clones, according to the teratoma-forming activity of the iPS-
derived neurospheres after transplantation into the NOD/SCID
mouse brain.

Here, we first performed a detailed examination of the neural
differentiation potential of a safe iPS clone, 38C2, which was
established from mouse embryonic fibroblasts (MEFs) by the in-
troduction of four factors, including c-Myc, and by the selection for
Nanog expression (19, 28), and compared them with mouse ES
cells (EB3) (29, 30). 38C2 iPS cells and EB3 ES cells were induced
into embryoid bodies (EBs) in medium containing a low concen-
tration of retinoic acid, then dissociated and cultured in suspension
in serum-free medium with FGF-2 for 7 or 8 d to form primary
neurospheres (PNS) (38C2 iPS/EB3 ES-PNS) (29). These PNSs
were dissociated and formed secondary neurospheres (38C2 iPS/
EB3 ES-SNS) under the same conditions (Fig. 14). To induce fur-
ther differentiation, 38C2 iPS-SNSs were adherently cultured in
the absence of FGF-2, resulting in the generation of Tujl™ neu-
rons (4.9 +0.8%), GFAP* astrocytes (11.3 + 1.2%), and CNPase™
oligodendrocytes (3.7 + 0.9%), as well as Nestin* neural pro-
genitor cells (25.9 + 6.5%; Fig. 1 B and C), suggesting that 38C2
iPS-SNS have similar differentiation potentials to EB3 ES-SNS.
The 38C2 iPS-PNSs could also generate TH™ catecholaminergic,
SHT* serotonergic, and GAD67" GABAergic neurons (Fig. S1).
RT-PCR analysis of the expression of cell-type-specific markers in
the progeny of the 38C2 iPS cells showed drastic decrease of the
_ expression of undifferentiated ES cell marker genes, such as
Nanog, Eras, and Oct3/4, and the up-regulation of neural markers
such as SoxI, plll-tubulin, and GEAP during the necural differen-
tiation of 38C2 iPS cells, similar to EB3 ES cells (Fig. 1D).

Moreover, electrophysiological analysis using whole-cell patch
clamping in both the 38C2 iPS-PNS- and EB ES-PNS-derived
neurons after 21-28 d of adherent differentiation showed tetro-
dotoxin (TTX; 1 pM)-sensitive repetitive action potentials in the
current-clamp mode [38C2 iPS-PNS (r = 11 of 16) and EB3 ES-
PNS (n = 5 of 7)] (Fig. S24) and very rapid inward currents im-
mediately followed by transient outward currents in voltage-clamp
mode (Fig. S2B 1 and 2). Steady outward currents, similar to those
mediated by delayed-rectifier K* channels, were also observed
(Fig. S2 B1 and D). These findings suggest that 38C2 iPS-PNSs
produced neuronal cells equipped with functional channels that
could generate and modify action potentials (S Text).

Safe MEF-iP$S Cells Can Differentiate into Trilineage Neural Cells in the
Injured Spinal Cord Without Tumorigenesis. Previously, we con-
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Fig. 1. Neural differentiation of pre-evaluated safe MEF-iPS cells in vitro. (4)
Neurospheres derived from EB3 ES cells and 38C2 iPS cells. (Scale bar: 200 pm.) (B)
Immunocytochemical analysis of neural cell marker proteins in the differentiated
SNSs derived from EB3 ES and 38C2 iPS cells. (Scale bar: 100 pm.) (C) Neural differ-
entiation efficiencies of neurospheres derived from EB3 ES and 38C2 iPS cells.
(n =5, ns.). (D) RT-PCR analysis of undifferentiated cells (Un.), EBs, PNSs, SNSs, dif-
ferentiated PNSs (PNS diff.), and SNSs (SNS diff.) of the EB3-ES and 38C2 iPS cells.
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firmed that SNSs from the safe 38C2 MEF-iPS cell clone sur-
vived and showed no teratoma-forming activity in the NOD/
SCID mouse brain for 24 wk after transplantation (27) (Fig. S3).
38C2 iPS-SNSs that were transplanted into the intact spinal cord
survived and differentiated into trilineage neural cells without
any tumorigenesis (Fig. 54). Next, to evaluate their therapeutic
effects in the mouse SCI model, we transplanted 38C2 iPS-SNSs
into the contused spinal cord 9 d after injury and compared them
with EB3 ES-SNSs, using adult fibroblasts and PBS as controls.
We also made a comparison with 38C2 iPS-PNSs, because we
recently confirmed that the transplantation of ES cell-derived
SNSs, but not PNSs, provides therapeutic benefit after SCI (31).
We transplanted 38C2 iPS-SNSs that had been prelabeled by
lentivirus to express both CBR/uc and mRFP (32, 33) into the
lesion epicenter 9 d after the injury. Bioluminescence imaging
(BLI) analysis (34), which detects luciferase photon signals only
from living cells, revealed an approximate graft survival rate of
18% at 35 d after transplantation (Fig. 24). We also histologi-
cally confirmed that the grafted cells survived and exhibited no
apparent evidence of tumorigenesis (Fig. 2B), and that there
were no Nanog" cells (Fig. S5), at least during our observation

«*-3802-Nanog-tPS-SNS

0 7 14 21 28 35
days after transplantation

~

merged.

% to Venus/RFP-positive cells

Fig. 2. Transplanted SNSs derived from safe MEF-iPS clones survive without
any evidence of tumorigenesis and differentiate into trilineage neural cells in
the injured spinal cord. (4) Representative BLI images of a mouse in which
CBRI/uc-expressing 38C2 iPS-SNSs were transplanted into the injured spinal cord
(Left, immediately after transplantation; Right, 42 d after transplantation).
Quantification of the photon intensity revealed that x60% of the grafted cells
were lost within 7 d after transplantation, and ~20% of the cells survived 35 d
after transplantation. Values are means + SEM (n = 6). (B) H&E and (C) anti-RFP
DAB staining of sagittal sections of the spinal cord 42 d after injury (38C2 iPS-
SNS transplanted). There was no evidence of tumorigenesis (B). No significant
nuclear atypia was observed in magnified images of the boxed areas showing
the lesion epicenter (B-1) or white matter caudal to the transplantation site
(B-2). Grafted cells survived and were diffusely distributed rostral and caudal to
the lesion site (C). Higher-magnification images of the boxed areas showing
the lesion site (C-1) and white matter caudal to the lesion site (C-2). *Lesion
epicenter. (D) Immunohistochemical analyses of 38C2 iPS-SNSs grafted into
spinal cord 42 d after injury, revealing grafted cells double-positive for RFP
and markers of neural lineages. () Quantitative analyses of Hu* neurons,
GFAP* astrocytes, and ©-GST* oligodendrocytes. Values are means + SEM (n=3
each; *P < 0.05, **P < 0.01).
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period. Grafted RFP* cells were located mainly around the le-
sion epicenter, whereas some cells had migrated as far as 4 mm
rostral and caudal to the graft site (Fig. 2C). In the injured spinal
cord, the grafted 38C2 iPS-SNSs differentiated into three types
of neural cells, including Hu* neurons (31.4 + 1.1%), GFAP*
astrocytes (49.3 + 4.5%), and n-GST™ oligodendrocytes (14.4 +
3.0%), whereas 38C2 iPS-PNSs differentiated dominantly into
neurons—that is, Hu* neurons (50.4 + 3.8%), GFAP™ astro-
cytes (14.9 + 0.6%), and n-GST™ oligodendrocytes (4.6 + 1.8%)
(Fig. 2 D and E and Fig. S6).

Transplantation of SNSs Derived from Safe MEF-iPS Cells into the
Injured Spinal Cord Promotes Functional Recovery. The contusive
SCI initially caused complete paralysis, followed by gradual re-
covery that reached a plateau. There were statistically significant

differences in Basso mouse scale (BMS) between the 38C2 iPS- .

SNS and PBS groups at 21, 28, 35, and 42 d after injury, whereas no
significant difference was observed between the 38C2 iPS-SNS and
EB3 ES-SNS groups. Forty-two days after injury, the 38C2 iPS-
SNS-grafted animals could lift their trunks and had significantly
better BMS than the PBS control or adult fibroblast-treated ani-
mals, which were unable to support their body weight with their
hindlimbs (Fig. 34). To reveal the potential mechanism of func-
tional recovery after 38C2 iPS-SNS transplantation, we conducted
further histological analyses. By Luxol Fast Blue (LFB) staining,
38C2 iPS-SNS-grafted mice showed a significantly larger myelin-
ated area at the lesion epicenter than the PBS control mice at 42
d after injury (Fig. 3B). We also found that grafted 38C2 iPS-SNS-
derived cells myelinated NF200™ host neuronal fibers, confirmed
by the positive staining of RFP and myelin basic protein (MBP; Fig.
3C), indicating that graft cell-derived oligodendrocytes were ca-
pable of remyelination. For further confirmation of the myelinat-

A sp D
o))
° # £
£
= 4r ©
L ®
w0 ]
H 3P c
v =3
= £
m2g —~33C2-SNS B
-~ EB3-SNS o
1 e PES ) -
wesss Fibroblast s’ X
-a=38C2-PNS WL s
o % i : R oy oy
© L
0 7 ’ 14 7 28 35 2 F

rransplantaon

days after injury
B 38C2-gNs

&

PBS control ~ 38C2-SNS

NF200kD

12706 | www.pnas.org/cgi/doi/10.1073/pnas.0910106107

ing ability of 38C2 iPS-SNSs, we transplanted 38C2 iPS-SNSs into
the injured spinal cord of MBP-null shiverer mice, a severely hypo-
and dysmyelinating mutant mouse that lacks the major dense line
of CNS myelin (35). Myelinating potential of the grafted 38C2 iPS-
SNS-derived cells was confirmed, exhibiting MBP™ deposits (Fig.
3D) and the major dense line, by electron microscopic analysis
(Fig. 3F).

To determine the effect of the grafted 38C2 iPS-SNSs on se-
rotonergic nerve fibers, which are important for the motor
functional recovery of hind limbs (36, 37), we immunostained for
SHT and quantified the positive area at the distal cord 1, 2, and
6 wk after injury. Some of the nerve fibers associated with graft
cell-derived Hu™ neurons were identified as SHT™ serotonergic
fibers, and were prominent at the distal cord compared with the
PBS control group (Fig. 4 A-C). Quantitative analysis of the
serotonergic innervation of the distal cord revealed a significant
difference between the 38C2 iPS-SNS and PBS control groups
(Fig. 4B). The contusive injury (60 kDyn) resulted in a significant
decrease in the number of SHT™ fibers at the distal cord, fol-
lowed by a slight recovery, which is the nature of contusive SCI.
The injection of PBS in the PBS control group did not induce
any additional increase in the number of SHT™ fibers at the
distal cord. In contrast, innervation of the distal cord by these
5HT™* fibers was enhanced by the grafted 38C2 iPS-SNS 6 wk
after SCI (Fig. 4B). Moreover, 38C2 iPS-SNS—derived astro-
cytes, which exhibited a bipolar morphology with long processes,
were observed closely associated with the SHT* serotonergic
fibers (Fig. 4D).

Transplantation of Neurospheres Derived from Pre-Evaluated Safe or
Unsafe TTF-iPS Cells into the Injured Spinal Cord. Toward the goal
of clinical application, we next examined the therapeutic potential

Fig. 3. SNS derived from a safe MEF-iPS clone differentiate
into mature oligodendrocytes and promote remyelination. (A)
Time course of functional recovery of hind limbs evaluated by
BMS. 38C2 iPS-SNS, n = 19; EB3 ES-SNS, n = 15; PBS, n = 12; adult
fibroblasts, n = 13; 38C2 iPS-PNS, n = 13. *P < 0.05, **P < 0.01.
(B) LFB staining of axial sections of the spinal cord at the lesion
epicenter 42 d after injury; 38C2 iPS-SNS-transplanted (Upper
Left) and PBS control (Lower Left) animals. Quantification of
LFB-positive areas at the lesion epicenter 42 d after injury
(Right, n = 7 each; **P < 0.01). {(C) Immunohistochemistry of
38C2 iPS-SNS-derived mature oligodendrocytes (MBPY). Graf-
ted cells were integrated into myelin sheath. (D) Anti-MBP DAB
staining of sagittally sectioned spinal cord of a shiverer mouse
8 wk after transplantation. MBP* myelin was detected in the
area caudal to the lesion epicenter. (Lower) Higher-magnification
image of the boxed area. (E) EM pictures of the injured spinal
cord of a 38C2 iPS-SNS—grafted shiverer mouse exhibiting
a prominent major dense line and intraperiod lines in multiple
compacted lamellae. (Scale bars: B, 500 pm; D Upper, 200 pm;
C and D Lower, 50 pm; and E, 0.1 pm.)
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Fig. 4. SNSs derived from a safe MEF-iPS clone promote serotonergic in-
nervation of the dorsal cord and result in better functional recovery of the
hindlimbs. (A) 38C2 iPS-SNS transplantation promoted the growth of 5HT*
serotonergic fibers in the distal spinal cord. Axial sections of 38C2 iPS-SNS—
transplanted (Upper) and PBS control mice (Lower). (B) Quantitative analysis
of 5HT* serotonergic fibers of distal cord in the PBS control (1, 2, and 6 wk
postinjury) and 38C2 iPS-SNS transplantation groups (6 wk postinjury; 1 and
2 wk postinjury, n = 3 each; 6 wk postinjury and 38C2 SNS, n = 7 each; **P <
0.01). (C and D) Immunohistochemistry of 38C2 iPS-SNS-derived neurons (C,
RFP*, Hu*) and astrocytes (D, RFP*, GFAP*) closely associated with 5HT* sero-
tonergic fibers. (Scale bars: A, 100 pm; C, 20 pm; D, 50 pm.)

of adult tissue-derived iPS cells. Among six TTF-iPS clones pre-
evaluated in our previous study (27), we used the safe 335D1 TTF-
iPS clone, which was generated with Nanog selection and without
the transduction of c-Myc. We also used the unsafe 256H13 and
256H18 TTF-iPS clones (22, 27), which were generated without
genetic selection or the transduction of c-Myc, and were originally
established from CAG-EGFP mice (22). A subclone of RF8 ES
cells carrying the Nanog-EGFP reporter (1A2) (19) was used as
control. All of the TTF-iPS clones formed PNSs and SNSs (Fig.
5A), and generated cells of all three neural lineages, similar to
those derived from 1A2 ES cells (Fig. 5B). We transplanted these
TTF-iPS—derived SNSs into injured spinal cords 9 d after injury.
Transplantation of the safe 335D1 iPS-SNS (prelabeled with RFP
lentivirally) resulted in better functional recovery compared with
the PBS control group, without any apparent tumorigenesis during
our observation period (Fig. 5 C and D). Grafted and survived RFP*
335D1 iPS-SNS—-derived cells could differentiate into neural trili-
neages (Fig. S7 A and B). Furthermore, LFB staining revealed that
335D1 iPS-SNS—grafted mice had a significantly larger myelinated
area at the lesion epicenter than the PBS control mice at 42 d after
injury (Fig. S8 4 and B); and grafted RFP* 335D1 SNS-derived cells
differentiated into MBP* oligodendrocytes (Fig. S8C). However,
all unsafe 256H18 iPS-SNS-grafted mice and one of 256H13 iPS-
SNS-grafted mice formed teratomas containing EGFP™ donor cells
within the injured spinal cord (Fig. 5 E and F and Fig. S7C). His-
tological analyses revealed that these teratomas contained epithelial
and smooth muscle tissue (Fig. S94), and also exhibited Nanog
immunoreactivity (Fig. 5G). Although the motor functions gradu-
ally recovered in both groups to the same extent asin the safe 335D1
iPS-SNS recipients until 35 d after injury, the 256H18 iPS-SNS—
grafted animals exhibited a sudden deterioration of motor function
42 d after injury. In contrast, the 256H13 iPS-SNS—grafted animals
maintained their functional recovery at 42 d after injury (Fig. 5C).
Notably, in most mice of the 256H13 iPS-SNS group, scattered small
clusters of Nanog™ cells were observed in the spinal cords without
obvious teratoma formation (Fig. S9 B and C). Thus, we speculate
that teratoma formation and subsequent deterioration of function
recovery would occur in the 256H13 group if a longer observation
period was set.
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Fig. 5. Characterization and transplantation of SNSs derived from safe and
unsafe TTF-iPS cells. (A) Neurospheres derived from 1A2 ES cells, 335D1,
256H13, and 256H18 iPS cells. (Scale bar: 200 pm.) (B) The differentiation po-
tential of TTF-iPS-derived SNSs tested in vitro by immunocytochemical analyses
of neural cell markers; Tuj1 for neurons, GFAP for astrocytes, and CNPase for
oligodendrocytes. (Scale bar: 100 pm.) (C) Time course of functional recovery of
the hindlimbs evaluated by BMS. 335D1iPS-SNS: n=9 each; 256H13 and 256H18
iPS-SNS: n = 9; 1A2 ES-SNS: n = 9; PBS control: n = 8. *P < 0.05, **P < 0.01. (D-F)
H&E sagittal sections of the spinal cord 42 d after injury. (D) 335D1 iPS-SNS, (£)
256H 18 iPS-SNS, and (F) 256H13 iPS-SNS grafted mice. There was no evidence of
tumorigenesis in the 335D1 iPS-SNS grafted mice (D), whereas teratoma for-
mation was detected within the injured spinal cord in both 256H18 iPS-SNS (E),
and 256H13 iPS-SNS (F) grafted mice. (G) Anti-Nanog DAB staining of sagittally
sectioned spinal cord of 256H18 and 256H13 iPS-SNS-transplanted animals 35 d
after transplantation.

Discussion
In the present study, we showed that the pre-evaluated safe iPS
cells could produce neurospheres containing NS/PCs (Fig. 14)
that give rise to trilineage neural cells, including several types of
neurons (Fig. 1 B and C), and that the neurons were electro-
physiologically functional in vitro similar to ES cells (Fig. S2).
Based on these safety assessments and in vitro findings, we per-
formed an in vivo study using the safe 38C2 MEF-iPS cell clone.
Grafted 38C2 iPS-SNSs differentiated into neurons, astrocytes, and
oligodendrocytes without forming teratomas or other tumors, and
promoted functional recovery after SCI, whereas 38C2 iPS-PNSs
did not show any therapeutic effects (Fig. 34). These findings were
compatible with our recent data on mouse ES cell-derived neuro-
sphere transplantation into an identical mouse SCI model (31).
Transplantation of ES-derived SNSs, which can differentiate into
neural trilineages, promoted remyelination, axonal regrowth and
tissue sparing, leading to improved function. In contrast, pre-
dominantly neurogenic PNSs showed no therapeutic effects on SCI
(31). Thus, we elected to use iPS-SNSs and not iPS-PNSs for this
study. In fact, the grafted 38C2 iPS-SNSs formed MBP* myelin
sheaths within the injured spinal cord. We also confirmed the
myelination potential of 38C2 iPS-SNS~-derived cells in the spinal
cord of the MBP-null shiverer mouse by electron microscopy (Fig. 3
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D and E). These findings suggested the possibility of the remyeli-
nation of demyelinated axons by the grafted 38C2iPS-SNS—derived
oligodendrocytes, which may have contributed to the functional
recovery of the grafted animals.

Another potential mechanism for functional recovery is axonal
regrowth supported by iPS-SNS-derived astrocytes. Here, we
observed grafted 38C2 iPS-SNS-derived GFAP™ astrocytes,
which exhibited a bipolar morphology with long processes
extending along the axis of the spinal cord, caudal to the lesion
epicenter, in close association with SHT* host serotonergic fi-
bers (Fig. 4D). A previous report indicated that immature
astrocytes derived from cells grafted into the injured spinal cord
promote the outgrowth of SHT™ fibers by offering a growth-
permissive surface (38). Consistent with this finding, the trans-
plantation of 38C2 iPS-SNSs promoted serotonergic innervation
of the distal cord compared with the PBS control animals,
thereby enhancing functional recovery after SCI (Fig. 4 4 and B)
(36). Furthermore, trophic factors, such as neurotrophin-3 (NT-3)
and brain-derived neurotrophic factor (BDNF), were expressed in
38C2 iPS-SNSs, which could act as an integral part of the observed
functional recovery (39, 40). The tissue sparing (e.g., neuro-
protection, axon sprouting and remyelination} and other effects,
including functional remodeling of spinal locomotor circuits (41),
of trophic factors secreted from grafted cells are considered to be
important for functional recovery (42). Thus, the combined effects
of the 38C2 iPS-SNS-derived glial cells probably contributed to
locomotor function recovery.

For clinical applications, the findings with TTF-iPS cells were
promising, as most SCI patients are adults. The transplantation of
SNSs derived from a pre-evaluated safe TTF-iPS clone promoted
functional recovery after SCI without teratoma formation, like the
SNSs from safe MEF-iPS clone did (Fig. 5D). However, the
transplantation of SNSs derived from the unsafe TTF-iPS cells
resulted in teratoma formation and functional deterioration. The
teratoma-forming activity of TTF-iPS-SNSs could be caused by the
presence of undifferentiated cells that might be resistant to dif-
ferentiation signals within the SNSs (27). In fact, we recently
reported that persistent presence of undifferentiated cells within
iPS-SNSs highly correlated with teratoma-forming propensity,
assayed by flow cytometric analysis using Nenog-EGFP reporter
and transplantation into the brains of immunodeficient (NOD/
SCID) (27). Before iPS cells of adult origin can be used clinically,
important hurdles must still be overcome. Though new methods for
establishing iPS cells are constantly being developed, including
virus-free (43) and transgene-free (44) systems, a new strategy is
needed to exclude undifferentiated cells from the differentiated
progeny of iPS cells. These findings show that the pre-evaluation of
iPS cells’ in vitro differentiation potential could play a critical role
in terms of their safety and therapeutic effects on the mouse SCI
model. Thus, iPS-derived neurosphere transplantation has poten-
tial therapeutic use in SCI, when the iPS cell clones are carefully
pre-evaluated.

From a clinical viewpoint, it is particulazly encouraging that
delaying the iPS-derived NS/PC transplantation (to 9 d after injury)
enhanced both the survival of the grafted cells and functional re-
covery, the therapeutic effects of which is almost comparable to
those of fetal CNS-derived NS/PCs transplantation (refs. 34 and
45). This finding may also be applicable to the treatment of patients
with SCI. Since our first report of iPS cells (18), there has been
increasing interest in their characteristics and therapeutic poten-
tial. Our present study demonstrates the therapeutic potential of
iPS-derived NS/PCs for SCI repair. Before any clinical trial of
human CNS disorders using iPS cells, it will be essential to pre-
evaluate each iPS cell clone carefully to guarantee a safety level
equal to other types of cells, such as Schwann cells (46, 47) and
fetal-derived neurosphere cells (NS/PCs) (3), and to conduct
preclinical transplantation studies using appropriate primate
models (48, 49).
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Methods

Reverse-Transcription and RT-PCR. RNA was isolated with TRIzo} (Invitrogen)
according to the manufacturer's instructions. Total RNA (0.5 1g) was treated
with TURBO DNase (Ambion) and then reverse-transcribed with oligo (dT)
primer and SuperScript lil {Invitrogen). The primers and PCR conditions used
in this study are listed Table S1.

Cell Culture, Neural Induction, and Immunocytochemistry. Mouse ES and iPS cells
were cultured as described previously (19, 28, 29). Mouse ES and iPS cells were
differentiated into neurospheres via EBs treated with 107 M retinoic acid
(Sigma), as described previously with minor modification (28, 29). (Detailed
differentiation protocol is described in S/ Text.) ES and iPS cell-derived neure-
spheres were dissociated and differentiated on poly--ornithineffibronectin-
coated coverslips for 5 d and subjected to immunocytochemical analysis. The
number of cells immunoreactive for each marker was counted and shown
as the percentage of the total number of cells counterstained with Hoechst
33258. The antibodies used in this study are listed in Table S2.

Lentivirus Production and Infection of Secondary Neurospheres. For BLI tracing
of grafted 38C2 iPS-SNSs, we generated a medified lentivirus vector encoding
both the click beetle red luciferase (CBR/uc; Promega) and mRFP, pCSiI-EF-
CBR/uc-IRES2-mRFP (32, 33). For lentivirus preparation, HEK-293T cells were
transfected with pCSII-EF-CBR/uc-IRES2-mRFP, pCAG-HIVgp, and pCMV-VSV-
G-RSV-Rev, and the conditioned medium containing virus particles was
concentrated and used for viral transduction.

Spinal Cord Injury Model and Transplantation. Adult female C57BL/6J mice (20~
22 g) were anesthetized via an i.p. injection of ketamine (100 mg/kg} and
xylazine (10 mg/kg). A contusive spinal cord injury using an Infinite Horizon
Impactor (60 kdyn; Precision Systems) was induced at the Th10 level as reported
previously (34). For transplantation, 5 x 10° cells of mouse ES/iPS cell-derived
neurospheres, adult dermal fibroblasts in 2 L of cell suspension, or PBS was
injected into the lesion epicenter. Hindlimb motor function was evaluated by
the locomotor rating of the Basso mouse scale (BMS) (50) for 42 d after injury.
For the in vivo imaging of intact and injured spinal cords after the trans-
plantation, a Xenogen-IVIS 100 cooled CCD optical macroscopic imaging system
(SC BioScience) was used for BLI, as reported previously (34) (S/ Text). All pro-
cedures were approved by the ethics committee of Keio University, and were in
accordance with the Guide for the Care and Use of Laboratory Animals (Na-
tional Institutes of Health). Grafted animals were deeply anesthetized and in-
tracardially perfused with 4% paraformaldehyde (PFA; pH 7.4). The dissected
spinal cords were sectioned into 20-um axialfsagittal sections using a cryostat
and processed for histological analyses. Detailed conditions for histological
analyses are described in S/ Text.

Statistical Analysis. All data are reported as the mean  SEM. An unpaired two-
tailed Student’s £ test was used for the analyses of in vitro and in vivo 38C2 iP5-
SNS and ES-SNS differentiation efficiency (Figs. 1C and 2E), SHT* areas (Fig. 4B),
and LFB* areas (Fig. 2B). Repeated-measures two-way ANOVA, followed by the
Tukey-Kramer test, was used for BMS analysis. *P < 0.05, **P < 0.01.
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Antiapoptotic and Antiautophagic Effects
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Glial cell line-derived neurotrophic factor (GDNF) and he-
patocyte growth factor (HGF) are strong neurotrophic
factors, which function as antiapoptotic factors. How-
ever, the neuroprotective effect of GDNF and HGF in
ameliorating ischemic brain injury via an antiautophagic
effect has not been examined. Therefore, we investi-
gated GDNF and HGF for changes of infarct size and
antiapoptotic and antiautophagic effects after transient
middle cerebral artery occlusion (tMCAO) in rats. For the
estimation of ischemic brain injury, the infarct size was
calculated at 24 hr after tMCAQ by HE staining. Terminal
deoxynucleotidyl transferase-mediated dUTP-biotin in
situ nick end labeling (TUNEL) was performed for evalu-
ating the antiapoptotic effect. Western blot analysis of
microtubule-associated protein 1 light chain 3 (LC3) and
lmmunoﬂuorescence analysis of LG3 and phosphoryl-
ated mTOR/Ser”**® (p-mTOR) were performed for evalu-
ating the antiautophagic effect. GDNF and HGF signifi-
cantly reduced infarct size after cerebral ischemia. The
amounts of LC3-l plus LC3-l (relative to B-tubulin) were
significantly increased after tMCAO, and GDNF and
HGF significantly decreased them. GDNF and HGF sig-
nificantly increased p-mTOR-positive cells. GDNF and
HGF significantly decreased the numbers of TUNEL-,
LC3-, and LC3/TUNEL double-positive cells. LC3/TUNEL
double-positive cells accounted for about 34.3% of LC3
plus TUNEL-positive cells. This study suggests that
the protective effects of GDNF and HGF were greatly
associated with not only the antiapoptotic but also the
antiautophagic effects; maybe two types of cell death
can occur in the same cell at the same time, and
GDNF and HGF are capable of ameliorating these two
pathways. © 2010 Wiley-Liss, Inc.

© 2010 Wiley-Liss, Inc.
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In ischemic diseases, ischemic severity and duration
lead to cell death and determine tissue pathology (Cotran
et al., 1998). In recent years, new types of cell death
have been described; three types of cell deaths have been
distinguished mainly by morphological criteria. Type I
cell death is better known as apoptosis, and autophagic
vacuoles inside the dying cell are typical for type II cell
death, whereas type III cell death (better known as ne-
crosis) is distinguished by early plasma membrane rup-
ture and dilation of cytoplasmic organelles (Kroemer,
2005; Galluzzi, 2007; Feig and Peter, 2007). Apoptosis is
associated with nuclear and chromatin condensation,
DNA fragmentation, organelle swelling, cytoplasmic
vacuolization, and nuclear envelope disruption (Kerr
et al.,, 1972; Green and Kroemer, 1998). Autophagy is a
regulated process of degradation and recycling of cellular
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constituents, participating in organelle turnover and in
the biocenergetic management of starvadon (Kabeya
et al., 2000; Klionsky and Emr, 2000; Inbal et al., 2002;
Reggiori and Klionsky, 2002; Klionsky et al., 2003;
Yoshimori, 2004). Recently, 27 autophagy-related
(ATG) genes were identified whose products appear to
be related to the autophagy process. These genes were
characterized in yeast (Klionsky et al., 2003; Yorimitsu
and Klionsky, 2005). For example, rat microtubule-asso-
ciated protein 1 light chain 3 (LC3), a mammalian
homologue of Atg8, plays a critical role in the formation
of autophagosomes (Kirisako et al., 1999).

Glial cell line-derived neurotrophic factor (GDINF),
a member of the transforming growth factor-B super-
family (Lin et al., 1993), has a potent neuroprotective
effect on a variety of neuronal damage both in vitro and
in vivo (Lin et al., 1993, 1995; Beck et al,, 1995; Tomac
et al., 1995; Henderson et al., 1997). We and others
have reported that topical application and intracerebral
administration of GDNF decreased the size of ischemia-
induced brain infarction and the number of TUNEL-
positive neurons with suppressing apoptotic pathways
such as caspases-1 and -3 (Abe et al., 1997, Wang et al.,
1997; Kitagawa et al., 1998).

Hepatocyte growth factor (HGF) is a multifunc-
tional growth factor originally identified as a potent
mitogen for hepatocytes in primary culture (Nakamura
et al., 1984; Russell et al., 1984). HGF specifically binds
and activates a tyrosine kinase receptor encoded by the
c-Met protooncogene (Bottaro et al., 1991). Both HGF
and c-Met were reported to be expressed in both adult
and fetal central nervous system (Matsumoto and Naka-
mura, 1997; Maina and Klein, 1999). HGF plays impor-
tant roles in mitogenesis, motogenesis, morphogenesis,
antiapoptosis, and angiogenesis (Nakamura et al., 1989;
Zarnegar and Michalopoulos, 1995; Matsumoto and
Nakamura, 1996; Maina et al.,, 1998; Van Belle et al,
1998). In the brain, HGF has the functions of a neurotro-
phic factor via promotion of antiapoptosis, neurite exten-
tion, and migration; a modulatory factor for glial cell
numbers and function; and an angiogenic factor (Honda
et al, 1995; Van Belle et al., 1998, Miyazawa et al,
1998; Sun et al., 2002). We and others have reported that
intraventricular and intracerebral administration of HGF
protein or transplantation of bone marrow stromal cells
with ex vivo HGF gene transfer decreased the size of is-
chemia-induced brain infarction (Miyazawa et al.,, 1998,
Zhao et al., 2006) and the number of TUNEL-positive
neurons with increasing presentation of Bcl-2 (Tsuzuki
et al., 2001). In addition, HGF also plays a role in attenu-
ating ischernia-induced brain infarction via caspase-inde-
pent cascade by preventing apoptosis-inducing factor
(AIF) translocation downstream of poly(ADP-ribose) po-
lymerase (PARP) and p53 (Niimura et al., 2006a,b).

However, the antiautophagic effect of GDNF and
HGF in ameliorating ischemic brain injury has not yet
been documented. In this study, we examined the antia-
poptotic and antiautophagic effects of GDNF and HGF
after tMCAO in rats.

MATERIALS AND METHODS
Surgical Preparation
Adult male Wistar rats (SLC, Shizuoka, Japan) weighing

250-280 g were used for the experiments. The animals were
anesthetized with an intraperitoneal injection of 40 mg/kg
pentobarbital and positioned in a stereotaxic operating appara-
tus. A 2-mm-diameter burr hole was carefully made at 3 mm
dorsal and 4 mm lateral to the right from bregma using an
electric dental drill, avoiding traumatic brain injury. Dura
mater was preserved at that time. The location of the burr
hole was in the upper part of the right middle cerebral artery
(MCA) territory. Then, the incision was closed, and the ani-
mals were allowed to free access to water and food at room
temperature.

On the next day, at about 24 hr after the drilling, the
rats were lightly anesthetized by inhalation of a 69%/30% (v/
v) mixture of nitrous oxide/oxygen and 1% halothane using a
face mask. A midline neck incision was made and the right
common carotid artery exposed, and then inhalation of anes-
thetics was stopped. When the animal began to regain con-
sciousness, the right MCA was occluded by insertion of 4-0
surgical nylon thread with silicone coating through the com-
mon carotid artery (Nagasawa and Kogure, 1989; Abe et al,
1992). With this technique, the tip of the thread occludes the
origin of the right MCA. The reliability of producing success-
ful strokes is almost complete in this model (Koizumi et al.,
1986). During these procedures, body temperature was moni-
tored with a rectal probe and maintained at 37° * 0.3°C
using a heating pad. The surgical incision was then closed,
and the animals were allowed to recover at room temperature.
After 90 min of MCA occlusion (MCAQ), cerebral blood
flow (CBF) was restored by removal of the nylon thread.

HGF or GDNF Treatment In Vivo

Just after restoration of CBF, the dura mater under the
burr hole was carefully removed, and a small piece (8 mm®)
of spongel (Yamanouchi Pharma Co., Ltd.} presoaked in 9 pi
Ringer solution (Otsuka Pharma. Co., Ltd.) as vehicle or a
solution containing GDNF (3.0 pg in 9 Wl of vehicle; Sigma,
St. Louis, MO) or HGF (30.0 pg in 9 pl of vehicle; Kringle
Pharma) was placed in contact with the surface of the cerebral
cortex. In terms of the dose of HGF, 5.0, 10.0, and 30.0 pg
wete checked in our preliminary experiment (Miyazawa et al.,
1998; Niimura et al., 2006a,b), and the effect of 30.0 pg in 9
pl of vehicle was the best among them. The dose of GDNF
was chosen based on our previous report (Abe et al., 1997).
The spongel was buried in the skull bone. The surface of the
skull bone was then covered with vinyl tape, and the head
skin incision was closed. It is reported that application of
growth factor in spongel is as effective as chronic infusion
(Otto et al., 1989). The above-described operations were per-
formed in a sterile fashion. Sham-operated control animals
underwent burr hole surgery, exposure of the common ca-
rotid artery without MCAQO, and placement of spongel pre-
soaked in vehicle. The experimental protocol and procedures
were approved by the Animal Committee of Okayama Uni-
versity School of Medicine.
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Preparation and Quantitative Analysis of
Infarct Volume

The animals (n = 5) were sacrificed at 24 hr after the
restoration of CBF under deep anesthesia with pentobarbital
(10 mg/250 g rat). The rats were transcardially perfused with
heparinized saline, followed by 4% paraformaldehyde in phos-
phate buffer (PB). The whole brain was subsequently removed
and immersed in the same fixation for 12 hr at 4°C. After
washing out of paraformaldehyde by PB, the brain was
immersed in sucrose solution in PB and then rapidly frozen in
powdered dry ice and stored at —80°C. Coronal brain sections
of 20 um thickness were prepared by using a cryostat and
mounted on a silane-coated glass.

For quantitative analysis of infarct volume, the sections
were stained with hematoxylin and eosin (HE) and observed
with a light microscope (Olympus BX-51; Olympus Optical).
The area of the infarct was measured in fiver sections by pixel
counting using a computer program for Photoshop 7.0, and
the volume was calculated.

Western Blot Analysis

Western blot analysis was performed using the infarct
hemisphere of five mice from each group. We added 3 ml
cold lysis buffer (50 mM Tris-HCl, pH 7.2, 10% glycerol,
250 mM NaCl, 0.1% NP-40, 2 mM EDTA, and protease
inhibitors) to the brain tissue and homogenized it at 4°C. The
homogenate was centrifuged at 12,000 rpm at 4°C, and the
supernatant was used for Western blotting. We carried out
Western blot analysis using standard techniques with an ECL
Plus detection kit (GE Healthcare). The dilution of the anti-
LC3 (Medical Biological Laboratories; No. PD012) mtibody
was 1:500. We carried out densitometry analysis in Scion
Image Beta 4.02 software and took the average of the five
mice.

TUNEL Staining

In accordance with our previous report (Abe et al,
1997), TUNEL study was performed using a kit (Roche,
Nonnenwald, Germany) that detects double-strand breaks in
genomic DNA with diaminobenzidine.

Single Immunofluorescence Analysis

The fresh-frozen sections were fixed for 10 min in ice-
cold acetone and air dried. Then, the sections were rinsed
three times in PBS (pH 7.4). After blocking with 10% normal
rabbit serum for 2 hr, the slides were incubated for 16 hr at
4°C with the first antibody: anti-LC3 antibody (MBL; No.
PMO046) at 1:200 or anti-p-mTOR antibody (Cell Signaling
Technologies, Danvers, MA; No. 2971) at 1:100 diluted in
PBS containing 10% normal rabbit serum and 0.3% Triton X-
100. To confirm the specificity of the primary antibody, a set
of sections was stained in a similar way, without primary anti-
bodies. The sections were then washed and incubated for 2 hr
with the second antibody: Texas red-labeled anti-rabbit IgG
antibody at 1:200 (Vector, Burlingame, CA) or FITC-labeled
anti-rabbit IgG antibody at 1:200 (Vector). The slides were
then covered with Vectashield Mounting Medium with 4',6-
diamidino-2-phenylindole (Vector).
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Double-Immunofluorescence Analysis

Double-immunofluorescence studies were performed for
LC3 plus neuronal nuclear antigen (NeuN) or glial fibrillary
acidic protein (GFAP) or TUNEL or N-acetylglucosamine
oligomers (NAGO). Lycopersicon esculentum lectin (LEL) is
a glycoprotein with affinity for NAGO, which mature vascu-
lar endothelial cells express (Augustin et al., 1995). The stain-
ing steps were the same as those described above; LEL and
the first antibody were chosen with each dilution as follows:
anti-LC3 antibody at 1:200, anti-NeuN antibody (Chemicon,
Temecula, CA) at 1:200, anti-GFAP antibody (Dako, Carpin-
teria, CA) at 1:1,000, biotinylated LEL (Vector) at 1:200
diluted in PBS containing 10% normal rabbit serum and 0.3%
Triton X-100. The second antibody were Texas red-labeled
anti-rabbit IgG antibody at 1:200 (Vector) plus TUNEL
enzyme and label or FITC avidin D (Vector) or FITC-labeled
secondary antibodies (Vector). The treated sections were
scanned with a confocal microscope equipped with an argon
and HeNel laser (LSM-510; Zeiss, Jena, Germany). Sets of
fluorescent images were acquired sequentially for the red and
green channels to prevent crossover of signals from green to
red or from red to green channels.

Quantitative Analysis

To evaluate the results of TUNEL staining and single-
immunofluorescence analysis quantitatively, the positively
stained cells were counted in the cerebral cortex at the
boundary zone in five coronal sections per rat brain. In the
double-fluorescence studies, the double-positive cells and ves-
sels were counted in the same manner. Results are expressed
as means * SD.

Statistical Analysis

All data are expressed as means £ SD. One-way
ANOVA with post hoc test was used for each evaluation.

RESULTS

Quantitative Analysis of Infarct Volume

Ninety minutes of MCAO caused large infarcts of
the lateral cortex and the underlying caudoputamen.
Infarct areas of five coronal sections (2, 4, 6, 8, and 10
mm caudal from frontal pole) are shown (Fig. 1a). The
infarct volume of the vehicle-treated group was 478.0 *
34.8 mm® (mean * SD), HGF-treated group was 420.0
* 238 mm and GDNF-treated group was-306.0 *
52.2 mm>, The infarct volume of GDNF (**P < 0.01)-
and HGF (*P < 0.05)-treated groups was significantly
smaller than that of vehicle-treated group (Fig. 1b).

Antiapoptotic Effect

The TUNEL-positive stained cells were distributed
in the cerebral cortex and dorsal caudate of the MCA
territory but were not found in other areas of the ipsilat-
eral hemisphere or the contralateral side. The staining
was found exclusively in the nuclei of neuronal cells. A
strong staining for TUNEL was present in the vehicle-
treated group, but the treatment with GDNF (**P <
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Fig. 1. HE staining (a) and quantitative analysis of infarct volume at
24 hr after the reperfusion (b). The infarct volume of GDNF (**P <
0.01)- and HGF (*P < 0.05)-treated groups was significantly smaller
than that of vehicle-treated group. Scale bar = 5 mm.

0.01) and HGF (*P < 0.05) greatly reduced the number
of TUNEL-positive cells at 24 hr after 90 min of
MCAO: 389.8 * 63. 7/mm” in vehicle-treated group,
2475 * 545/mm” in HGF-treated group, 76.2 =
32.1/mm2 in GDNF-treated group (mean * SD; Fig.
2a,b).

Antiautophagic Effect

Examining the intracellular localization of
LC3 in the ischemic brain. Cerebral ischemia indu-
ces autophagy (Adhami et al., 2006; Rami et al., 2008).
To show whether the protective effects of GDNF and
HGF are associated with the antiautophagic effect after
cerebral ischemia, we examined the protein level of LC3
in ischemic and normal brains (Fig. 3a). The number of
cells displaying punctate LC3 fluorescence significantly

Vehicle HGF

*%

TUNEL positive cefls (fmm?)

Vehicle HGF

GDNF

Fig. 2. TUNEL staining (a) and quantitative analysis of TUNEL-
positive cells for evaluating antiapoptotic effect at 24 hr after reperfu-
sion (b). A strong staining for TUNEL was present in the vehicle
group, but the treatment with GDNF (**P < 0.01) and HGF (*P <
0.05) greatly reduced the number of TUNEL-positive cells (*P <
0.05). Scale bar = 20 pm.

increased after cerebral ischemia, and the numbers in
GDNF- and HGF-treated groups significantly decreased
compared with the vehicle-treated group (P < 0.05; Fig.
3b): 335 * 5.7/mm” in sham group, 152.6 * 23.4/
mm? in vehicle-treated group, 106.1 = 15, 9/mm? in
HGF-treated group, 64.7 * 19. 9/mm” in GDNE-
treated group (mean * SD). Double-immunofluores-
cence studies were performed for LC3 and for various
brain cell type markers (NeuN to identify neuronal cells,
GFAP to identify astrocytes, and NAGO to identify vas-
cular endothelium cells) after cerebral ischemia. Confocal
microscopy analysis of the double-stained sections indi-
cated that LC3 and NeuN or GFAP or NAGO were
expressed in the same cell (Fig. 3c). Semiquantitative
assessment showed that approximately 57% of LC3-posi-
tive cells presented both LC3 and NeulN, 30% presented
both LC3 and GFAP, and 13% presented both LC3 and
NAGO (Fig. 3d).

Western blot analysis for LC3-I and LC3-II in
the infarct hemisphere. The amounts of LC3-I plus
LC3-II (relative to B-tubulin) were significantly higher
in the vehicle-, HGF-, and GDNF-treated groups than
in the sham group (P < 0.05), and those in the GDNF-
and HGF-treated group significantly decréased compared
with the vehicle-treated group (P < 0.05): 1.39 = 0.04
in sham group, 3.15 * 0.30 in vehicle-treated group,
2.64 * 0.18 in HGF-treated group, 2.13 £ 0.14 in
GDNF-treated group (mean * SD). The amounts of
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Fig. 4. Western blot analysis of infarct hemisphere for LC3 protein
(a) and quantitative analysis relative to B-tubulin (b). The amounts
of LC3-1 plus LC3-1I and LC3-1II (relative to B-tubulin) were signifi-
cantly higher in the vehicle-, HGF-, and GDNF-treated groups than
in the sham group (P < 0.05), and those of the GDNF- and HGF-
treated group significantly decreased compared with the vehicle-
treated group (P < 0.05). The amounts of LC3-I (relative to B-tubu-
lin) were sxgmﬁcantly higher in the vehicle-, HGF-, and GDNF-
treated groups than in the sham group (P < 0.05), but there was no
difference among them. *P < 0.05 for LC3-I vs. sham, **P < 0.05
for LC3-1I vs. sham, ***P < 0.01 for LC3-I plus LC3-II vs. sham.

LC3-1 were significantly higher in the vehicle-, HGF-,
and GDNF-treated groups than in the sham group (P <
0.05), but there was no difference among them. The
result for LC3-II change was the same as for LC3-I plus
LC3-1II (Fig. 4a,b).

Single-immunofluorescence analysis of p-
mTOR. Immunofluorescence staining of sections with
an antibody against p-mTOR showed that the number
of immunopositive neurons in the cerebral cortex and
dorsal caudate of the MCA territory significantly
increased in the HGF (*P < 0.05)- and GDNF (**P <
0.01)-treated groups: 414.2 * 78.5/mm” in vehicle-

Vehicle HGF GDNF
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Fig. 5. Immunofluorescence of p-mTOR in the cerebral cortex and
dorsal caudate of the MCA territory (a) and quantitative analysis of
p-mTOR-positive cells (b). The number of p-mTOR-positive cells
significantly increased in the HGF (*P < 0.05)- and GDNF (**P <
0.01)-treated groups. Scale bar = 20 pm.

treated group, 502.4 * 85.2/ mm® in HGE-treated
group, "607.4 * 96.7/mm® in GDNF-treated group
(mean * SD; Fig. 5a,b).

Double-immunofluorescence analysis of LC3/
TUNEL staining. Immunofluorescence analysis showed
that both LC3 and TUNEL are expressed mainly in neurons
inthe cerebral cortexand dorsal caudate ofthe MCA territory.
The number of LC3/TUNEL double-positive cells signifi-
cantly decreased in the HGF (P < 0. 05;— and GDNF (P <
0.01)-treated groups: 238 * 49.2/mm” in vehicle-treated
group, 142 8 * 38.4/mm” in HGF-treated group, 71.4 *
25.2/mm”in GDNF-treated group (mean % SD; Fig. 6a—).

DISCUSSION

It was reported that GDNF signals via multicom-
ponent receptors consisting of the Ret receptor tyrosine
kinase plus a glycosylphosphatidylinositol-linked core-
ceptor termed GDNF family receptor a1 (GFRal). After
binding to its specific receptor complex, GDNF activates
several downstream intracellular pathways, including
phosphatidylinositol 3-kinase/protein kinase B (PI3K/
Akt; Soler et al.,, 1999) and extracellular signal-regulated
kinase 1/2/mitogen-activated protein kinase (ERK1/2
MAPK) pathways (Worby et al., 1996). Signals through
PI3K/Akt or ERK1/2MAPK pathways lead to different
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trophic effects. The most widespread paradigm is that
the PI3K/Akt pathway is involved in the cellular sur-
vival (Hetman et al., 1999; Vaillant et al., 1999), whereas
the ERK1/2 MAPK pathway is involved in neuronal
differentiation (Perron et al., 1999). HGF activates the
protooncogenic receptor tyrosine kinase c-MET and
subsequent downstream pathways, including the antia-
poptotic protein kinase-B (PKB/Akt) cascade, the prolif-
erative MAP-kinase pathway (ERK1/2 and p38MAPK),
and the STAT?3 signaling (signal transducers and activa-
tors of transcription; Birchmeter et al.,, 2003; Okano
et al., 2003; Hanada et al.,, 2004). Similarly, activation of
the PI3 kinase/Akt pathway, which is a well known
way to inhibit apoptosis, also inhibits autophagy (Arico
et al., 2001). Thus, perhaps GDNF and HGF signifi-
cantly reduced infarct size associated with both the antia-
poptotic and the antiautophagic effects (Fig. 1).

From the results of TUNEL staining (Fig. 2),
GDNF and HGF had significant antiapoptotic effects.
Autophagy was first described in the 1960s (Stromhaug
and Klionsky, 2001; Kundu and Thompson, 2008), but
many questions about the actual processes and mecha-
nisms involved remain to be elucidated. In multicellular
organisms, autophagy is a homeostatic mechanism that
may represent the first stage in a cellular/tissue response
that can range from autophagy to apoptosis and necrosis
(Klionsky and Emr, 2000). In this sense, autophagy is a
protective mechanism that can eliminate cells that would
otherwise prove harmful to the organism. In fact,
autophagy has been suggested to play a critical role in
type II (nonapoptotic) programmed cell death (Klionsky
and Emr, 2000). To show whether the protective effects
of GDNF and HGF are associated with the antiautopha-
gic effect after cerebral ischemia, we examined the pro-
tein level of LC3 in ischemic and normal brains. LC3 is
associated with autophagosome membranes after post-
translational modifications. A C-terminal fragment of
LC3 is cleaved immediately after synthesis to yield a cy-
tosolic form called LC3-I (18 kDa). A subpopulation of
LC3-1 is further converted to an autophagosome-associ-
ating form, LC3-1I (16 kDa). It was reported that the
amount of LC3-II was correlated with the extent of
autophagosome formation (Kabeya et al., 2000, 2004).
The conversion of LC3-1 into LC3-II is accepted as a
simple method for monitoring autophagy (Mizushima,
2004; Klionsky et al., 2007). We probed brain sections
with an LC3 antibody that detects both forms of LC3,
and strong LC3-immunopositive puncta were observed
in ischemic brains (Fig. 3a,b). LC3 can under some con-
ditions be incorporated into protein aggregates (Kuma
et al., 2007). This is in accordance with Rami et al.
(2008), and we found that LC3 is expressed mainly in
neurons in the cerebral cortex and dorsal candate of the
MCA territory (Fig. 3c,d).

Western blot analysis of LC3 was performed in our
study as well, and we detected that the amount of LC3-
I plus LC3-II was significantly higher after cerebral is-
chemia and that the amount of LC3-II change was cru-
cial in that (Fig. 4). The number of LC3-positive cells

or the amount of LC3 was significantly decreased with
GDNF and HGF treatments.

Mammalian target of rapamycin (mTOR) is a
phosphatidyl inositol kinase-related kinase that negatively
regulates autophagy (Schmelzle and Hall, 2000; Yori-
mitsu_and Klionsky, 2005). It has been reported that
mTOR  function is activated by phosphorylation of
Ser#48 (Nave et al., 1999; Ravikumar et al., 2003).
Recent studies have presented evidence that insulin sig-
nal stimulates phosphorylation and activity of mTOR.
via Akt/PKB signaling (Schmelzle and Hall, 2000). In
our study, we confirmed that the level of p-mTOR, an
activated form, increased in the HGF and GDNF treated
groups (Fig. 5). It can also be hypothesized that GDNF
and HGF partially regulated autophagy by the mTOR
intracellular signaling pathway. The results described
above suggested that both GDNF and HGF have signifi-
cant antiautophagic effects. Our study suggests that the
protective effects of GDNF and HGF were- greatly asso-
ciated both with antiapoptotic and with antiautophagic
effects in terms of reducing the number of TUNEL-pos-
itive cells, LC3, and activating mTOR. The number of
LC3/TUNEL double-positive cells was about 34.3% of
LC3 plus TUNEL-positive cells after cerebral ischemia
(Fig. 6), which suggested that perhaps one cell can
undergo apoptotic cell death or autophagic cell death or
two types of cell death at the same time. Thus, it is pos-
sible that there are relations between apoptosis and
autophagy. It was reported that apoptosis regulator also
interacts physically with an autophagy regulator; for
example, Beclin 1 can prevent autophagy induction,
Beclin 1 was identified as a Bcl-2 interacting protein
(Liang et al., 1999), and Beclin 1 also interacts with the
other major antiapoptotic Bcl family protein (Bcl-xL)
and increases autophagy in nutrient-deprived or growth-
factor-withdrawn cells, allowing cell survival (Boya
et al., 2005; Lum et al., 2005) by inhibiting apoptosis. In
this regard, perhaps in the future GDNF and HGF will
be used in cerebral ischemia to protect against neuronal
damage. We propose that both GDNE and HGF could
provide important therapeutic benefits in terms of not
only antiapoptotic but also antiautophagic effects for
acute stroke patients. However, when gelfoam is chosen
for the delivery of these factors, the amounts of GDNF
and HGF should be carefully redetermined before clini-
cal use of these proteins, because better neuroprotective
effects in cerebral ischemia have been proved when these
proteins are applied intrastdatally or intraventricluarly
using an osmotic pump (Miyazawa et al., 1998; Tsuzuki
et al.,, 2000). Differential roles of GDNF and HGF in
chronic cerebral ischemia are of great interests and are
beurrently under investigation in terms of the presence
of various extraneurotrophic activities of HGF (Funa-
koshi and Nakamura, 2003).
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AT fasEsE R+ (HGF)

HGF levels in serum, cerebrospinal fluid, joint fluid,
tissues and various diseases
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