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Fig. 1 Specificity of antibody against Prx2. The immunoreactivity
of the antibody to HSA-conjugated Prx2 peptide (solid circles) and
native HSA (open circles) was determined by noncompetitive
ELISA. The anti-Prx2 antibody recognizes the HSA-conjugated
Prx2 peptide, but does not react with HAS (Prx2 peroxiredoxin2,
FLISA enzyme-linked immunosorbent assay, HAS human serum
albumin)

Histochemical and immunohistochemical studies were also
carried out on specimens from transgenic rats with the H46R and
G93A types of mutations (three rats of each type). The H46R rats
used in this study were a transgenic line (H46R-4) in which the
level of human SOD1 with the H46R mutation was 6 times the level
of that of endogenous rat SOD1 [27]. The G93A rats were a trans-
genic line (G93A-39) in which the level of human SOD1 with the
(G93A mutation was 2.5 times the Ievel of endogenous rat SOD1
[27]. These rats were killed at an age of over 180 days; an age cor-
responding to an advanced stage of disease in these strains. The
detailed clinical signs and pathological characteristics of the neu-
ronal LBHIs of the H46R and G93A rats have been demonstrated
previously [27]. As rat controls, we investigated the spinal cord
specimens of three age-matched littermates of H46R and G93A
rats and five age-matched normal Sprague-Dawley rats. Rats were
anesthetized with sodium pentobarbital (0.1 m)/100 g body weight).
After perfusion of the rats via the aorta with physiological saline at
37°C, they were fixed by perfusion with 4% paraformaldehyde in
0.1 M cacodylate buffer (pH 7.3). The spinal cords were removed
and then postfixed in the same solution.

Table1l Characteristics of five FALS cases (FALS familial amyo-
trophic lateral sclerosis, SOD superoxide dismutase, LBHI Lewy
body-like hyaline inclusion, 2-bp two-base pair, PCI posterior col-
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Histochemistry and immunohistochemistry

After fixation, the specimens were embedded in paraffin, cut into
6-um-thick sections, and examined by light microscopy. Spinal
cord sections were stained by the following histochemical meth-
ods: hematoxylin and eosin (HE), Kliiver-Barrera, Holzer, phos-
photungstic acid-hematoxylin, periodic acid-Schiff, alcian blue,
Masson’s trichrome, Mallory azan and Gallyas-Braak stains. Rep-
resentative paraffin sections were used for immunohistochemical
assays. The following primary antibodies were utilized: an affin-
ity-purified rabbit antibody against Prx2 {concentration: 1 pg/ml),
a polyclonal antibody to GPx! [diluted 1:2,000 in 1% bovine serum
albumin-containing phosphate-buffered saline (BSA-PBS), pH 7.4]
[2], and a polyclonal antibody to human SOD1 {diluted 1:10,000 in
1% BSA-PBS, pH7.4) [1]. Sections were deparaffinized, and en-
dogenous peroxidase activity was quenched by incubation for 30 min
with 0.3% H,0,. The sections were then washed in PBS. Normal
sera homologous with secondary antibody was used as a blocking
reagent. Tissue sections were incubated with the primary antibod-
ies for 18 h at 4°C. PBS-exposed sections served as controls, As a
preabsorption test, some sections were incubated with the anti-Prx2
antibody that had been preabsorbed with an excess amount of the
synthetic Prx2 peptide. Bound antibodies were visualized by the
avidin-biotin-immunoperoxidase complex (ABC) method using the
appropriate Vectastain ABC Kit (Vector Laboratories, Burlingame,
CA) and 3,3’-diaminobenzidine tetrahydrochloride (DAB; Dako,
Glostrup, Denmark) as chromogen.

Results

‘We successfully produced an affinity-purified rabbit anti-
body against Prx2 peptide (amino acids 184-198; although
this amino acid sequence is homologous with that of each
C-terminal region of the human, rat, mouse, Chinese ham-
ster or Bos Taurus Prx2, this peptide does not share ho-
mology with other members of the Prx family or any other
peptide sequence in GenomeNet), and applied it to stain
of paraffin sections from both humans and rats. This anti-
Prx2 antibody recognized the HSA-conjugated Prx2 pep-
tide, but did not react with HSA (Fig. 1).

Analysis of the essential changes of five cases of FALS
revealed a subtype of FALS with posterior column in-
volvement (PCI). This subtype is characterized by the de-
generation of the middle root zones of the posterior col-
umn, Clarke nuclei, and the posterior spinocerebellar tracts,
in addition to spinal cord motor neuron lesions. A long-
term surviving patient with a clinical course of 11 years

umn involvement type, + detected, ND not determined, As as-
phyxia, [H intraperitoneal hemorrhage, RD respiratory distress,
Pn pneumonia)

Case Apge Sex Cause FALS SOD1 mutation FALS subtype Neuronal
(years) of Death  Duration LBHI
Japanese Oki family
1 46 F As 18 months 2-bp deletion (126} PCI +
2 65 M IH 11 years 2-bp deletion (126) PCI and degeneration +
of other systems
American C family
3 39 RD 7 months AdY PCI +
4 46 M Pn 8 months A4V PCI +
5 66 M Pn 1 year ND PCI +
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4 Fig.2 Serial transverse sections through the lumbar segments of
the normal human spinal cords. A Light microscopic preparation
stained with HE, B, C Immunostaining for GPx1 (B) and Prx2 (C).
GPx1 and Prx2 immunoreactivities are found diffusely in the neu-
ropil with considerably less intensity (arrowheads). No counter-
staining (F/E hematoxylin and eosin, GPx/ glutathione peroxi-
dasel, Prx2 peroxiredoxin2), Bar A (also for B, C) 2mm

Fig.3 Detection of Prx2 and GPx1 in the normal motor neurons
of the human spinal cord. A-D Serial sections, A Staining with HE.
B Immunostaining with the antibody against GPx1, showing GPx1-
positive neurons. C Immunostaining with the antibody to Prx2. Im-
munoreactivity is identified in most of the neurons. Thus, most of
the normal motor neurons in the spinal cord co-express both GPx1
(B} and Prx2 (C), although their staining intensities in neurons
vary. D Immunostaining with anti-Prx2 antibody pretreated with
an excess of the synthetic Prx2 peptide. No immunoreaction prod-
ucts are observed in the motor neurons and neuropil. E GPx1 im-
munostaining of the neuronal cytoplasm and proximal dendrites is
observed, but no intranuclear localization is seen. F Prx2 immuno-
staining of the neuronal cytoplasm and proximal dendrites is ob-
served, and a nucleus of the neuron is also immunostained by the
anti-Prx2 antibody. B-F No counterstaining (//E hematoxylin and
eosin, GPx! glutathione peroxidasel, Prx2 peroxiredoxin2). Bars
A (also for B-D) 100 um; E, F 50 um

(case 2 in Table 1) showed multisystem degeneration in
addition to the features of FALS with PCI. Neuronal Lewy
body-like hyaline inclusions (LBHIs) were present in all
five FALS cases. As observed in HE preparations, the neu-
ronal LBHIs in the FALS patients were essentially identi-
cal to those in the H46R and G93A transgenic rats; the in-
clusions were round eosinophilic or paler inclusions and
often showed eosinophilic cores with pale peripheral ha-
los. In mutant SOD1-linked FALS patients, the neuronal
LBHIs were generally composed of eosinophilic cores with
pale peripheral halos and sometimes showed ill-defined
forms that consisted of obscure eosinophilic materials. In
H46R and G93A transgenic rats, the intracytoplasmic
LLBHIs with cores and halos were less frequently observed
and round or sausage-like LBHIs, which were though to
be intradendritic LBHIs, were often seen in the neuropil,
although these round or sausage-like LBHIs in the neu-
ropil were not remarkable in the human FALS patients.
Histochemically, most of the neuronal LBHIs in the H46R
and G93A transgenic rats were argyrophilic in Gallyas-
Braak stain, and they were generally blue to violet after
Masson’s trichrome or Mallory azan staining, similar to
the histochemical findings of the neuronal LBHIs of the
human FALS patients. The spinal cords of normal indi-
viduals in both humans and rats did not exhibit any distinct
histopathological alterations.

‘When control and representative paraffin sections were
incubated with PBS alone (i.e., no primary antibody), no
staining was detected. Prx2 immunoreactivity in normal
spinal cords was identified in almost all neurons. In addi-
tion, Prx2-immunostaining was found throughout the neu-
ropil with considerably lower intensity (Fig. 2A, C). With
respect to the intracellular localization of Prx2, immuno-
staining of the neuronal cytoplasm and proximal dendrites
was specifically observed (Fig. 3A, C). Additionally, the
nuclei of some neurons were immunostained by the anti-
Prx2 antibody, albeit the staining of positively stained nu-
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Fig.4A-C Serial sections of a typical LBHI with a core and halo
in neurons from the spinal cord of an FALS patient with a two-
base pair deletion in the SOD1 gene. A Immunostaining for SOD1:
immunoreactivity is mostly restricted to the balo. B Immunostain-
ing for GPx1: immunoreactivity is located in the SODI1-positive
portion of the LBHI. C Immunecreactivity for Prx2. Co-localization
of the three proteins SOD1, GPx1 and Prx2 in the LBHI is evident.
D-F Serial sections of a core and halo-type LBHI in a transgenic
rat expressing human SOD1 with an H46R mutation. Immunostain-
ing for SODI1 (), GPx1 (E) and Prx2 (F). Similar stainability and
immunolocalization of SOD1, GPx1 and Prx2 in the LBHI are ob-
served (LBHI Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosis, SOD/ superoxide dismutase 1, GPxf
glutathione peroxidasel, Prx2 peroxiredoxin2). A-F No counter-
staining. Bars A {also for B, C), D (also for E, F) 25 pm

clei varied (Fig. 3F). Incubation of sections with anti-Prx2
antibody that had been pretreated with an excess of the
synthetic Prx2 produced no staining (Fig. 3D).

A neuropil staining pattern similar to that for Prx2 was
observed with GPx1; weak GPxI immunoreactivity was
diffusely seen in the neuropil in transverse sections of the
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Fig.5A-C Serial sections of an LBHI in an FALS patient with an
A4V mutation in SOD1 gene. Immunostaining for SOD1 (A),
GPx1 (B) and Prx2 (C). Co-localization of the three proteins in the
LBHI is mainly observed in the core (A-C). D-F Serial sections of
an LBHI in an FALS patient with a two-base pair deletion in the
SOD1 gene. Immunostaining for SOD1 (D), GPx1 (E) and Prx2
(F). Immunostaining GPx1 (E) and Prx2 (F) are observed in only
part of the SOD1-positive LBHI. The precise intra-inclusional im-
munolocalizations of these three proteins differ from each other in
this LBHI (LBHI Lewy body-like hyaline inclusion, FALS familial
amyotrophic lateral sclerosts, SODI superoxide dismutase 1, GPx/
glutathione peroxidasel, Prx2 peroxiredoxin2). Bars A (also for B,
C), D (also for E, F} 25um

spinal cords (Fig.2A, B). GPx1 immunostaining was ob-
served in the cytoplasm with cell bodies and proximal
dendrites being essentially identified (Fig. 3A, B, E), but
no intranuclear staining was observed (Fig.3B, E). The
stainability and intensity of Prx2 and GPx1 in the normal
anterior horn cells of the spinal cords in humans were iden-
tical to those in rats. Therefore, almost all of the normal
motor neurons in the spinal cords co-expressed both Prx2

and GPx1 (Fig. 3A-C), although the staining intensities of
positively stained neurons varied.

Corroborating recent findings [12, 13, 16, 19, 27, 30],
almost all of the neuronal LBHIs in both the FALS pa-
tients from two different families and races (Japanese Oki
family and American C family) and the transgenic rats ex-
pressing two different human SOD1 mutations (H46R and
G93A) were intensely immunostained by the antibody
against human SODI1 (Figs. 4A, D; 5A, D; 6A; 7A). Most
neuronal LBHIs were also immunoreactive for Prx2,
although the intensity of Prx2 immunoreactivity in the
LBHIs varied (Figs.4C, F; 5C, F; 6B). The LBHIs in the
neurons of the FALS patients and transgenic rats (H46R
and G93A) showed a similar immunoreactivity for Prx2.
The Prx2 immunolocalization in many intracytoplasmic
and intraneuritic LBHIs was similar to that of SODI in
both diseases. In core and halo-type LBHIs, the reaction
product deposits of the antibody against Prx2 were gener-
ally restricted to the periphery (Fig. 4C, F}, and were some-
times localized in the cores alone (Fig, 5C). In ill-defined
LBHIs, Prx2 immunostaining was distributed throughout
each inclusion. In some inclusions, however, expression of
Prx2 was observed in only part of the inclusion (Fig. 5F).
With respect to the GPx1 immunostaining in the neuronal
LBHISs, similar stainability and immunolocalization to Prx2
were confirmed in the core and halo types as well as the
ill-defined forms; most LBHIs in neurons were immunos-
tained by the anti-GPx1 antibody with various intensities
(Figs. 4B, E; 5B, E; 7B). The immunoreactivity for GPx1 -
in the FALS patients was similar to that in the transgenic
rats (H46R and G93A). Like Prx2, the immunolocaliza-
tion of GPx1 was similar to that of SOD1 in both diseases.
GPxl-immunoreactive products in many core and halo-
type inclusions were mainly localized in the periphery por-
tions (Fig. 4B, E), but sometimes in the core portions alone
(Fig. 5B). In some inclusions, the reaction products were
confined to certain regions of each inclusion (Fig. 5E).

Noticeably, the co-localization of the three proteins
SODI1, Prx2 and GPx1 in neurona! LBHIs in SOD1-mu-
tated FALS patients and transgenic rats (H46R and G93A)
was evident (Figs. 4, 5, 6, 7), although all three immunore-
active intensities varied. With respect to the intra-inclu-
sional localization, many inclusions showed similar co-lo-
calizations of these three proteins (Figs.4, 5A~C). In
some LBHIs, the precise intra-inclusional immunolocal-
izations of the three proteins differed: Prx2 (Fig. 5D, F)
and GPx1 (Fig. 5D, E) immunostaining was observed in
only some areas of the SOD1-positive LBHIs.

Discussion

Under normal physiological conditions, Prx2 and GPx1
immunoreactivities in the spinal cord anterior horns in hu-
mans and rats are primarily identified in the neurons: cy-
toplasmic staining with both antibodies is observed in al-
most all of the anterior horn cells. Like Prx1 [26, 33], in-
tranuclear localization in some neurons is also observed in
Prx2 immunostaining. Considering that endogenous Prx2
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Fig.6 Serial sections of the ;
spinal anterior horn in a trans-

genic rat expressing human "
50D1 with an H46R mutation

immunostained with antibodies
against SOD1 (A) and Prx2 .

(B). Round and sausage-like ; .
LBHIs in the neuropil are posi- e
tive for both SOD1 and Prx2 e
{arrows) (SODI superoxide v

dismutasel, LBHT Lewy body-
like hyaline inclusion, Prx2

peroxiredoxin2). Bar A (also e L
for B) 50 um i .

and GPx1 within the neuronal cytoplasm are extremely ef-
fective regulators of the redox system, our immunchisto-
chemical finding that almost all of the normal spinal mo-
tor neurons co-expressed both Prx2 and GPx1 confirms
that these motor neurons maintain themselves using the
intracellular Prx2/GPx1 system, that is, the redox system.

As expected [12, 13, 16, 27, 30], SOD1 protein (prob-
ably the mutant form} was found to aggregate in the ante-
rior horn cells as neuronal LBHIs in FALS patients with
SODI gene mutations and transgenic rats expressing hu-
man SOD1 with H46R and G93A mutations, Intense co-
expression of SOD1, Prx2, and GPx1 in neuronal LBHIs
in both diseases was evident. To eliminate ROSs, SOD1-
mutated motor neurons in mutant SOD1-linked FALS and
transgenic rats (G46R and G93A) induce mutant/wild-type
SOD1 as an antioxidant system and Prx2/GPx1 as a redox
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system. In this in vivo milieu where mutant SOD1 exists,
Prx2 and GPx1 would aberrantly interact with the mutant
SOD1, which is assumed to aggregate easily by itself [8].
Among the multiple theories of how mutant SOD1 con-
tributes to motor neuron death in mutant SOD1-related
FALS and transgenic animal models expressing human
mutant SOD1, the aggregation of mutant SODL in neu-
rons leads to part of the mutant SOD1-mediated toxicity
through the formation of advanced glycation endproduct-
modified SOD1 that is insoluble and cytotoxic [16]. Our
recent study of FALS patients with a two-base pair dele-
tion at codon 126 of the SOD1 gene (Oki family) and
G85R transgenic mice has revealed that not only does mu-
tant SODI provoke inclusion formation, but that normal
S0OD1 also co-aggregates in these inclusions [3]. Together
with the facts that there are neuronal LBHIs positive for
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Fig.7 Serial sections of the
spinal anterior hom in a trans- B
genic rat expressing human ‘ . - e
SOD1 with an H46R mutation L e LT
immunostained with antibodies N ‘
against SOD1 (A) and GPx1 ot e

(B). Round LBHIs in the neu- Do

ropil are positive for both P
S0OD1 and GPx1 {arrows) L -
{(SGD1 superoxide dismutasel, _ .
LBHI Lewy body-like hyaline 0 com
inclusion, GPx! glutathione L T
peroxidasel). Bar A {(also for Yy
B) 50pum :

SODI, Prx2, and GPx1 in the milieu where mutant SOD1
exists but no LBHIs (no aggregations) exist under physio-
logical conditions, our study demonstrates an aberrant in-
teraction of Prx2/GPx1 with mutant SODI, the aggrega-
tion of which results in neuronal LBHIs. In addition, in-
tra-inclusional co-aggregation of Prx2/GPx1 with mutant
SOD1 causes the intracytoplasmic reduction of Prx2/GPx1,
thereby reducing the availability of the redox system. A
similar aberrant interaction of the copper chaperone for
SOD (CCS) and SOD1 (probably CCS-mutant SODI1)
also occurs in the formation of the neuronal LBHIs in mu-
tant SOD1-linked FALS [19] and the mutant SODI1 trans-
genic mouse model [32]. Such sequestration into LBHIs
has also been observed for normal cytosolic constitutive

T T T A e ey A LS

proteins including tubulin and tau protein, as well as neu-
ron-specific constitutive proteins containing phosphory-
lated neurofilament proteins (NFP), nonphosphorylated
NFP, synaptophysin, and neuron-specific enolase [13, 17,
18]; this results in partial impairment of the maintenance
of cell metabolism [13, 17, 18]. Although we cannot readily
compare the sequestration of normal constitutive proteins
with the aberrant interaction of cytotoxic mutant SOD1
with Prx2/GPx1 directly regulating a redox system, our
finding leads us to speculate that not only co-aggregation
of Prx2/GPx1 and SODI into LBHIs, but also intracyto-
plasmic reduction of Prx2/GPx1 in both diseases may partly
contribute to the breakdown of the redox system itself in
these SOD1-mutated neurons, and this may be one of the
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endogenous mechanisms that accelerate neuronal death.
This hypothesis would appear to be compatible with the
aggregation toxicity theory. It remains to be determined
whether this aberrant interaction of Prx2/GPx1 with mu-
tant SOD1 is a direct or an indirect effect based con the
pathogenesis of SOD1-mutated FALS disease itself or
whether Prx2 and GPx! play a primary or a secondary
role to mutant SOD1. Consequently, we would like to em-
phasize that the aberrant interaction and co-aggregation of
Prx2/GPx1 and SODI1 (probably Prx2/GPx1 and mutant
SODL1) in FALS patients with SOD1 gene mutations and
transgenic rats expressing human SOD1 mutations may
amplify a more marked mutant SOD1-mediated toxicity.
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Recent studies have shown that delayed transplantation
of neural stem/progenitor cells (NSPCs) into the injured
spinal cord can promote functional recovery in adult rats.
Preclinical studies using nonhuman primates, however,
are necessary before NSPCs can be used in clinical trials
to treat human patients with spinal cord injury (SCI). Cer-
vical contusion SCls were induced in 10 adult common
marmosets using a stereotaxic device. Nine days after
injury, in vitro-expanded human N3PCs were trans-
planted into the spinal cord of five randomly selected
animals, and the other sham-operated control animals
received culture medium alone. Motor functions were
evaluated through measurements of bar grip power and
spontaneous motor activity, and temporal changes in the
intramedullary signals were monitored by magnetic reso-
nance imaging. Eight weeks after transplantation, all ani-
mals were sacrificed. Histologic analysis revealed that
the grafted human NSPCs survived and differentiated
into neurons, astrocytes, and oligodendrocytes, and that
the cavities were smaller than were those in sham-cper-
ated control animals. The bar grip power and the sponta-
neous motor activity of the transplanted animals was
significantly higher than that of sham-operated control
animals. These findings show that NSPC transplantation
was effective for SCl in primates and suggest that human
NSPC transplantation could be a feasible treatment for
human SCL.  © 2005 Wiley-Liss, Inc.

Key words: spinal cord injury; transplantation; neural
stem/progenitor cells; primate; preclinical study

Recovery from damage to the adult mammalian
central nervous system (CNS), especially spinal cord
injury (SCI), is hindered by various factors (Horner and
Gage, 2000; Okano, 2002}, such as the limited ability of
the CNS to replace lost cells {Johansson et al., 1999),

© 2005 Wiley-Liss, Inc,

axonal growth inhibitors associated with myelin and glial
scars {(Qlson, 2002; David and Lacroix, 2003), and insuf-
ficient trophic support (Widenfalk et al,, 2001). With
the recent progress in stem cell biology, embryonic stem
(ES} cell-derived cells (McDonald et al, 1999), mesen-
chymal stem cells (Hofstetter et al,, 2002), olfactory
ensheathing cells (Li et al., 1997), and neural stem/pro-
genitor cells (NSPCs) (Cao et al., 2001; Ogawa et al,,

-2002} have become hopeful candidates for transplanta-

tion to treat SCI. Recently, we demonstrated that the
timing of NSPC transplantation is crucial for the survival
and differentiation of grafted cells and functional recov-
ery in terms of the microenviromment of the injured spi-
nal cord (Ogawa et al.,, 2002; Okano, 2002; Nakamura
et al., 2003; Okano et al., 2003). Based on these find-
ings, we transplanted NSPCs into the adult rat spinal
cord 9 days after injury and demonstrated the usefulness
of in vitro-expanded NSPCs as a therapeutic tool for the
treatment: of SCI1 (Ogawa et al, 2002). Despite these
promising resuls, the rat model is not an ideal preclinical
model for human SCI- because neurofunctional and ana-
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tomic features of rodents and primates are different. For
example, the corticaspinal tract (CST) fibers localize
mainly in the dorsal funiculus in rodents whereas in pri-
mates, they Jocalize mainly in the lateral funiculus (Tera-
shima et al., 1994; Iwanami et al, 2005). Recently,
hemisection SCI models in primates have been reported
(Levi et al., 2002; Tuszynski et al., 2002). A hemisection
model is appropriate for demonstrating regeneration of
axons, but from a clinical point of view, it is not suitable
as a model of human SCI because human SCI is mainly
a contusion injury that occurs when the spine is sub-
jected to an extemal force through accidents or falls
from a height. We therefore established a graded-contu-
sive SCI model in common marmmosets (Callithrix
Jjacchus), which were quite similar to the characteristics of
human SCI (Iwanami et al., 2005), and examined the
effectiveness of human NSPC transplantation on recov-
ery of motor functions in tetraplegic primates after con-
tusive SCI.

MATERIALS AND METHODS

Tissue Samples, Neurosphere Cultures,
and Differentiation Assays

The ethical committees of Osaka National Hospital, the
Tissue Engineering Research Center, and Keio University
approved the use of human fetal neural tissues and neuro-
sphere cultures. Tissue procurement procedures were in
accordance with the Declaration of Helsinki and in agreement
with the echical guidelines of the Japan Society of Obstetrics -
and Gynecology., Human fetuses (8 weeks gestational age)
were obtained from legal abortions carried out at the Osaka
National Hospital with written informed consent obtained
from all donors, NSPCs were cultured from fetal spinal cord
tissue wsing the neurosphere method (Svendsen et al,, 1998;
Kanemura et al,, 2002}, and differentiation assays were carried
out as described previously (Kanemura et al., 2002).

Contusive SCIs and Transplantation of Human NSPCs
in Marmosets

Ten adult female common marmosets (280350 g; Clea
Japan Inc., Tokyo, Japan) were used for these experiments.
Contusive SCIs were induced using a weight-drop device {a,
modifiecd NYU impactor with a diameter of 3.5 mm) to
establish an SCI model (Gruner, 1992). After an intramuscular
injection of ketamine (50 mg/kg} and xylazine (5 mg/kg} to
induce anesthesia, 2 C5 laminectomy was carried out and a
17-g weight was dropped from a height of 50 mm onto the
exposed dura matter (moderate injury; Iwanami et al,, 2005).
Human NSPCs that had undergone more than 10 passages
were selected and transplanted into the injured spinal cord
9 days after the injury, at which time the microenvironment
of the injured spinal cord changes from that of the inhospit-
able acute phase to one that supports the survival and differen-
tiation of transplanted NSPCs (Ogawa et al, 2002; Okano,
2002; Nakamura et al., 2003; Okano et al.,, 2003). The neuro-
spheres  were prelabeled  with  5-bromo-2'-deoxyuridine
(BrdU) in vitro (3 pM, Sigma-Aldrich Corp., St. Louis, MO)
for 72 hr before transplantation, Nine days after the injury,

partially dissociated neurospheres (dissociated to a diameter of
<100 um so they could pass through the microglass pipette
used in transplantation) at a density of approximately 1.0 x
10° cells/5 pl of medium without growth factors (TP; 1 = 5)
or 5 pl of the medium vehicle without growth factors (CON;
n = 5) were injected into the center of the lesion site using a
glass pipette (diameter of the tip = 100 pum} configured to a
10-pl Hamilton syringe and a microstereotaxic injection sys-
tem (David Kopf Instruments, Tujunga, CA). All animals
received daily ampicillin (100 mg/kg intramuscularly; Meiji
Seika Kaisha, Ltd,, T'okyo, Japan) for 1 week after injury and
daily cyclosporine injections (10 mg/kg subcutaneously;
Novartis, Basel, Switzerland) for 8 weeks after transplantation,
The ethics committee of the institute approved all surgical
interventions and animal care procedures, which were in
accordance with the Laboratory Animal Welfare Act, the
Guide for the Care and Use of Laberatory Animals (National
Institutes of Health, USA), and the Guidelines and Policies for
Animal Surgery provided by the Animal Study Committees
of the Central Institute for Expermental Animals and Keio
University.

Magnetic Resonance Imaging Evaluation

The magnitude of the SCI was monitored by examining
changes in intramedullary magnetic resonance imaging {MRI)
signals, because pathogenic events, such as hemorrhage,
edema, and cavity fonmation can be monitored in real time
using MIRL techniques (Ohta et al., 1999; Metz et al.,, 2000).
Images were obtained using a 1.5-Tesla superconducting
imager (Signa, Milwaukee, WI) with a phased-array volume
coil under the following conditions: (1) sagittal; and (2} axial
T2-weighted fast spin-echo with a repetition/echo time (TR/
TE) number averaging 4,000 msec/100 msec/15, a field-of-
view of 9 ¢m, a matrix of 256 x 256, and a section thickness
of 1.7 mm; and (3} sagittal T1-weighted spin-echo with a
TR/TE number averaging 400 msec/12 msec/15 and all
ather parameters the same as above.

Behavioral Testing

Motor functions were assessed using the bar grip test and
the monitoring of spontancous movements (see [wanami et al.,
2005). In brief, to examine the neuromuscular function of both
forelimbs, the peak grasping strength of both forelimbs was eval-
uated three times a day before and after transplantation using a
specially designed pull-bar assembly with a gauge (A&D,
Tokyo, Japan; Smith ¢t al, 1995; Suresh Babu et al., 2000).
The spontancous three-dimensional (3D} movement of each
marmoset was monitored using an infrared sensor (Neuro-
science, Tokyo, Japan) placed in the ceiling of each cage, and an
hourly activity count was recorded. The grip power and motor
activity of the TP and CON groups were then compared statis-
tically using the Mann-Whitney U-test.

Histologic Analyses

Eight weeks after transplantation, each animal was intra-
cardially perfused with 4% paraformaldchyde (PFA; pH 7.4).
The dissected spinal cord tissues were postfixed for 3 hr in 4%
PFA, soaked overnight in 10% followed by 30% sucrose, and
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cut into 20-pm thick axial sections using a cryostat. Hematox-
ylin-eosin (HE} staining was carried out for gencral histologic
examinations. The myelinated area was stained with Luxol fast
blue (LFB) and the myelinated area at the lesion epicenter of
five randomly selected axial sections was quantified by a Micro-
Computer Imaging Device (MCID; Amersham Biosciences
Corp., Piscataway, NJ). To quandfy the number of motor
neurons, axial sections (every 10th section within 1.5 mm of the
leston epicenter and every 50th section in areas more than
1.5 mm distant from the lesion epicenter) were immunostained
with anti-choline acetyltransferase (ChAT) antibody (1:25
mouse IgG; Chemicon International, Inc., Temecula, CA) and
the number of ChAT-positive cells located in the ventral hom
of each section was counted. The myelinated arca and the num-
bers of ChAT-positive cells of the TP and CON groups were
then statistically compared using the Mann-Whitney U-test.

To examine the distribution of INSPCs grafted into the
injured spinal cords, sections were immunostained using an
anti-BrdU antibody (mouse IgG, BrdU staining kit; Zymed
Lab. Inc., South San Francisco, CA) visualized with diamino-
benzidine (DAB} solution, The phenotype of the grafted cells
were assessed through Auorescent double Immunostaining
using an anti-BrdU antibody and one of the following cell-
type specific markers: anti-B-tubulin Il antibody (1:400,
mouse [gG; BAbCO, Berkley, CA), anti-glial fibrillary acidic
protein {GFAP} antibody (1:200, rabbit IgG; Dako Japan,
Tokyo, Japan), anti-Clig2 antibody (1:400; a kind gift of
M. Nakafuku, Cincinnati Children’s Hospital Rescarch Foun-
dation; Zhou et al,, 2001; Mizuguchi et al., 2001}, or anti-
CNPase antibody (1:500, mouse I[gG; Sigma-Aldrich). To
evaluate the correlation between grafted cells and axons
around the lesion epicenter, double immunostaining visualized
with Vectastain ABC system (Vector Laboratories, Inc., Bur-
lingame, CA) or fluorescent double immunostaining using
anti-BrdUJ and anti-neurofilament 200 kDa (RT-97} antibod-
ies (1:1,000, mouse IgG; Chemicon International} were car-
ried out. The secondary antibodies were as follows: Alexa
Fluor 488 goat anti-mouse IgG; 568 goat anti-mouse [gG:
and 568 goat anti-rabbit IgG (1:1,000; Molecular Probes,
Eugene, OR). Grafted NSPCs that were colabeted with both
BrdU and cell-specific markers were observed under a confo-
cal microscope equipped ‘with an argon-krypton laser
(LSM510; Carl Zeiss Co., Ltd., Oberkochen, Germany), at a
magnification of 400x. The number of BrdU-positive cells,
double-positive cells for BrdU, and each marker at the lesion
epicenter in five randomly captured images of 10 sections
were counted and the proportion of double-positive cells to
BrdU-positive cells was calculated.

RESULTS

MRI and Histology of Injured Spinal Cord
after NSPC Transplantation

Five days after injury, an iso-signal intensity area on
T1-weighted images (TIWI) and a homogeneously high
signal intensity area on T2-weighted images (T2WT1) indi-
cating the presence of hemorrhage as well as edema were
observed at the epicenter of the lesion (Fig. 1A). Eight
weeks after the transplantation, the lesion site appeared as a

Transplantation of Human NSPCs in Primates 3
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Fig. 1. Comparison of MR, images and histology between CON and
TP groups. A-C: Sagittal MR image; TIWI (left), T2WI (right).
Post-injury intramedullary signal changes in marmosets were similar
to those seen in humans. Scale bar = 2.5 mm. D, F: Hematoxylin-
eosin staining {axial section). The signal changes seen on MR coin-
cide with the formation of a cavity at the site of the injury. E: GFAP
(green)/P-tubulin Il (red) double-labeled image; axial section. Scale
bar = 50 pm. Reactive gliosis surrounding the cavities, void of neu-
rons. A: Five days post-injury. B, D, E: Resulis from a typical CON
animal 8 weeks after transplantation, C, F: Results from a typical TP
animal 8 weeks after transplantation.

clearly demarcated low signal intensity area on T1WI
and 2 high signal intensity area on T2WTI in both the TP
and CON groups, but the size of the lesion was visibly

smaller in the TP group (Fig. 1B,C). Subsequent histo-

logic analyses revealed that the intramedullary signal
changes observed on MRI corresponded to the forma-
tion of a cavity accompanied by reactive gliosis, void of
fi-tubulin [ll-positive neurons {Fig. 1D-F). The cavity
at the epicenter of the injury site was smatler in the TP
animals (Fig. 1D,F), consistent with the MRI findings
{Fig. 1B,C). In contrast, quantitative analysts of the mye-
linated area and number of ChAT-positive neurons at
the lesion epicenter revealed no significant differences
between the two groups {data not shown). To elucidate
the mechanism through which NSPC transplantation
reduces . the size of cavity, the phenotypes of human
NSPC-derived cells both before and after transplantation
were examined. ' c

Phenotypes of Human NSPCs Before
and After Differentiation in Vitro

The phenotypes of human NSPCs before and after
differentiation in vitro were examined after labeling the
cells with BrdU (Kanemura et al.,, 2002). Before differ-
entiation was induced, the neurospheres of human
NSPCs consisted of a heterogenous mix of cells such as
nestin-positive  cells, P-tubulin I-positive cells, and
GFAP-positive cells (Fig. 2A-L). Quantitative analyses
revealed that the BrdU-positive NSPCs consisted of
51.9 * 2.7% nestin-positive cells, 12.8 = 1.8% B-tubu-
lin Hl-positive cells, and 34.5 £ 4.2% GFAP-positive
cells (Table I). Seven days after differennation was
induced, nestin-positive cells became undetectable,
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GFAP-positive cells increased to 85.6 * 1.6%, and the
percentage of B-tubulin [lI-positive cells was unchanged
(11.4 * 0.3%) (Fig 2M). Olig2-positive cells, indicating
progenitor cells of oligodendrocyte lineages or motor
neurons (Mizuguchi et al.,, 2001; Zhou et al, 2001),
were not observed before or after differentiation in vitro

(Table 1). These results suggested.that most nestinsposi-

tive cells differentiated into astrocytes in vitro.

Grafted Human NSPCs Survived and
Differentiated Into Neuronal and Glial Lineages

To examine the fate of NSPCs grafted into the
injured spinal cord, fluorescent double immunostaining
for BrdU and cell-specific markers, such as f-tubulin I1I,
GFAP, or Olig2 was cartied out. In the TP group,
BrdU-positive cells were detected mainly around the
grafted sites (Fig. 3A), but some were distributed as far
as 8 mn rostral and caudal to the epicenter 8 weeks after
transplantation. No evidence of tumor formation was
observed in the TP group. Quantitative analysis using
confocal microscopy revealed that 20.6 £ 1.9% of the
BrdU-paositive cells were B-tubulin Ill-positive, 46.2 &
2.1% were GFAP-positive, and 5.3 £ 0.9% were Olig2-
positive (Fig. 3B-D; Table I). B-Tubulin I1/Olig2/

Fig. 2. Typical image of human NSPCs
before and after differentiation in vitro.
Immunofiuorescence analysis of in vitro
human NSPCs before (A-L} and after
{M) differentiation stained with selective
phenotypic markers. A, E, I. TO-PRO-
3 (Molecular Probes), blue, was used to
label nuclei. B: Anti-human nestin (red).
F: B-Tubulin III (red). J: GFAP (red). C,
G, K: BrdU (green). The three images
shown in each panel were merged in D,
H, and L. M: Typical image of human
NSPCs after differentiation triple-stained
with BrdU (green), B-tubulin HI (red),
and GFAP (blue}. Photomicrographs of
human NSPCs after differentiation in
vitre  immunostained  with  selective
phenotypic markers: triple-stained with
BrdU (green), B-tubulin Il (red), and
GFAP {blue). Scale bars = 50 um.

BrdU triple-positive cells were not identified, indicating
that the Olig2-positive cells were not progenitors for
motor neurons or other neurons; however, CNPase/
BrdU double-positive cells were detected around the
grafted site (data not shown). In contrast, 25.2 * 2,9%
of the BrdU-positive cells were nestin positive, suggest-
ing that part of the grafted NSPCs remained immature
within the host spinal cord after the transplantation. A
bundle of RT-97 positive fibers were observed at the
lesion epicenter in the TP group (Fig. 3E), but not in
the CON group. These fibers were associated closely
with the grafted human NSPCs (Fig. 3F,G).

Human NSPC Transplantation Promoted
Functicnal Recovery After SCI in Primates

Al animals were tetraplegic immediately after
awakening from anesthesia. For a few days after surgery
the animals could hardly move around, but they began
to gradually recover thereafter. Recovery of motor func-
tion was observed mainly in the hindlimbs, with para-
lyue symptoms clearly persisting in the forelimbs. To
evaluate the recovery of forelimb motor function, daily
bar grip tests were conducted. The mean value of 10
animals’ bar grip power sharply decreased from 30.9 *
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TABLE I. Percentage of Cell Types Derived From Human Neural Stem/Progenitor Cells

In Vitro and In Vivo*

Cell type (%)
Conditon Nestin B-rubulin 111 GFAP Olig2
Before differentiation in vitro 519 £ 2.7 128 £ 1.8 345 £ 42 o
After differentiation in vitro 0 114 = 0.3 856 £ 1.6 ¢}
After tmansplantation in vivo 252 x 29 206 1.9 462 x 2.1 53 %09

*The percentages (mean * standard deviation) of differentiated cell types derived trom the donor cells in vivo
were different from those in vitro. The percentage of B-tubulin 11I/BrdU double-positive cells among the
BrdU-positive cells in vive was almost twice the percentage in vitro, and Olig2/BrdU double-positive eclls
were detected only in vivo. GFAP, glial fibrillary acidic protein.

23 to 54 = 1.4 N after injury, followed by a partial
recovery (9.7 * 1.6 N) at 7 days after the injury. No
significant  differences in the mean value of bar grip
power between the TP and CON groups were observed
at any time point before the transplantation. After trans-
plantation the TP animals showed improved recovery,
with significantly higher bar grip power values than the
CON animals at 2—4 weeks and 7-8 weeks after trans-
plantation (Fig. 4A}).

After SCI, the number of spontaneous movements in
both the TP and CON groups decreased sharply (9.2 *
2.2% of the preinjury level), followed by a partial recovery
{32.4 * 8.7%) at the time of transplantation. No signifi-
cant differences in the mean value of the number of spon-
taneous movements were observed between the TP and
CON groups at any time point before transplantation.
After transplantation the TP animals showed improved
recovery, with significantly higher spontaneous movement

values than CON animals at 1, 3, and 8 weeks after trans- -

plantation {Fig. 4B}).

DISCUSSION

Results of the present study suggest that transplan-
tation of human NSPCs into the contused spinal cord of
common marmosets at ¢ days after injury survived, dif-

ferentiated into neurons, astrocytes, and oligodendrocytes

and promoted functional recovery. These findings sug-
gest the clinical significance of human NSPC transplin-
tation to injured spinal cords in primates.

Compared to other kinds of primates such as maca-
ques and bonnet monkeys, common marmosets offer
several advantages to scientific studies: small body size,
adaptability to a variety of conditions, and a high rate of
breeding, Common marmosets have become quite pop-
ular among researchers, being incorporated into numer-
ous preclinical models ('t Hart et al., 2000; Kirik et al,
2003; Mansfield et al., 2003), but reports of SCI in pri-
mates are limited (Emery et al., 2000; Liu et al., 2001).
In our models of contusive SCI in marmosets, approxi-
mately 85% of cholinergic neurons and 80% of myelina-
tion were lost and MRI depicted the formation of a
cystic cavity accompanied by glial scarring at the lesion
epicenter (lwanami et al., 2005). This model of contu-
sive SCI in common marmosets reproduces the symp-

tomns seen in incomplete cervical SCI in humans, and
is an ideal model for preclinical trals of various SCI
therapies.

Histologic and MRI findings revealed that the
transplantation of human NSPCs reduced the size of the
cavity, but this occurred without a significant reduction
in the demyelinated area or an increase in the numbers
of ChAT-positive neurons at the lesion site. Postulating
that the survival of the grafted cells played a part in
reducing the size of the cavity, the phenotype of human
NSPCs were examined not only in vivo, but also in
vitro. Intriguingly, the percentages of differentiated cell
types derived from donor cells in vive were quite differ-
ent from those in vitro: the percentage of f-tubulin III-
positive cells in vivo was almost twice as much as that in
vitro, and Olig2-positive cells were detected in vivo but
not in vitro (Table 1). These results suggested that the
microenvironment within the spinal cord at 9 days after
the injury induced differentiation of grafted human
NSPCs into ‘cells of neuronal and oligedendrocyte line-
ages, similar to the findings in the rat SCI model
{Ogawa et al.,, 2002; Okano, 2002; Okano et al., 2003).
Approximately 46% and 25% of the grafted NSPCs were
GFAP-positive cells and nestin-positive immature cells,
respectively. These astrocytes and undifferentiated cells
as well as neurons derived from grafted NSPCs might
have reduced the size of the ~cavity at the lesion site.
Neurons derived from NSPCs were observed in this
study in contrast to the report by Cao et al. (2001) in
which subventricular zone-derived NSPCs grafted into
the intact or injured spinal cord of adult rats 10 days
after injury survived, migrated, and differentiated into
astrocytes and oligodendrocytes, but not into neurons.
The difference in cell preparation and transplantation
methods may have resulted in the contrasting results. As
we reported previously (Watanabe et al, 2004), the
NSPCs derived from the forebrain were able to differen-
tiate into neurons in the injured rar spinal cord when
transplanted 9 days after injury. This might be partly
because neurospheres and not single cells were trans-
planted in our studies, because cell-cell contacts as well
as autocrine and paracrine factors within the neuro-
spheres play an important role in their survival and
neuronal differentiation (Taupin et al., 2000). Another
recent study suggested that NSPCs differentiated into
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Fig. 3. Grafted human NSPCs survived and differentiated into neu-
rons, astrocytes, and oligodendrocytes within injured marmoset spinal
cord. A: BrdU immunostaining of an axial section (DAD) in a TP
aninmal. B-D, G: Confocal images reveal double labeling for and-
BrdU (green) and anti-B-tubulin IIT (red) in B, anti-GFAP (red) in
C, amti-Olig2 (red} in D, and anti-RT-97 (red) in F. Amaws, dou-
ble-positive cells of BrdU and each marker in B-D; arrowheads,
BrdU-positive NSPCs that are negative for each marker in B-D. E,
F: Grafted NSPCs were associated closely with RT-97-positive fibers
at the lesion epicenter. E: Arrowheads (dark brown), BrdU-positive
NSPCs; arrows (light brown), RT-97-positive fibers. Sections were

counterstained with hematoxylin to identify nuclei. F: BrdU (green),

RT-Y7 (red). Scale bars = 25 pm (A); 50 pm (B-F).

glial lineage when transplanted immediately after SCI
(Vroemen et al., 2003). The microenvironment within
the injured spinal cord at 9 days after injury might also
be advantageous for survival and neuronal differentiation
of the grafted NSPCs compared to that in the acute
inflammatory phase (Miyoshi et al., 1995; Okano, 2002;
Nakamura et al., 2003; Okane et al., 2003; Okada et al.,
2004).

Without human NSPC transplantarion, contusive
SCI in common marmosets resulted in an approximately
65% loss of grip power of the forelimbs and a 60% loss
of spontaneous motor activity, In contrast, transplanta-
tion of human NSPCs significantly promoted functional
recovery. Three possible explanations for this improve-

bar grip powst {N}
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post-injury days

o
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]
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£
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apontanecus motor activity (%)

(=]
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=

Fig. 4. Behavioral testing and promotion of functional recovery by
grafied human INSPCs after SCI. A: Time-course of the bar grip
power in the TP group (filled circlesy and CON group (open circles);
n = 5 per group. *P < 0.05; **P < 0.01 compared to the CON
group at the same time point (Mann-Whitney U-test}. The bar grip
power of the TP animals improved significantly compared to that of
the CON animals at 2-4 weeks and 7-8 weeks after transplantation.
B: Time-course of the spontaneous motor activity in the TP (filled
circtes) and CON (open circles) groups; # = 5 per group. *P <
0.05; **P < 0.01. The mean values of spontaneous movements of
TP animals were significantly higher than were that of the CON ami-
mals at 1, 3, and 8 weeks after transplantation. Data represent the
niean * standard error of the mean.

ment may be made, based on our findings and the find-
ings of previous studies nsing rodents (Horner and Gage,
2000; Okano, 2002; Schwab, 2002; Okano et al., 2003).
One possibility is that inmmature astrocytes derived from
grafted NSPCs might play an important role in axonal
guidance (Hofstetter et al, 2002; Silver and Miller,
2004). In the present study, astrocytes accounted for
most cells that differentiated from the human fetal CNS-
derived INSPCs. These astrocytes might have played
active roles in generation of neuronal cells and axonal
regeneration of host neuronal axons. Notably, fetal
brain-derived astrocytes have been shown to regulate the
precise growth of neuronal axons (Garcia-Abreu et al,
2000) and to promote the physiologic maturation of
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neuronal cells (Blondel et al., 2000). The second possible
explanation is that the neurons differentiated from
NSPCs formed new synapses with the host neurons aid-
ing to reform the neuronal circuits that had been dis-
rupted by the injury (Ogawa et al,, 2002; Okano et al.,
2003). Synapse formation by donar-derived inhibitory
neurons might also be important for motor coordination
within the spinal neuronal network as well as for the
suppression of injury-induced spasticity (Campos et al.,
2004; Watanabe et al., 2004). The third possibility is that
trophic effects (indicating that functional improvement
may not be dependent on the transplanted human
NSPCs becoming functional neurons and making the
right connections, but rather on the secretion of trophic
factors from the transplanted cells) might also be effective
for the survival and differentiation of host cells in the
injured spinal cord, leading to functional recovery
(Namiki et al., 2000; Koda et al., 2002), The molecular
nature of these trophic factors should be identified in the
future studies.

In conclusion, the transplantation of in vitro-
expanded human NSPCs inte the injured spinal cord 9
days after contusion injury resulted in the survival of the
transplanted cells for at least 8 weeks, differentiation of
the transplanted cells into neurons, astrocytes, and oligo-
dendrocytes, and improved motor functiona recovery
without the formation of tumors. To treat SCI patients
effectively using NSPC transplantation, additional strat-
egies to promote regeneration of injured axons will be
required, such as the concomitant use of scaffolds (Teng
et al., 2002), the blockage of axonal regeneration inhibi-

tors (Domeniconi et al., 2002; GrandPre et al., 2002),

and the administration of neurotrophic factors (Grill
et al., 1997; Liu et al., 1999}, The differences in anat-
omy and functional neuronal circuits of the spinal cord
between rodents and primates make the primate SCI
model a powerful tool in the preclinical evaluation of
prospective cell transplantation therapy protocols for
human SCI. The transplantation of human NSPCs into
the contused marmoset spinal cord may act as a bridge
between rodent and human ‘trials. :
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Abstract

Retinoic acid (RA) is one of the most important morphogens, and its embryonic distribution correlates with neural differentiation and
positional specification in the developing central nervous system. To investipate the concentration-dependent effects of RA on neural
differentiation of mouse embryonic stem cells (ES cells), we investigated the precise expression profiles of neural and regional specific genes
by ES cells aggregated into embryoid bodies (EBs) exposed to various concentrations of RA or the BMP antagonist Noggin. RA promoted
both neural differentiation and caudalization in a concentration-dependent manner, and the concentration of RA was found to regulate dorso-
ventral identity, i.e., higher concentrations of RA induced a dorsal phenotype, and lower concentrations of RA induced a more ventral
phenotype. The induction of the more ventral phenotype was due to the higher expression level of the N-terminus of sonic hedgehog protein
(Shh-N) when treated with low concentration RA, as it was abrogated by an inhibitor of Shh signaling, cyclopamine. These findings suggest
that the concentration of RA strictly and simultaneously regulates the neuralization and positional specification during differentiation of
mouse ES cells and that it may be possible to use it to establish a strategy for controlling the identity of ES-cell-derived neural cells.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Embryonic stem cells; Neural differentiation; Retinoic acid; Sonic hedgehog; N-terminus of Sonic hedgehog; Positional identity; Motor neuron;

Morphogen

Introeduction

Embryonic stem cells (ES cells) are clonal cell lines
derived from the inner cell mass (ICM) of developing
blastocysts and under appropriate conditions are capable of
proliferating extensively and generating various cell types
derived from the three primary germ layers of the embryo in
vitro. This pluripotency of ES cells provides a powerful in
vitro model for investigating the mechanisms that control
differentiation in early embryonic development. The basic
strategy for in vitro differentiation usually adopted is to
induce cell aggregation into so-called embryoid bodies

* Corresponding author. Department of Physiology, Keio University,
School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582,
Japan. Fax: +81 3 3357 5445.

E-mail address: hidokano@sc.ite.keio.acjp (H. Okano).

0012-1606/3 - see front matter © 2004 Elsevier Inc. All nights reserved.
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(EBs) through suspension culture in nonadhesive dishes or
hanging drops. Different inducing conditions during EB
formation can drastically affect the proportions of the
various cell types that differentiate in EBs. For example,
exposure to high-concentration RA strongly drives neural
induction, whereas low-concentration RA induces cardio-
myocyte differentiation (Rohwedel et al,, 1999). Because
neural cells represent only a small percentage of cells in EBg
cultured in the presence of fetal bovine serum (FBS) and the
absence of an exogenous inducer, efficient generation of
neural cells requires an additional inductive stimulus or
other differentiation method.

There are two major strategies for generating neural cells
from mouse ES cells: EB formation and serum-free direct
induction. The former includes treatment with high-concen-
tration RA (Bain et al, 1995; Fraichard et al, 1995;
Strubing et al,, 1993), which has been shown to promote
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neural gene expression and repress mesodermal gene
expression (Bain et al., 1996), and serum-free culture after
EB formation, which enables selection of neural cells
{Okabe et al, 1996). Direct induction methods consist of
a co-culture system with stromal cell line PA6 as a neural
inducer that has been found to have stromai-cell-derived
inducing activity (SDIA) (Kawasaki et al., 2000), a low-
cell-density neural stem cell (NSC) culture (neurosphere
culture) with growth factors (Tropepe et al., 2001), and an
adherent monolayer culture method (Ying et al.,, 2003).

Sequences of events leading to lineage commitment
similar to those in vivo are often observed with all of these
culture strategies, and, for example, exposure to Noggin or
other manipulations that inhibit bone morphogenetic protein
(BMPs) signaling, which blocks neural differentiation in the
early development, facilitates neural differentiation of ES
cells also in vitro (Finley et al., 1999; Gratsch and O'Shea,
2002; Kawasaki et al., 2000; Tropepe et al., 2001).

During the development of the mammalian central
nervous system (CNS), the differentiation properties of
neural stem cells (NSCs) vary depending con the stage at
which they are generated (temporal identity) and their
location (positional identity). These properties define the
induction and sequential rounds of neurogenesis and glio-
genesis, which seem to be regulated by both intrinsic and
extrinsic factors, and limit their plasticity (Temple, 2001).
Depending on their location, their differentiation is usually
regulated by secreting signals that modulate the rostro-
caudal or dorso-ventral axis of the body and by regional
cues that define the borders of each CNS segment (Hitoshi
et al,, 2002; Temple, 2001). In view of these characteristics
of NSCs, the temporal and positional identity of NSCs
derived from ES cells may be controlled in vitro by the
conditions under which they differentiate, the same as
specification in vivo. Indeed, much interest has been
focused on the generation of specific types of neurons or
neural progenitors from ES cells by producing these
identities with inductive signals, such as fibroblast growth
factor (FGF) 8 and Shh, or with SDIA for dopaminergic
neurons (Kawasaki et al., 2000, 2002; Kim et al.,, 2002; Lee
et al.,, 2000; Ying et al., 2003), RA and Shh for mator
neurons (Renoncourt et al., 1998; Wichterle et al., 2002),
and a combination of SDIA and BMPs for dorsal and
neural-crest-derived cells (Mizuseki et al., 2003).

RA is well known as the biologically active form of
vitamin A and has been shown to play an important role
during embryogenesis (Ross et al., 2000). RA influences
neural development in the early stage of CNS development
and is required to establish patterned territories of cell
groups, which, for example, has been observed in rostro-
caudal axis formation, according to the distribution of RA in
experiments on Xenopus (Blumberg et al., 1997; Sive et al.,
1990) and mice (Kessel, 1992; Kessel and Gruss, 1991;
Marshall et al, 1992). For these reasons, RA has been
thought to be one of the most important extrinsic inductive
signals that can be used for neural differentiation of mouse

ES cells in vitro. However, its overall effects have yet to be
clearly identified, and precise analysis of alterations of gene
expression caused by RA treatment should be useful for
establishing proper culture protocols for the differentiation
of ES cells. In the present study, we demonstrated that RA
promotes neural differentiation and caudalization in a
concentration-dependent manner, and that the concentration
of RA affects dorso-ventral positional identity, by determin-
ing the precise gene expression profiles during differ-
entiation of ES cells.

Materials and methods
ES cell culture

Mouse ES cells (EB3) were maintained and used for
induction. ES cells were grown on gelatin-coated (0.1%)
tissue culture dishes in standard ES-cell culture medium
containing GMEM (Sigma G6148) supplemented with 10%
FBS, glutamine {2 mM), nonessential amino acids (0.1
mM), sodium pyruvate (1 mM), 2-mercaptoethanol (2-ME)
(0.1 mM), sodium bicarbonate (3 mM), HEPES (5 mM),
and mLIF. EB3 is a subline derived from El4tg2a ES cells
(Hooper et al., 1987) that was generated by targeted
integration of Oct3/4-IRES-BSD-pA vector (Niwa et al.,
2000) into the Oct3/4 allele, and it was maintained in the
medium containing 10 pg/ml blasticidin S to eliminate
differentiated ES cells.

Differentiation of ES cells

For embryoid body (EB) formation, ES cells were
detached and dissociated into single cells with 0.25%
trypsin-EDTA and then plated onto a bacteriological dish
(Kord-Valmark ™) in 10 ml of «MEM (Gibco 11900-024)
supplemented with 10% FBS, sodium bicarbonate (3 mM),
and 0.1 mM 2-ME (EB medium) at a density of 5§ x 10*
cellsyml. On day 2, various concentrations of all-trans-
retinoic acid (RA: Sigma R 2625) were added to the
culture medium (2—/4+ protocol). RA was reconstituted
with 100% ethanol to prepare a stock solution. It should be
noted that the effective RA concentrations at which ES
cells grow into EBs may be considerably higher than those
indicated in the text, because FBS contains significant
levels of RA. Furthermore, cells within EBs may produce
endogenous RA, possibly as a secondary effect of the
initially added RA. However, we used conditions in which
FBS did not contain exogenous RA as a negative control
(stated control in the figures), and evaluated the results in
terms of relative concentrations of RA. Recombinant
mouse Senic Hedgehog (Shh) protein (amino-teminal
peptide) (Shh-N; R&D Systems Inc., 461-SH) and cyclop-
amine (0.1 uM, 1 pM, Toronto Research Chemicals Inc.,
C988400) were also added on day 2 of the experiment. For
Noggin treatment, 10% (v/v) culture supernatant of Cos7

—231—



120 Y. Okada et ul - Developmeniad Biology 275 (2004} {24-142

cells transfected with Xenopus Noggin/MC BOS (a gift of
Y. Takahashi} (Kohyama et al, 2001; Tonegawa and
Takahashi, 1998) (xNoeggin conditioned medium) was
added.

EBs were collected at day 6 of culture and allowed to
settle to the bottom of the tube for a few minutes. The cells
were then washed once with PBS and incubated with 0.25%
trypsin-EDTA for 5 min at 37°C. The enzymatic reaction
was quenched by addition of an equal volume of EB
medium, and the cells were dissociated with a tfransfer
pipette by triturating 30 times. The cells were then washed
twice with serum-free aMEM and resuspended in Media
hormone mix (MHM) medium, which contains DMEM/F-
12 (1:1) (Gibco 12100-046, 21700-075), glucose {0.6%),
glutamine (2 mM}, sodium bicarbenate (3 mM), HEPES (5
mM), insulin (25 pg/ml), transferrin (100 pg/ml), progester-
one (20 nM), sodium selenate (30 ng), and putrescine (60
nM) (all from Sigma except for DMEM/F-12) as described
previously (Shimazaki et al., 2001). The dissociated EBs
were plated on poly-L-omithine/fibronectin-coated 10-mm
cover glasses (Matsunami) at a cell density of 1.6 x 10°
cells/0.75 cm® on a 48-well culture plate (Coaster) and
allowed to differentiate for 24 h.

To clarify the effects of RA added at different points in
time or of exposure for different periods of culture, ES cells
were differentiated into EBs based on 2—/2+/2—, 2—/2+/2+
and 4—/4+ protocols (Suppl. Fig. 1). In the 2—/2+/2— and
2—/2+/2+ protocol, various concentrations of RA were
added on day 2. and on day 4 the culture medium was
replaced with freshly prepared medium containing the same
concentrations of RA (2—/2+/2+ protocol) or no RA (2—/
2+/2— protocol). In the 4—/4+ protocol, various concen-
trations of RA were added to the culture medium on day 4.
Total RNA was isolated at day 0, 2, 4, 6, and 8 and
processed for RT-PCR analysis.

Immunocytochemistry

Dissociated EBs were cultured for 24 h and fixed with
4% paraformaldehyde for 20 min at room temperature. The
cells were rinsed with PBS twice and pretreated with PBS
containing 0.3% Triton -X100 for 5 min at room temper-
ature. After blocking in TNB buffer (Provided by NEN™
Life Science Products, Inc.) for 1 h at room temperature,
the cells were incubated at 4°C ovemight with the
following antibodies: anti-Nestin (Rat-401, mouse IgG,
1:200), anti-Islet-1/2 (40.2D6, mouse IgG, 1:300), anti-
Lim3 (67.4E12, mouse IgG, 1:1000), anti-HB9 (81.5C10,
mouse IgG, 1:100), anti-Otx1 (Otx-5F5, mouse IgG,
1:500000), anti-Nkx2.2 (74.5A5, mouse IgG, 1:5000),
anti-Pax7 (mouse IgG, 1:5000) (Developmental Studies of
Hybridoma Bank: DSHB), anti-plI-tubulin (mouse IgG,
1:1000, Sigma T8660), anti-Olig2 (rabbit IgG, 1:30000)
{(Mizuguchi et al., 2001; Takebayashi et al., 2000), anti-
Phox2b (rabbit IgG, 1:25000) (Pattyn et al,, 1997), anti-
Nkx6.1 (Ab174.3, rabbit IgG., 1:200000) (Jensen et al.,

1996), anti-Group Bl Sox [Sox1/(2)/3] (rabbit IgG,
1:10000) (Tanmaka et al, unpublished). Anti-Group BI
Sox [Sox1/(2)/3] antibody is weakly reactive with Sox2,
which is expressed not only by the neura! primordium but
by undifferentiated ES cells, and with Soxl and Sox3
(with preference for Sox1 and Sox3 over Sox2). However,
as all Group Bl Sox genes are expressed in neural
primordium (Wood and Episkopou, 1999), we used this
antibody to detect neural progenitors, by determining the
immunostaining conditions under which undifferentiated
ES cells, which were used as a negative control, did not
stain (data not shown). Antigen retrieval was accomplished
by incubating the samples in the boiled PBS for 10 min for
anti-Isl-1/2 and anti-Lim3, in boiled Target Retrieval
Solution (DAKO) for 10 min for anti-Nkx2.2, orin 1 N
HCI at 30°C for 15 min for anti-Pax7. After washing with
PBS three times, the cells were incubated for 1 h at room
temperature with secondary antibodies conjugated with
Alexa 488 or Alexa 568 (Molecular Probes). For anti-
[slet1/2, anti-Lim3, anti-HB9, anti-Olig2, anti-Phox2b,
anti-Otx1, anti-Nkx2.2, anti-Pax7, and anti-Nkx6.1 stain-
ing, we used biotinylated secondary antibodies (Jackson
Immunoresearch Laboratory, Inc.) after exposure to 1%
H;0; for 15 min at room temperature to inactivate
endogenous peroxidase. The signals were then enhanced
with streptavidin-HRP (SA-HRP), followed by TSA™
Fluorescein System (NEN™ Life Science Preducts, Inc.).
After washing with PBS, the samples were mounted on
slides and examined with a universal fluorescence micro-
scope (Axiophot 2, Carl Zeiss) and a confocal laser
scanning microscope (LSMS510, Carl Zeiss). The nuclei
of all samples were stained with hoechst33342 (1 pg/ml,
Sigma B2261). For statistical analysis, at least 200 cells
per cover glass were examined, and the numbers of cells
that had immunoreacted with each antibody were counted
and expressed as a percentage of the total number of cells
whose nuclei stained with hoechst33342. The P values for
statistical significance (¢ test) are stated in the figure
legends.

Iestern blot analysis

Western blot analysis was performed by the previously
established method. A 20 pg protein sample of a total cell
extract was run on 7.5-15% SDS-PAGE, transferred to
nitrocellulose, and probed with each antibody. The blot was
probed with the following antibodies: anti-Nestin (Rat-401,
mouse IgG, Developmental Studies of Hybridoma Bank:
DSHB), anti-pllI-tubulin (mouse IgG, Sigma T8660), anti-
Glial Fibrillary Acidic Protein (GFAP) (rabbit IgG, DAKQ
Z0334), anti-CNPase (mouse IgG, Sigma C5922), and anti-
Shh N-terminal fragment (goat IgG, Santa Cruz sc-1194).
Signals were detected with HRP-conjugated secondary
antibodies (Jackson Immunoresearch Laboratory, Inc.) by
using an ECL kit (Amersham Biosciences). Quantitative
analysis was performed with Scion Image (Scion Corpo-
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ration). The amounts of proteins loaded in each slot were
normalized to those of a-tubulin.

RNA isolation and RT-PCR

RT-PCR analysis of at least two independent cultures was
performed in most of the experiments, and were similar
results obtained, Total RNA was isolated with Trizol reagent
(Invitrogen™ 15596-018) and DNase I treatment, or by the
RNeasy Mini Kit (Qiagen). Total RNA (1-3 pg) was used to
synthesize ¢cDNA with 500 ng oligo-d(T);;1s primers. The
cDNA synthesis was performed at 42°C for 50 min in a final
volume of 20 pl according to the manufacturer’s instructions
for Superscript II RNase H™ reverse transcriptase
(Invitrogen ™). To analyze relative expression of different
mRNAs, the amount of cDNA was nonmalized based on the
signals from ubiquitously expressed f-actin mRNA. The
PCR was carried out by using a KOD Plus kit (Toyobo)
according to the manufacturer’s standard protecol in a final
volume of 25 ul. Primer sequences and PCR cycling
conditions will be ‘provided upon request. To provide
negative controls and exclude contamination by genomic
DNA, the reverse transcriptase was omitted in the cDNA
synthesis step, and the samples were subjected to the PCR
reaction in the same manner with primer sets for B-actin,
and are indicated at the bottom of each figure as RT{-).
PCR products were electrophoresed in agarose gel, and
bands were visualized with ethidium bromide under UV
light. The identity of the PCR products was confirmed by
sequencing.

Results
Differentiation potential of mouse ES cells regulated by RA

RA has been shown to be one of the most important
extrinsic morphogens and precisely modulates the differ-
entiation properties of ES cells into various cell types,
including neural cells, skeletal muscle cells, adipocytes,
cardiomyocytes, and vascular smooth muscie cells, in an
incubation-time- and concentration-dependent manner
(Rohwedel et al,, 1999). To examine the concentration-
dependent effects of RA on the differentiation of ES cells,
we first differentiated ES cells by inducing the formation of
EBs in the presence of various concentrations of RA. We
also used Noggin, a secreted protein that plays a role in
neural induction by inhibiting BMP-signaling (Finley et al,,
1999; Gratsch and O’Shea, 2002; Kawasaki et al., 2000;
Smith and Harland, 1992; Tropepe et al., 2001; Zimmerman
et al,, 1996), to investigate RA-independent neural differ-
entiation. ES cells were plated onto bactericlogical dishes
and had been cultured for 6 days in medium containing
various concentrations of RA (added on day 2) or xNoggin
conditioned medium (Fig. 1), and they were analyzed by
RT-PCR for markers of the three primary germ layers

ES

Noggin — day LIF
EB medium (10%FBS)

RA ———s day2 Suspension culture

|
day 6 EB

24 hours

4

Differentiated
neurons and glial cells

Fig. 1. Experimental protocol for differentiation of ES cells with retinoic
acid (RA) or xNoggin conditioned medium. ES cells were cultured in the
bacteriological dish for 6 days and formed embryoid bodies (EBs). Various
concentrations of RA were added on day 2 of EB formation. Then, EBs
were dissociated and differentiated on poly-L-omithine/fibronectin-coated
cover glasses.

(Fig. 2). On day2, oct3/4, which is a marker for
undifferentiated ES cells, was expressed by both control
and Noggin-treated EBs. From day 4 of EB formation
onward, oct3/4 expression was gradually down-regulated
by RA in a concentration-dependent manner and in a
culture period-dependent manner, and it became undetect-
able on day 6 under all conditions, indicating that most of
the ES cells had differentiated by 6 days of EB formation.
On day 6, expression of ck-17 (cytokeratin 17), a marker of
epidermis {(McGowan and Coulombe, 1998), and expres-
sion of ngn2, which is expressed in neuronal progenitors
{Mizuguchi et al., 2001; Novitch et al., 2001; Ross et al,,
2003), were enhanced by high-concentration RA treatment
(>1077 M; high-RA), and thus ectodermal differentiation
was promoted by exposure to high-RA. Expression of ck-17
mRNA in undifferentiated ES cells, which also expressed
oct3/4 (Fig. 2), was also demonstrated in a previous study
(Tropepe et al., 2001). In the control, Noggin, and low-RA-
treated EBs, its expression coincided with expression of
oct3/4 at day 4, and was then down-regulated by day 6
along with extinction of oct3/4. In the high-RA-treated EBs,
on the other hand, expression of ck-77 mRNA was detected
at day 4 and day 6, without expression of oct3/4. The
expression of ¢&-17 in the absence of expression of oct3/4
can be understood as indicating promotion of epidermal
differentiation in EBs treated with high-RA. Mesodermal
differentiation, represented by expression of brachyury,
which is essential for the formation and organization of
mesoderm (Herrmann et al., 1990; Wilkinson et al., 1990},
and expression of homeobox gene nkx2.3, the earliest
known marker of cardiac development (Komuro and Izumo,
1993; Lints et al., 1993}, were facilitated by low-concen-
tration RA treatment (10 °~10"® M; low-RA). Endodermal
markers, including gatad, expressed in primitive endoderm
{Arceci et al., 1993), and pdx!, expressed in developing
pancreas (Jonsson et al,, 1994; Officld et al., 1996), were
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