potential to allow
diffuse interaction between the grafted tissue and the host
brain, which has been shown previously in rat and mouse
NESCs both in vitro and in vivo (Uchida et al., 1995;
Hara et al., 2000). Transplantation therapy can be used to
achieve a number of goals, for example, replacement or
augmentation of deficient substances (Uchida et al., 1992).
However, in the technique proposed here, the main or
even sole aim of our transplantation therapy is the recon-
struction of damaged neuronal circuits using xenogeneic
stem cell-derived neurons.

The most obvious candidate would be the NESCs
from a human fetus, but the ethical and practical problems
rule out the use of human fetal tissue in such applications.
A valid alternative must therefore be sought. In many
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ways, the pig brain resembles the human brain (Larsson et
al., 2001). The current study was designed, using the rat
model, to assess the feasibility of using stem cells from the
mesencephalic neural tube of the early-stage pig fetus.
This study examined both the ability of the transplanted
swine cells to survive in the xenogeneic pathological en-
vironment and the capability of the transplanted stem cells
to differentiate into neurons. Furthermore, we focused on
whether the stem cells can form both efferent and afferent
synapses with the xenogeneic host neurons and whether
myelination of the donor-derived axons occurs.

MATERIALS AND METHODS

All experimental animals were handled and all animal
experiments were performed according to guidelines of the
Animal Experimental Committee of Keio University and Cen-
tral Institute for Experimental Animals.

Viability of the Donor Cells

Before proceeding with the harvest and transplantation of
the porcine stem cells, the presence of viable stem cells in the
donor material was verified. Before embryonic day 16 (E16), it
was practically difficult to identify the fetus in the uterus. There-
fore, E17—-18 Yorkshire swine fetuses (Fujieda Farm, Shizuoka,
Japan) were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 16 hr at room temperature and em-
bedded in paraffin following treatment with ethanol and xylene.
The 4-pm-thick transverse sections were taken through the
mesencephalic region of E17 or E18 pig fetuses, which were
similar to those used for the actual donor material, and sequen-
tially incubated with the following: 1) 5% goat serum in PBS for
60 min at room temperature, 2) nestin (rabbit polyclonal IgG;
1:500; H.O., unpublished) and neuron-specific BII-tubulin
(mouse monoclonal IgG; 1:500; Tuj-1; Covance) antisera in
PBS containing 1% bovine serum albumin (BSA) for 16 hr at
4°C, and 3) Alexa Fluor 488 goat anti-rabbit IgG (Molecular
Probes, Eugene, OR) and Alexa Fluor 568 goat anti-mouse IgG
(Molecular Probes) diluted 1:500 in PBS containing 1% BSA.
Musashi-1 staining was carried out according to the method
described previously (Kaneko et al., 2000; Keyoung et al., 2001)
using the anti-Musashi-1 antibody (rat monoclonal IgG; clone
14H1) diluted 1:500.

For electron microscopy (EM), E17-18 pig fetuses were
fixed with 2% paraformardehyde and 1% glutaraldehyde in PBS.
The mesencephalic neural tube region was carefully excised and
postfixed with 1% osmium tetroxide for 1 hr and dried in a
graded series of ethanol concentrations (50%, 70%, 90%, 95%,
and 100%) followed by acetone and QY-1 (acetone:n-
butylglycidyl ether = 1:1; Oken Shoji, Tokyo, Japan), then
embedded in Epok 812 (Oken Shoji). Ultrathin sections were
made, stained with lead citrate, and examined by EM.

Stem Cell Harvesting

Five- to six-month-old pregnant Yorkshire sows (150—
250 kg; Fujieda Farm) at gestational day 17 or 18 were anes-
thetized with azaperone (2 mg/kg, i.m.), ketamine (5 mg/kg,
im.), and pentobarbiturate (10 mg/kg, i.v.), and the fetuses
(approximately 10 per animal) were delivered by cesarean sec-
tion. Immediately after delivery, the fetuses were pretreated

with an enzyme cocktail consisting of 0.5% trypsin and 0.25%
pancreatin for 15 min at 4°C to facilitate complete removal of
the mesenchyme from the neural tube. The mesencephalic
neural tube was exposed, and a section of the neural tube was
dissected out under the dissecting microscope. The section was
approximately 100-jum of membranous tissue in the shape of a
butterfly. The dissected tissue was placed in a Dulbecco’s mod-
ified Eagle’s medium bubble and was aspirated using a Hamilton
syringe. This was repeated twice more, so that there were three
pieces of tissue in the syringe.

Preparation of the Host and Transplantation

Four-week-old male Wistar rats (Experimental Animals
Supply Co., Ltd., Saitama, Japan) were used to create a hemi-
Parkinsonian rat model by a previously described method
(Studer et al., 1998). In total, 31 Parkinsonian model rats that
met the damage criteria using methamphetamine (3 mg/kg, i.p.;
Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) were deeply
anesthetized and placed on a stereotactic frame (Narishige Sci-
entific Instrument Lab., Tokyo, Japan). Three pieces of freshly
excised pig fetal neural tube, prepared as described above, were
injected into the right striatum of each rat, The coordinates were
3 mm lateral from the midline at the bregma level and a depth
of 5 mm from the surface of the brain, with the incisor bar fixed
at 3.3 mm below the interaural line. FK506 (donated by Fuji-
sawa Pharmaceutical Co., Osaka, Japan) at 1 mg/kg/day and
cyclophosphamide (donated by Shionogi & Co., Ltd., Osaka,
Japan) at 10 mg/kg/day were given i.m. and i.p., respectively,
on days 0—7 of transplantation (Murase et al., 1993).

Histology and Immunohistochemistry

Four to eight weeks posttransplantation, rats were sacri-
ficed by an overdose of pentobarbiturate and perfused through
the heart with physiological saline, followed by 4% paraformal-
dehyde in PBS. Specimens were prepared for both paraffin and
cryostat sectioning. The paraffin-embedded sections were pro-
cessed as described above and stained for nestin expression. After
deparaffinization, the 4-um-thick coronal sections were incu-
bated with the following: 1) 0.3% H,O, in methanol for 20 min
at room temperature, 2) 5% goat serum in PBS for 60 min at
room temperature, 3) antinestin antibody (1:500) in PBS con-
taining 1% BSA for 20 hr at 4°C, 4) biotinylated anti-rabbit
antibody for 40 min at room temperature, 5) avidin and biotin-
ylated horseradish peroxidase macromolecular complex (Vec-
tastain ABC Reeagent; Vector Laboratories, Burlingame, CA) for
60 min at room temperature, and 6) Tris-buffered saline (TBS)
containing 0.2 mg/ml 3,3’'-diaminobenzidine tetrahydrochlo-
ride (DAB) and 0.003% H,O,. Finally, specimens were coun-
terstained with hematoxylin.

For cryostat sectioning, the brains were removed and kept
in the 4% paraformardehyde overnight at 4°C. The brains were
then treated with 10% sucrose in PBS, followed by 15%, 20%,
and 30% sucrose, and then were embedded in Tissue-Tek OCT
compound (Sakura Finetechnical Co., Ltd., Tokyo Japan) and
frozen in acetone and dry ice. Subsequently, the brains were
cryosectioned coronally with a cryostat in 10-pm-thick slices
and mounted on slides coated with poly-L-lysine. Some of the
slides were routinely stained with hematoxylin-eosin (H-E).
The remainder of the slides proceeded to immunohistochemical



Fig. 1., Inmunohistochemical and EM findings in E18 porcine donor
tissue.. Az Double staining for nestin and Tuj-1 reveals nestin-positive
cells (green) distibuted diffusely throughout the mesencephalic neural
part of the E18 swine fetus, with Tuj-1-positive cells (red) seen in the
extreme lateral portion of the neural tube. B: With some cells in the
neural tube staining strongly positively and others less strongly posi-

analysis for neurofilament and tyrosine hydroxylase (TH) ex-
pression, Specimens were washed three times with PBS and then
sequentially inctbated ~with. the following for ~swine-
neurofilament staining: 1) 5% rabbit serum in.PBS for 60 min at
room temperature, 2) neurofilament antiserum (mouse mono-
clonal IgG; 1:100; Dako, Glostrup, Denmark) in PBS contain-
ing 1% BSA for 16 hr at 4°C, 3) horseradish peroxidase-
conjugated anti-mouse IgG (BioMakor, Rehovot, Israel) diluted
1:200 for 40 min at room temperature, and 4) TBS containing
0.2 mg/ml DAB and 0.003% H,O,.

For TH immunostaining, specimens were incubated with
the following: 1) 5% goat serum in PBS for 60 min at room
temperature, 2) TH antiserum (rabbit polyclonal IgG; 1:500;
Genosys Biotechnologies Inc., Cambridge, United Kingdom) in
PBS containing 1% BSA for 16 hr at 4°C, 3) horseradish
peroxidase-conjugated anti-rabbit [gG  (BioMakor) diluted
1:400 for 40 min at room temperature, and 4) TBS containing
0.2 mg/ml DAB and 0.003% H,O,.

The neurofilament antibody used was specific for pig,
among other species. The manufacturer’s instructions had no
information on its use in the rat, but we confirmed that it
reacted negatively with rat brain tissue through Western blotting
analysis (data not shown). The TH antibody used was confirmed
as reacting positively with pig tissue by Western blotting analys:s
using a pig adrenal medulla and pig midbrain (data not shown)
and according to the manufacturer’s instructions was positive
also for rat tissue, which we also confirmed.

EM and Immuno-EM for the Grafts

Rats were sacrificed by an overdose of pentobarbiturate
and perfused through the heart with physiological saline, fol-
lowed by 2% paraformardehyde and 1% glutaraldehyde in PBS.
Grafted areas were carefully excised and then treated with the
same method as described for EM for pig fetuses.
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tively, all cells in the neural tube stain positively for stem cell marker
Musashi-1 (brown), with remarkably large nuclei counterstained by
hematoxylin, C: EM findings for the neural tube at this stage reveal
typical immature, pseudostratified cellular morphology, with an ab-
sence of organelles and a large N/C ratio. Scale bars — 100 pm in A,B;
10 pm in C.

For immuno-EM, grafted areas of brain were removed
and cut into 2-mm-thick slices on a vibratome. The specimens
were then washed in a graded series of sucrose concentrations
(10%, 15%, 20%, 25%, and 25% sucrose + 5% glyccol) in PBS.
Frozen sectionis were prepared as described above and handled in
the sainé manrier as for the immunohistochemical analysis, with
the exception of prefixing for 20 min in 1% glutaraldehyde in
PBS at 4°C prior to the precipitation process. After the precip-
itation, the slides were washed in PBS and postfixed for 30 min
with 1% osmium tetroxide in PBS. The specimens were then
dried in a graded ethanol series (50%, 70%, 80%, 90%, 100%)
and acetone for 15 min at each concentration. After embedding
in Epok 812 (Oken Shoji) and polymerization for 4 days at
60°C, ultrathin sections were cut on a microtome and stained
with lead citrate for 2 min prior to EM.

RESULTS

At E17-18, the presence of stem cells in the donor
mesencephalic neural tube was confirmed with nestin and
Musashi-1 staining and transmission EM (Fig. 1). Positive
staining was seen in all specimens for markers of neural
precursors, including stem cells, nestin (Fig. 1A), and
Musashi-1 (Fig. 1B). The nestin- and Musashi-1-positive
stem cells at this stage had formed a neural tube and
exhibited a pseudostratified neuroepithelial appearance.
Double staining was carried out for Tuj-1 in addition to
nestin (Fig. 1A), and the presence of some Tuj-1-positive
cells indicated that some stem cells had already differenti-
ated into cells of a neuronal lineage. The EM findings
showed typical immature morphology with a very high
nucleus to cytoplasm ratio (N/C ratio) and the absence of
organelles in the cytoplasm (Fig. 1C).

No deaths from transplantation procedures or tumor
formation of the grafted tissue were seen in any of the host
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Fig. 2. H-E- and nestin-stained host specimens 45 days postimplanc.
A: H-E staining. The donor tissue can be clearly discriminated from the
host by the appearance of rosette-forming (small arrow indicates one of
the rosettes) and nonrosette-forming cells, but with diffusion into the
host tissue indicating survival of the transplanted tissue in a xenogeneic

rats, and all of the grafts taken at 4—8 weeks posttransplant
survived well in the host xenogeneic environment. H-E
staining in 45 day posttransplant specimens taken from the
host animals revealed a discrete grafted mass in the striatum
of the host brain (Fig. 2A), containing many rosettes in
addition to other nonrosette-forming cells, indicating that
the grafted tissue had survived in a xenogeneic graft en-
vironment, maintaining the ability to form both immature
and differentiated cells. This was further demonstrated
with the nestin staining, which revealed nestin-expressing
cells in the rosettes but also showed many nestin-
nonexpressing cells and some nestin-expressing cells in the
nonrosette-forming cells surrounding the rosettes (Fig,
2B). The presence of nestin-expressing cells in and around
true rosettes indicated that the self-renewal capability of
the NESCs was maintained when they were transplanted
in the xenogeneic adult brain environment. The presence
of many nestin-negative cells surrounding the rosette sug-
gests the capability of the nestin-positive immature cells

environment (large arrows). B: Nestin staining. At a higher magnifi-
cation, an example of a true rosette (asterisk) is seen, with all the
rosette-forming cells staining positively for nestin. Some nestin-positive
nonrosette-forming cells can be seen in the graft tissue surrounding the
rosette. Scale bars = 1 mm in A; 50 wm in B.

within the rosette to produce mature cells, mimicking the
normal development of the neural tube.

To evaluate the differentiation capability of the
NESCs, cryostat sections of the grafts were further stained
immunohistochemically using the pig-specific neurofila-
ment and TH antibodies. Many pig-specitic neurofilament-
positive cells with a few short processes could be seen in
nonrosette-forming cells at 45 days after the transplanta-
tion (Fig. 3A). Some TH-positive cells could be seen in
the 45-day-old graft in nonrosette-forming cells, which
also had a few short processes (Fig. 3B). The presence of
pig-specific neurofilament- and TH-expressing cells sur-
rounding the rosettes indicated the differentiation capabil-
ity of the grafted pig NESCs, although these cells were still
morphologically immature, with a few short processes.

An EM study was performed to assess synapse for-
mation of donor-derived neurons (Fig. 4). A portion of an
immature donor-derived cell could be seen containing
polysomes, exhibiting a short process with clear spherical
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Fig. 3. Immunchistochemical findings of the grafted area 45 days postimplant. A: Pig-specific
neurofilament staining shows positive neuronally differentiated cells but with a high N/C ratio and
comparative lack of processes, indicating immature cell morphology. B: TH staining reveals positive
donor-derived catecholaminergic cells in the graft. Although the cells demonstrate an immature
morphology, processes are clearly visible. Scale bars = 50 pm.

vesicles demonstrating efferent synaptic formation with
another host-derived mature cell without polysomes at
31 days after the transplantation (Fig. 4A). Afferent syn-
apse formation in a cell staining positively for TH is
demonstrated in Figure 4B. Two TH-negative axon ter-
minals containing clear spherical vesicles contacted a TH-
positive donor-derived cell at 45 days postimplant. An
afferent synapse in the donor cell staining positively for the
pig-specific neurofilament antibody was observed,
whereas the terminal with clear spherical vesicles contact-
ing the donor-derived neuron stained negatively against
pig-specific neurofilament antibody at 45 days after the
transplantation (Fig. 4C).

In immuno-EM using the pig-specific neurofilament
antibody, many myelinated axons could be seen with both
positive and negative staining for pig-specific neurofila-
ment antibody in the grafted area at the EM level (Fig. 5),
indicating that myelynation could be formed on the
donor-derived axons in the xenogeneic environment. It

remains to be elucidated, however, whether the myelin is
formed by host- or donor-derived oligodendrocytes.

DISCUSSION

Neural stem cells are expected to be a clinically
applicable donor material for neural grafting (Uchida and
Toya, 1996; Studer et al., 1998; Sawamoto et al., 2001).
Accumulating evidence has been clarifying the existence
of various kinds of neural stem cells within the fetal and
adult central nervous system (Lillien, 1998; Doetsch et al.,
1999; Johansson et al., 1999; Momma et al., 2000; Key-
oung et al., 2001). These cells have both self-renewal and
multipotency as common characteristics and are thought
to be of central nervous system origin. Stem cells divide
asymmetrically into, for example, differentiated neural
cells and daughter stem cells. This is the characteristic of
self-renewal and multipotency. Logically, this should
mean that fetal neural stem cells are identical to neural
stem cells in the adult brain. This, however, is not so; adult
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Fig. 4. EM and immuno-EM of the grafted area. A: EM at 31 days
postimplant reveals an efferent synapse with many clear spherical ves-
icles and electrodense material from the polysome-containing inumature
cell on the left to the nonpolysome-containing cell on the right. By
implication, the cell on the left is donor derived, whereas that on the
right is host derived. B: Immuno-EM using TH antibody at 45 days
postimplant shows axon terminals (asterisks) with vesicles contacting a
darkly stained TH-positive dendrite. C: Immuno-EM using pig-
specific neurofilament antibody at 45 days postimplant clearly illustrates
an afferent synapse from the negative terminal with vesicles on the right
to the darkly stained positive, and therefore donor-derived, cell on the
left. Scale bars = 0.5 pm.

Fig. 5. Immuno-EM using pig-specific neurofilament antibody at
45 days postimplant demonstrates the presence of both positively and
negatively stained myelinated axons in the graft. Scale bar = 1 pm.

neural stem cells have a higher probability of differentiat-
ing into astrocytes rather than neurons (Gritti et al., 1996;
Palmer et al.,, 1999). In the case of a diseased brain, the
more neurons that can be produced from the grafted stem
cells the better, because of the importance of the recon-
struction of the neural circuitry to arrive at functional
repair. There are a variety of aims in transplantation ther-
apy. However, our transplantation therapy is directly
aimed at the regeneration of damaged neural circuitry
through the unique property of NESCs of differentiating
into neurons rather than other neural phenotypes, and this
can be achieved only through the transplantation tech-
nique.

Our group has been concentrating on NESCs,
which have a much higher probability of differentiating
into neurons rather than astrocytes (Uchida et al., 1995,
1999; Hara et al,, 2000). Qian et al. (2000} demonstrated
that NESCs exhibited a distinct order of neuroblast pro-
duction initially using the stem cell culture from the



embryonic mouse cerebral cortex. Human fetal NESCs,
thus, would be the ideal donor material for supplying a
large number of neurons into the damaged host brain and
reconstructing the neuronal circuitry. Ethical consider-
ations, however, restrict the use of human fetal tissue. In
actual fact, practical considerations also rule out the use of
human fetal NESCs, because the amount that can be
harvested from each fetus is impractically small. Therefore,
we turned our attention to readily available sources of
practical amounts of fetal NESCs. Pig tissues are routinely
used in modern medicine (Konigova et al., 2000; Khan et
al,, 2001), and in fact the use of transplanted pig neural
tissues has already been reported for human beings in
treating Parkinson’s disease (Deacon et al., 1997; Schuma-
cher et al., 2000). Although later-stage (after E25) porcine
fetus neural tissue was used, the feasibility of porcine
neural xenograft was recently evaluated in an animal
model (Isacson et al., 1995; Isacson and Deacon, 1996;
Armstrong et al., 2001; Larsson et al., 2001). Success with
preliminary experiments using pig tissues led to the devel-
opment of the transgenic pig to minimize the rejection
response (Fodor et al., 1994; Cozzi and White, 1995). Pig
fetuses, therefore, do not present the ethical problems
associated with human fetuses as far as tissue transplanta-
tion is concerned. Furthermore, sows typically have large
litters, so the practicality of obtaining a useful amount of
grafting material is good. Given this abundant supply of
fetal tissue with no ethical problems, and given that pig
brain develops in a manner not dissimilar to the human
brain, we wondered whether fetal pig NESCs would be a
suitable transplant material for use in the damaged human
brain. In this study, we examined grafted pig NESCs,
focusing on whether xenogeneic neurons can form both
efferent and afferent synapses with each other. It has been
suggested that the host brain that has been somehow
damaged prior to the grafting procedure presents a more
favorable environment for the grafted tissue because of the
possible presence of trophic factors induced by the damage
(Nieto-Sampedro et al., 1984; Bakay et al., 1988). Parkin-~
sonian model rats were therefore used as recipients for the
xenograft because of the greater possibility of success of
the transplant in the damaged host brain environment as a
result of the reported better survival and process extension
of donor-derived dopamine neurons in the Parkinsonian
rat brain environment (Doucet et al., 1990; Nishino et al.,
2000; Yurek and Fletcher-Turner, 2002). Evaluation of
functional recovery was not the aim of the present study
but will be addressed in the future, based on the success of
the current study.

At the initial stage of our study, we tried to deter-
mine an appropriate gestation date in order to get viable
pig NESCs. One unique aspect of our study was the use of
nestin and Musashi-1 antibodies, originally developed by
us, to confirm the presence of stem cells in the donor
material. The gestation date at which early embryos were
consistently obtained by cesarean section was from E17.
EM findings show a typical pseudostratified neuroepithe-
lial appearance and immature morphology of the cells at
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this stage, and nestin staining offered us good confirmatory
evidence of the abundant presence of stem cells in addition
to the Musashi~1 marker (Hockfield and McKay, 1985;
Sakakibara et al., 1996; Kaneko et al.,, 2000). Thus, the
mesencephalic neural tube region of E17 or E18 pig fetus
was used for the stem cell source. In fact, the number of
NESCs harvested from the neural tube of a single pig fetus
was still very small, but the large litters commonly birthed
by sows gave us a large number of neural tubes and a
sufficient amount of NESCs to allow grafting in the small
Parkinsonian model rat brain. Larger brains, such as in
human beings, will obviously require much greater num-
bers of NESCs, so in vitro amplification techniques will
have to be developed to provide appropriate numbers.
Studies on such techniques are underway in our institute
(Hayashi et al., 2002).

In the present study, both rosette- and nonrosette-
forming cells coexisted in the implanted site. Rosette-
forming cells denote immature cells with a CNS-related
lineage that can be expected to form neural tissues as the
cells mature (Kawata et al, 1991; Ohira et al., 1994).
Thus, the asymmetrical division of the NESCs, including
self-renewal, was paralleled in the xenogeneic graft envi-
ronment just as if the NESCs were in situ. The fact that
the rosette-forming cells were all positive for nestin con-
firms that the rosette formation was the result of self-
renewal of the grafted NESCs. In the area surrounding the
rosettes, nestin-positive nonrosette-forming cells were also
visible, although the mechanism responsible for the rosette
formation remains to be elucidated. As for the nonrosette-
forming cells, staining with pig-specific antineurofilament
antibody revealed the presence of donor-derived neurons
in the graft. Some TH-positive cells were also seen in the
graft, suggesting that, in addition to the ability to form
neurofilaments, the cells could also express a neurochem-
ical marker. Interestingly, the shape of the antibody-
positive neurons was immature, with few processes. We
supposed that pig NESCs would take longer to achieve the
morphology of mature cells even though as immature cells
they were still expressing neurofilaments, which is of
considerable interest, because the gestation period for the
pig is very long, 114 days. In other words, the cellular
clocks of the pig will run at slower speeds and thus cells
will obey their specific internal time clock even in a
xenogeneic grafted environment. An important consider-
ation is that both of the characteristics intrinsic to stem
cells, i.e., self-renewal and multipotency, were clearly
demonstrated in the graft, echoing the behavior of nor-
mally developing stem cells in situ.

An important observation for the xenografting re-
lated to the capacity of the transplanted NESCs to differ-
entiate into neurons with synapses to or from the xeno-
geneic host brain in the transplant environment. One
problem facing transplant researchers is confirming defi-
nitely which tissues are host-derived and which are donor-
derived. Technically, it is almost impossible to mark all the
donor cells, leading to ambiguity in the differentiation
between host-derived and donor-derived tissue. It is thus
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very difficult, when considering synaptic formation, to
demonstrate clearly that a given synaptic formation is truly
donor to host or host to donor rather than donor to donor.
On the other hand, clear differentiation can be seen be-
tween immature donor cells and mature host cells because
of the presence of polysomes in the former (Greenough et
al., 2001). The presence of TH-positive cells in the stria-
tum is also a clear indicator of donor-derived cells, but
some donor-derived cells are not TH positive, thus lead-
ing to the same problem of host—donor ambiguity.
Species-specific neurofilament identification, however,
removes ambiguity and clearly demonstrates which cells
are donor-derived or host-derived.

Polysome-containing immature cells were revealed
in the graft by the EM, yet these cells were capable of
forming synapses. The model we were using was an adult
rat, in which such immature cells are not found. Thus the
polysome-containing cells seen in the graft area were
donor derived. Although we are not certain whether the
target cells were donor derived or host derived, the lack of
polysomes in these target cells might suggest that they are
host derived. Further research is required to elucidate the
origin of the target cells. A further, somewhat surprising
finding was that polysome-containing cells, which are
morphologically immature, were capable of synaptic for-
mation, which is a characteristic of mature neurons. Like-
wise, we observed immunohistochemically that cells with
few processes, a characteristic of immature neurons, were
expressing neurofilaments in the same way as mature neu-
rons would. TH-positive cells, which also have a few
processes, were found in the graft. Because TH-positive
neurons are not present in the host Parkinsonian rat stri-
atum, they must be donor derived. This shows that pig
NESCs are capable of differentiation into catecholamine-
producing neurons. We further detected afferent synapses
in the TH-positive cells by immuno-EM. These findings
show that TH-positive donor-derived cells with immature
morphology are capable of receiving synapses. Immuno-EM
using pig-specific neurofilament antibody revealed clearly
the synaptic contact from the host striatal cell to the
donor-derived neuron. These EM results indicate that pig
stem cell-derived neurons can make both efferent and
afferent synaptic contacts with xenogeneic host derived
neurons.

In the valid reconstruction of damaged neural cir-
cuits, myelinated fibers are of primary importance, to-
gether with synapse formation. Our immunohistochemi-
cal EM findings revealed the myelination around the
axons staining positively for pig-specific neurofilament
antibody, i.e., donor-derived myelinated axons, together
with host-derived myelinated axons that did not stain
positively for pig-specific antibody. Thus, pig NESCs are
capable of, among other useful properties, differentiation
into neurons with myelinated axons. The origin of the
myelin, however, remains to be confirmed. The oligo-
dendrocytes responsible for the myelin formation may be
either donor derived or host derived or perhaps a combi-
nation of the two. Donor-derived oligodendrocytes

would be the result of the multipotency of the neural stem
cells, which is an exciting possibility, insofar as it adds to
the attractiveness of neural stem cell transplantation. Not
only would the grafted stem cells form axons but they
would also be capable of providing all the supporting cells
necessary for repairing damaged neural circuitry. How-
ever, it is also an exciting possibility that the host envi-
ronment is capable of myelinating donor-derived axons. It
will be important to ascertain which of these mechanisms
is the actual one. If a xenogeneic host environment is
capable of myelinating donor-derived axons, then neuro-
nal transplantation techniques using differentiated neurons
will be sufficient. On the other hand, if the xenogeneic host
environment is incapable of such myelinization, then stem
cell wansplantation, with multipotency allowing differentia-
tion into all cell types required, will offer many advantages.

With all of these factors taken into consideration, pig
NESCs are capable of surviving in a xenogeneic environ-
ment, differentiating into neurons that can express neuro-
chemical markers such as TH, which form valid synapses
with xenogeneic host neurons and myelinated axons. In
short, pig NESCs, after further and much longer term
studies, may well be a viable alternative donor material for
the physiological repair of compromised neural circuits. As
a next step after the present study, much longer term
assessments will be required to address the issues of func-
tional recovery of the grafted animals and aspects concern-
ing safety (e.g., tumor formation in the graft and viral
infection of swine origin to the host). These investigations
are essential when considering the clinical application of
swine NESCs in the repair of damaged neuronal circuitry,
including their application in human beings. However, as
a fist step, the present study successfully demonstrates the
key points of survival of swine NESCs in the xenogeneic
grafted environment, with myelinated axon formation and
both types of synaptic formation with the xenogeneic host
neurons.
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Abstract

Hepatocyte growth factor (HGF), originally cloned as a hepatocyte mitogen, has recently been reported to exhibit neurotrophic activity
in addition to being expressed in different parts of the nervous system. At present, the effects of HGF on neural stem cells (NSCs) are not
known. In this study, we first report the promoting effect of HGF on the proliferation of neurospheres and neuronal differentiation of NSCs.
Medium containing only HGF was capable of inducing neurosphere formation. Addition of HGF to medium containing fibroblast growth
factor 2 or epidermal growth factor increased both the size and number of newly formed neurospheres. More neurons were also obtained
when HGF was added in differentiation medium. In contrast, neurosphere numbers were reduced after repeated subculture by mechanical
dissociation, suggesting that HGF-formed neurospheres comprised predominantly progenitor cells committed to neuronal or glial lines.
Together, these results suggest that HGF promotes proliferation of neurospheres and neuronal differentiation of NSCs derived from mouse

embyos.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction

Neural stem cells (NSCs) possess the ability to self-
renew and give rise to various types of neurons, astrocytes,
and oligodendrocytes in vitro and may thus play a major
role in both mammalian central nervous system (CNS) de-
velopment and function throughout adulthood (Reynolds
and Weiss, 1992, 1996; Temple and Davis, 1994; Palmer et
al., 1997). Control of the proliferation and differentiation of
NSCs may be important for the potential development of
transplantation strategies and other therapeutic approaches
for the treatment of neuronal injuries and neurodegenerative
diseases (Svendsen et al., 1997, Armstrong et al., 2000;

* Corresponding author. Fax: +81-58-265-9025.
E-mail address: nohgeka@cc.gifu-u.ac.jp (N. Sakai).
! These two authors contributed equally to this work,

Okano, 2002). In vitro studies of NSC-based neurogenesis
and gliogenesis suggest that these processes occur by step-
wise restriction and are dependent on environmental signals
(Ahmed et al., 1995; Tropepe et al., 1997, 1999; Arsenijevic
and Weiss, 1998; Qian et al., 2000). A number of growth
factors support the proliferation of NSCs and differentiation
from their progenitors. Epidermal growth factor (EGF) and
fibroblast growth factor 2 (FGF-2) play important roles in
proliferation and maintenance of NSCs. Recently, other
factors, such as ciliary neurotrophic factor (CNTF) and
insulin-like growth factor 1 (IGF-1), have been reported to
function as key players in control of proliferation and main-
tenance of NSCs (Arsenijevic et al., 2001; Shimazaki et al.,
2001). FGF-2 and platelet-derived growth factor (PDGF)
are also known to enhance neuronal differentiation (Johe et
al., 1996; Erlandsson et al., 2001; Yoshimura et al., 2001).
On the other hand, CNTF and bone morphogenetic protein

1044-7431/03/$ — see front matter © 2003 Elsevier Science (USA). All rights reserved.
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(BMP) have been shown to enhance astrocyte differentia-
tion in culture (Johe et al.,, 1996; Bonni et al., 1997;
Shimazaki et al., 2001), whereas triiodothyronine (T3) has
been shown to promote oligodendrocyte differentiation
(Johe et al., 1996). FGF-2, CNTF, leukemia inhibitory fac-
tor (LIF), brain-derived neurotrophic factor (BDNF), and
PDGF have been classified as neurotrophic factors and play
essential roles in the development, maintenance, activity-
dependent modulation, and regeneration of the nervous sys-
tem. Hepatocyte growth factor (HGF) is a polypeptide
growth factor that acts by binding to the c-Met tyrosine
kinase receptor. HGF and c-Met have been found to be
present in the developing and mature CNS (Jung et al.,
1994; Honda et al., 1995; Hamanoue et al., 1996; Achim et
al., 1997). HGF is a pleiotrophic cytokine that induces
mitogenesis, motility, morphogenesis, and antiapoptotic ac-
tivities, and has recently been shown to have neurotrophic
ability. However, it is unknown whether HGF has any
effects on the proliferation or differentiation of NSCs. In
this study, we examined the effect of HGF on the prolifer-
ation and differentiation of NSCs isolated from E14 mouse
striatal cells in vitro.

Results

Effects of HGF on neurosphere formation and
proliferation of neural progenitors

Neurospheres were not observed 7 days postculture of
primary E14 striatal cells at low density in the absence of
growth factors (Fig. I). A significant number of neuro-
spheres (63.8 % 44.8 cells/well) were observed at as low as
5 ng/ml HGF. The number of neurospheres increased in a
dose-dependent manner until 20 ng/ml HGF and reached a
plateau at 50 ng/ml (Fig. 1). The number of neurospheres
formed by HGF was less than that by FGF-2, EGF, or their
combination at any concentration (Fig. 1b). The addition of
20 ng/ml of HGF to FGF-2, EGF, or their combination,
significantly increased the number of neurospheres (without
HGF: FGF-2, 341.3 * 89.6 cells/well; EGF, 146.3 *= 28.7
cells/well; FGF-2 + EGF, 507 * 95.7 cells/well; with HGF:
FGF-2, 745.9 + 115.1 cells/well; EGF, 511.9 & 43.5 cells/
well; FGF-2 + EGF, 1218.8 * 143.6 cells/well) (Fig. 1).

To determine the effects of HGF on the proliferation of
neural progenitors, neurosphere size was measured using
phase-contrast microscopy. Neurospheres were not ob-
served in the absence of HGF. In the presence of 20 ng/ml
HGF, neurospheres were observed, but they were smaller
than those generated with the other growth factors. When
HGF was added to the medium containing FGF-2, EGF, or
their combination, neurosphere size increased significantly
(Table 1).

To determine the effects of HGF on the formation of
secondary and tertiary neurospheres, HGF-generated pri-
mary or secondary neurospheres were dissociated mechan-
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Fig. 1. Effects of HGF on the formation of neurospheres isolated from
mouse E14 striatal cells. (a) Photographs of primary neurospheres in the
presence of various growth factors for 7 days. Bar = 50 um. (b) Graph
showing number of neurospheres from E14 striatal cells. In the presence of
FGF-2 (B), EGF (4), FGF-2 plus EGF (X), or nothing () and various
concentrations of HGF, 75,000 cells per well were incubated in a 24-well
plate for 7 days. Values represent means = SEM of five independent
experiments.

ically and again incubated with HGF at a density of 500
cells/200 wl in a 96-well dish. Seven days later, the number
of tertiary generated neurospheres was much less smaller as
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Table 1
Effects of HGF on the size and numbers of primary neurospheres®

None FGE-2 EGF FGF-2 + EGF

+ HGF — HGF + HGF — HGF + HGF — HGF + HGF
200 pm 50.1 = 8.1 128.0 = 12.1 413.3 £ 42.3*% 909 + 82 4354 + 82.2% 221.7 £44.2 809.2 + 55.3%
100-200 pm 180.4 = 50.1 768.3 = 90.1 1395.0 = 111.2% 5909 % 54.2 1306.2 + 151.2% 886.8 x 77.1 1402.5 = 101.3*
=100 pm 6702 = 88.2 653.7 + 524 1291.7 * 85.4% 818.2 = 99.5 1088.5 *+ 123.2* 1241.5 £ 99.2 1618.3 + 96.3*

Total No. 900.7 + 20.1 1750.0 £ 55.1 3100.0 = 66.2* 1500.0 + 65.1 2830.0 = 86.4* 2350.0 = 54.2 3830.0 + 75.3*

2 E14 striatal cells were plated at 3 X 107 cells per well in a six-well plate in the presence of the indicated growth factors. The size and number of primary
neurospheres were determined 7 days later from counts obtained in five different experiments.

* P < 0.05 versus — HGF.

compared with the secondary neurospheres (Fig. 2a). Then,
we next investigated the ability of the primary neurospheres
to form secondary neurospheres in the presence of HGF,
FGF-2 + EGF, or FGF-2 + EGF + HGF. The neurospheres
generated by HGF, FGF-2 + EGF, or FGF-2 -+ EGF +
HGF were dissociated mechanically, and the cells were
further cultured in growth medium containing FGF-2 +
EGF. Seven days later, the number of secondary neuro-
spheres generated with the medium containing HGF or
FGF-2 + EGF + HGF was smaller than that with FGF-2 +
EGF (Fig. 2b). These results suggested that HGF increased
the number and size of the neurospheres and that most of the
cells in these neurospheres generated with HGF were neural
progenitors. This hypothesis can explain the decrease in
self-renewal ability of the cells proliferated by HGF treat-
ment, leading to the formation of a decreased number of
secondary neurospheres.

Character of the cells in the neurosphere obtained by
HGF

Immunostaining to determine the expression of the HGF
receptor ¢c-Met was performed on both cells in the neuro-
sphere and those dissociated in isolation with HGF. Most of
the cells in the neurospheres and the dissociated cells from
neurospheres expressed c¢-Met immunohistochemically
(Figs. 3a, b). Expression of c-Met protein on neurospheres
isolated with HGF or FGF-2 and EGF was also confirmed
by Western blot analysis (data not shown). The immuno-
positivity for c-Met was also observed on the cells isolated
with FGF-2, EGF, HGF, or their combination (data not
shown). Cells from neurospheres isolated with 20 ng/ml
HGF were also immunopositive for nestin, a stem cell
marker (Fig. 3c).

Effect of HGF on BrdU incorporation of neural
progenitors

To determine the mechanism underlying the proliferative
effects of HGF on neural progenitors, neurospheres were
co-incubated with 10 uM BrdU for 2 h and fixed. Addition
of HGF to the medium containing FGF-2, EGF, or their
combination significantly increased the percentage of BrdU-
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Fig. 2. Formation of secondary neurospheres generated by HGF or other
growth factors. (a) HGF-generated primary or secondary neurospheres
were collected, dissociated, and again incubated with HGF at a density of
500 cells/200 wl in a 96-well dish. The number of secondary and tertiary
neurospheres was counted 7 days later (derived from the originally plated
500 X 96 = 4.8 X 10" cells). All data are presented as means = SEM of
three independent experiments. *P < 0.01 versus secondary neurospheres.
(b) Primary neurospheres (HGF-, FGF+EGF-, FGF+EGF+HGF-gener-
ated neurospheres) were collected, dissociated, and replated at 500 cells/
200 ul in a 96-well dish. The number of secondary neurospheres was
counted 7 days later (derived from the originally plated 500 X 96 = 4.8 X
10* cells). All data are presented as means &= SEM of four independent
experiments. * P < 0.001 and ** P < 0.01 versus FGF + EGF-generated
neurospheres.
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Fig. 3. Immunostaining of c-Met receptor (a, b) and nestin (c). (a) c-Met
receptor expression (green) on the cells in the neurosphere cultured in the
presence of FGF-2 and EGF. Cells were counterstained with Hoechst
(blue) to show nuclei. Bar = 20 pm. (b) Immunostaining of c-Met receptor
in single dissociated cells. Bar = 10 um. (c) Nestin expression (red) on the
cells in the neurosphere in the presence of HGF. Bar = 50 um
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Fig. 4. (a) Percentage of BrdU-positive cells in the neurospheres cultured
in the presence of various growth factors. BrdU (10 M) was added to the
secondary neurospheres for 2 h. Neurospheres were mechanically dissoci-
ated, plated in 24-well plates, and fixed 12 h later. Values represent means
+ SEM of five independent experiments. *P < 0.05 versus FGF, **P <
0.01 versus EGF, ***P < (.01 versus FGF+EGF. (b) Numbers of
TUNEL-positive cells in the neurospheres with/without HGF. Secondary
neurospheres were mechanically dissociated, fixed in 1% paraformalde-
hyde, and stained using the TUNEL kit. Values represent means = SEM of
five independent experiments. *P < (.05 versus FGF, **P < 0.05 versus
EGF.

positive cells (Fig. 4a). There is another possibility that
HGF promotes survival of neural progenitors by inhibiting
cell death during culture. To explore the effects of HGF on
the survival of neural progenitors, TUNEL staining was
performed on neurospheres cultured in the medium with and
without HGF. Addition of HGF decreased the number of
TUNEL-positive cells in the neurosphere (Fig. 4b).

Effect of HGF on differentiation of neural progenitors

To elucidate the effect of HGF on the differentiation
of neural progenitors, and also to verify whether neuro-
spheres formed with HGF contain neural progenitors,
their ability to differentiate into neurons, astrocytes, oli-
godendrocytes, or other cell types was investigated. First,
the secondary neurospheres, which were cultured in the
medium containing 20 ng/ml HGF for 7 days, were dis-
sociated and plated on coverslips with 1% FBS with and
without 20 ng/m! HGF for 7 days. The cells were immu-
nostained with neuronal marker, MAP2 (red), glial
marker, GFAP (green), and nuclear stain, Hoechst (blue)
(Fig. 5). The immunopositive cells for each marker were
counted and their percentages calculated. Interestingly,
when HGF was added to the medium during differentia-
tion, more neurons were obtained than astrocytes (with-
out HGF: neurons, 39.8 * 11.7 %; astrocytes, 38.0 *
16.0%; with HGF: neurons, 52.5 £ 7.9%, astrocytes,
352 = 8.9%) (Fig. 6a). Similar percentages were ob-
tained when the cells were isolated with FGF-2 and EGF

1% FBS 1 % FBS + HGF

HGF

Fig. 5. Effect of HGF on the percentage of phenotypes. Double-labeled
immunocytochemistry of cells from neurospheres in the presence of HGF,
FGF-2 + EGF, and FGF-2 + EGF + HGF. The cells were plated in 1%
FBS. or 1% FBS + HGF, MAP-2-positive neurons (red), GFAP-positive
astrocytes (green), and Hoechst-labeled nuclei (blue) are shown, Bar = 50

pin.,
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(withour HGF: neurons, 28.5 = 12.7%; astrocytes, 50.8
+ 11.9%; with HGF: neurons, 53.5 = 8.9%; astrocytes,
32.6 = 7.9%) (Fig. 6b). When 20 ng/m! HGF was added
to the medium when primarily brain cells were cultured,
there was a tendency to have more neurons after differ-
entiation in the medium containing 1% FBS without HGF
(Fig. 6¢c, left). However, when HGF was added to the
medium containing 1% FBS for differentiation, a similar
percentage of neurons was obtained (Fig. 6c, right).
These results suggest that HGF promotes differentiation
into neurons when it is added to the medium for differ-
entiation.

Discussion

The establishment of culture systems for the expansion
of NSCs using FGF-2 and/or EGF as the mitogen in vitro
provides a useful model for examining cellular mechanisms
underlying the development of the CNS (Reynolds and
Weiss, 1992; Temple and Devis, 1994; Reynolds and
Weiss, 1996; Weiss et al.,, 1996; McKay, 1997; Palmer et
al., 1997). Knowledge of the mechanisms of NSC prolifer-
ation and differentiation is important to the future develop-
ment of therapeutic approaches to neuronal injuries and
neurodegenerative diseases. Recent studies have shown that
environmental signals such as various cytokines and growth
factors influence proliferation or differentiation of NSCs
(Ahmed et al., 1995; Tropepe et al., 1997, 1999; Arsenijevic
and Weiss, 1998; Qian et al., 2000). The present study was
conducted to determine the effects of HGF on NSCs in
vitro.

HGF was first identified as a potent mitogen for hepato-
cytes, and later purified and molecularly cloned in 1989
(Nakamura et al., 1989). HGF has various effects not only
on hepatocytes but also on various types of cells. Recent
extensive analyses of HGF have revealed that HGF is a
pleiotrophic factor which induces a variety of responses in
normal development and in pathological situations (Matsu-
moto and Nakamura, 1997). HGF might also play a role
during the early steps of neuronal induction. The expression
of both HGF and c-Met, an HGF receptor expressed during
brain development, persists in the adult (Jung et al., 1994;
Achim et al., 1997; Streit et al., 1997, Maina and Klein,
1999). Accordingly, it has been reported that HGF has a
variety of effects such as antiapoptosis, morphogenesis,
motility, and mitogenesis of neural cells (Honda et al., 1995;
Hamanoue et al., 1996; Ebens et al., 1996; Novak et al.,
2000).

In the present study, immunoreactivity of c-Met receptor
was observed on cells in neurospheres isolated from E14
mouse embryos, suggesting that HGF has its receptor on the
cells in neurospheres. Without FGF-2 or EGF, neurosphere
formation was observed with the medium containing only
HGF, although size and the number of cells obtained with
HGF were less than with FGF-2, EGF, or their combination.
Neurospheres formed with HGF contained immunopositive
cells for nestin and were multipotent, yielding neurons,
astrocytes, and oligodendrocytes. However, the ability to
form neurospheres was reduced after repeated subculture by
mechanical dissociation of the neurospheres. This fact sug-
gests that the neurospheres formed with only HGF are not
derived from NSCs but are neural progenitors. Accordingly,
HGF may promote production of neural progenitors rather
than division of NSCs. The increase in number and size of
primary neurospheres can be also explained by an antiapop-
totic effect on NSCs of HGF. It is known that neurospheres
contain both stem cells and neuronal/glial progenitor cells
already committed to neuron/glia (Reynolds and Weiss,
1996; Svendsen and Caldwell, 2000).
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There are two proliferative divisions in NSCs: symmetric
division to produce neural stem cells, and asymmetric divi-
sion to produce progenitor cells. It is also known that the
neurogenic phase producing mainly neuronal progenitors is
early, and the gliogenic phase producing glial progenitors is
late (Morrison et al., 1997; Qian et al., 2000). It is likely that
neurospheres formed by HGF contain predominantly pro-
genitor cells committed to neurons or glia. We cannot dis-
criminate these progenitor cells from NSCs because they are
also immunopositive for nestin. In other words, HGF pro-
motes asymmetric division rather than symmetric division.
These hypotheses may explain the reduced ability for self-
renewal of the cells isolated in the medium containing HGF.

In the present study, we obtained interesting findings
whereby the addition of HGF to medium containing FGF-2,
EGF, or their combination increased the number and size of
neurospheres in primary culture. On the other hand, when
the cells in the neurospheres were dissociated and cultured
with FGF+EGF, the number of neurospheres formed was
smaller when generated by HGF or FGF+EGE+HGEF than
by FGE+EGF. This phenomenon may be explained by the
hypotheses that (1) HGF promotes proliferation and differ-
entiation of neural progenitors, and (2) HGF inhibits apo-
ptosis or necrosis of neural progenitors.

In support of hypothesis 1, addition of HGF to growth
medium containing FGF-2, EGF, or their combination in-
creased the number of BrdU-positive cells as shown in this
study. It was also suggested that HGF increased the number
and size of neurospheres and that most of the cells in these
neurospheres generated with HGF were neural progenitors,
leading to limited self-renewal ability. Furthermore, more
neurons were obtained after culture in growth medium con-
taining HGF. These results suggest that HGF promoted
asymmetric division, producing more neuronal progenitor
cells than glial progenitor cells. Next, with respect to hy-
pothesis 2, it has been reported that a significant amount of
cell death occurs during CNS development (Oppenheim,
1991). Interestingly, most of the TUNEL-positive cells are
located in the periventricular zone (PVZ) where NSCs exist
in the brain (Thomaidou et al., 1997; Blaschke et al., 1996).
It is also known that cell death is occurring at the center of
neurospheres during both growth and differentiation (Er-
landsson et al., 2001). Apoptosis seemed to be closely
involved in these cell deaths. Our results have also shown
that there are many TUNEL-positive cells in neurospheres
cultured in growth medium. The antiapoptotic effect of
HGF might lead to an increase in both the number and size
of neurospheres in addition to the proliferative effects of
neural progenitors as mentioned above. We could not elu-
cidate whether the addition of HGF had an antiapoptotic
effect on neuronal progenitors or glial progenitors despite
our efforts with additional experiments using double stain-
ing for TUNEL and neuronal/glial markers in neurospheres.
Transcription factors that regulate maintenance and differ-
entiation of NSCs have been extensively investigated, and it
was reported that activator-type basic helix—loop—helix,

Mashl, Mathl, Math3, and Neurogenin2 promote neuro-
genesis (Tomita et al., 2000; Nieto et al., 2001). It remains
unknown whether these signaling pathways are involved in
the proliferative and differentiating effects of HGF on
NSCs.

Thus, HGF promotes proliferation and neuronal differ-
entiation of NSCs isolated from E14 mouse embryos. Fur-
ther understanding of the mechanisms underlying the effects
of HGF on NSCs may lead to the development of new
biological techniques or treatments to control and regulate
NSCs from brains to be used as novel therapeutic ap-
proaches for neuronal injuries and disorders.

Experimental methods
Primary culture and neurosphere passage

Striatal cells were removed from 14-day-old mouse em-
bryos (C57BL/6, plug day = 1.0) in PBS buffer containing
penicillin (50 U/ml) and streptomycin (50 U/ml) (both from
ICN Pharmaceuticals). The tissue was mechanically disso-
ciated with a fire-polished pipet in serum-free medium con-
sisting of DMEM and F-12 nutrient (1:1; Invitrogen). The
cells were grown in growth medium in Falcon culture flasks
(Falcon) or 6-well dishes (Falcon) or 24-well dishes (Fal-
con) at a concentration of 150,000 cells/ml. The growth
medium contained DMEM and F-12 nutrient (1:1; Invitro-
gen), glucose (0.6%), glutamine (2 mM), B27 supplement
(2%, Imvitrogen), and EGF, FGE-2, and/or HGF (R&D
Systems) at a concentration of 20 ng/ml each. Half of the
medium was changed every 4 days with fresh medium
containing the same concentrations of growth factors. After
7 days, primary neurospheres were collected by centrifuga-
tion (2300 g), resuspended in fresh medium, and dissociated
with a fire-polished pipet as described above.

To assess the effects of HGF on the size and number of
neurospheres in primary culture, E14 striatal cells were
cultured for 7 days in growth medium containing FGF-2 (20
ng/ml) and/or EGF (20 ng/ml), with various concentrations
of added HGF. The primary neurospheres were counted and
under a phase-contrast microscope (IMT-2, Olympus, Ja-
pan).

Secondary neurosphere formation assay

Primary neurospheres were collected and digested with
0.25% trypsin~EDTA (Sigma—Aldrich) for 5 min at 37°C.
They were then gently triturated with a fire-polished pipet,
spun down at 500 rpm for 3 min, resuspended in growth
medium, and plated at 500 cells/200 wl in each well of a
96-well dish (Falcon). After 7 days, the secondary neuro-
spheres were counted.



