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Abstract

Background: Hepatocyte growth factor {HGF) has the
capacity to selectively direct thalamocortical projections
into an intermediate target, the pallidum, and eventually
to their final cortical destination. HGF may have a role in
the mediation of anxiety. Very little is known about other
central behavioral effects of HGF. Objective: Our aim
was to determine what effect HGF has on anxiety in rats.
Methods: HGF was infused at a constant rate into cere-
brallateral ventricles and its effect on anxiety in rats was
monitored. Results: In the elevated plus maze test and
the black and white box test, HGF administration caused
all indicators of anxiety to increase. No significant effect

on general locomotor activity was seen. Conclusion:

HGF infusion into the brain produces an anxiolytic ef-

fect.
Copyright @ 2005 S. Karyet AG, Basal

Introduction

Hepatocyte growth factor (HGF) is a potent angiogenic
growth factor [1-3]. Recently, it has been reported that
HGF is induced in neurons during ischemia [4] and that
HGF is necuroprotective against postischemic delaved
neuronal death in the hippocampus [5. 6].

In the brain. HGF is expressed by specific classes of
neurons in addition to nonncuronal cclls in the ependyma
and choroid plexus [7]. In contrast to HGF, c-Met tran-
scripts have been predominantly localized in neurons of
the cerebral cortex, hippocampus and septum {8-10].
HGF elevated the proto-oncogene c-fos mRNA in cul-
tured septal neurons, showing a functional interaction
between e-Met and its figand [10]. This result, together
with the presence of e-Mel in the developing brain, raised
the possibility that HGF may have a neurotrophic activity
on central neurons. In keeping with this hypothesis. Ha-
manoue et al. [ 1]showed that HGF promoted the surviv-
al of cultured mesencephalic tvrosine hydroxylase-posi-
tive neurons. HGF acts on calbindin-D-containing hippo-
campal neurons and increases their neurite outgrowth,
suggesting that HGF plays an important role in the matu-
ration and {unction of hippocampal neurons {12]. Trans-
fection of HGF gene into the subarachnoid space prevent-
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ed delaved neuronal death, accompanied by a significant
increase in HGF in the cerebrospinal fluid (CSF). Pre-
vention of delayed neuronal death by HGF is due to the
inhibition of apoptosis through the blockade of bax trans-
location [rom the eyloplasm to the nucleus. HGF gene
transfer into the subarachnoid space may provide a new
therapeutic strategy for cerebrovascular discase [13].

HGF has the capacity (o selectively direct thalamocor-
tical projections into an intermediate target, the pallidum,
and eventually to their final cortical destination |14].
Mice with a targeted mutation of the gene encoding uroki-
nase plasminogen activator receptor (UPAR). a key com-
ponent in HGF/scatter {actor (SF) activation and (unc-
tion, have decrcased levels of HGF/SF and a 50% reduc-
tion in ncocortical GABAcrgic inlerneurons at embryonic
and perinatal ages. Mice of the uPAR ~/- strain survive
until adulthood, and behavior testing demonstrates that
they have an increased anxiety state [14]. HGF may have
a role in the mediation of anxiety,

This s the first report to determine what eftect HGF
infused into cerebral lateral ventricles has on anxiety in
rats.

RMaterials and Methods

Aninials

Five-week-old male Wistar rats {Seack Yoshitomi Co., Fukuoka,
Japan) were used for the present study, The number of rats was cach
10 rats for experimental and control groups. The rats were housed in
pairs for 3 weeks prior to the start of behavioral experiments in a
sound-proof room at 24 £ 0.5°C. 50 £ 5% relative humidity, with
controlled 12-hour light-dark cycles (light from 18:00 to 6:00), and
were iahowed free access  food and waler, The rovm was cleaned at
random in a dim. red light. All testing was performed in July during
the dark phase using a dim. red light., Animal care was in accordance
with the guidelines for animal experimentation of Oica Medical Uni-
Versity.

Surgical Procedures

Cach rat was anesthetized with chloral hydrate (400 mg/kg. i.p.). a
brain infusion cannula (brain infusion kit, model 1007D. Alzet
Corp.. Palo Alto, Calil,, USA) was stereotactically implanted into the
Tateral cerebral ventricle (0.92 mm caudal and 1.6 num lateral to the
bregma and 3.5 mm deep), and a mini-osmotic pump (micro-osmotic
pump, modet 1003D; Alzet Corp.) was placed into subcutancous (is-
sue of the buck. Alter the operation, rats were injected with ceflriux-
one sodium (20 mg/ke, i.p.). Either HGF (30 pg) in the experimental
group or a vehicle in the controf group (Ringer's solution, pIl = 7.4)
was infused at a constant ratc into the lateral ventricle of the rat via
the micro-usmotic pump over a 3-day period. Tsuzuki et al. [13]
reported that continuous intraventricular administeation of the hu-
man recombhinant HHGF by using an asmotic mini-pump reduced the
infarct volumes in the brain lesion and prevented apoptotic neuronal
cell death,

Anxiolytic Effect of Hepatoeyte Growth
Factor lnfused into Rat Brain

Materials

A vehicle (Ringer's isotonic solution, pH 7.4) was used as a con-
trol. FIGE was synthesized in the Division of Biochemistry, Depart-
ment of Oncology. Biomedical Research Center. Osaka University
Medical School.

Behavioral Tesiing

The first day of testing was concerned with measuring anxiety. All
rats were subjected to the “elevated plus maze', followed on the same
day by the “black and white box' test. Ethological measures in ¢le-
vated plus maze comprised frequency scores for supported head dip-
ping (exploratory movement of head/shoulders over the side of the
maze). and stretched attend posture (exploratory posture in which
the body is stretched forward then retracted o the original position
without any forward focomotion). At the end of the dav, rats received
inescapable electric foat shocks to condition fear. On the second day.
rats performed the conditioned fear test. Conditioned response mod-
eIy of fear and anxiety are based un classical procedures of fear condi-
tioning [16]. On day [ of fear conditioning. each rat was individually
subjected to 5 min of inescapable electric toot shock (10 shocks of s
duration and 2 mA intensity, cach shock separated by an interval of
40 s} in & chumber with a grid floor (31 x 30 x 25 ¢m). T'wenty-four
hours after the foot shock, the rats were again placed in the shock
chamber and ohserved for § min without shocks. During the S-min
observation period. freezing behavior was recorded using a video
camerd, Every 10 s, the behavior was classified as cither freezing or
active, Freezing was delined as the absence ol any observable move-
ment of the body and/or vibrissae. aside from the movement necessi-
tated by respiration. We also investigated general locomotor ac-
Livity,

Elevated Plus Maze

The elevated plus maze consisted of two opposite open arms (50
% 10 cm) without side walls and two opposite enclosed arms (50 x §
x 40 ¢m), and was elevated 50 cm above (he Moor. The rats were
placed in the middle of the maze facing one of the open arms, and
immediately Teft alone in the test room. They were observed and
their responses were recorded for 300 s via a video camera, Five
parumelers were measured during 5 min: (1) time spent in the open
arms. (2} total number ol entries into the open arms. (3) aumber of
stretched attend postures, and (4) number of head dips over the edge
of the platform.

Black and 1White Box

The wall of the test box was 27 cm high, the size of each compart-
mentwas 23 X 27 cm, and the two comparuments were connected by
a 10-cm high semicireular hole, Both white and red light sources were
40 W, and thelight sources were located 17 em above the {loor of the
two compartments, The rats were placed in the center of the white
compartment and the number of entries and time spent in the biack
and white compartments during 3 min were recorded. An entry into
another compartment was scored whenever a rat placed alt four paws
in that compartment,

General Locomotor Activity

We investigated general locomotur activity of the rals by means
of infrared photobeam breaks, since locomotion influences explora-
tory activity. The apparatus was 36 cm in height and the floor size
was 30 x 30 cm. We measured the focormnotor activity by photobeam
breaks for 2 h,
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Fig. 1. a Time spent in the open arm of the
elevated plus maze was significantly in-
creased in the HGF-infused group compared
to the control group, b Time spent in the
closed arm of the elevated plus maze was sig-
nificantly decreased in the HGF-intused
group compared Lo Lthe control group, *p <

Fig. 2. a No effect of [1GF or the contral
vehicle on the number of stretched attend
postures in the elevated plus macze was seen.
b The number of head dips in the elevated
plus maze was significantly increased in the
1IGF-infused group compared to the control
group. *p < 0.03 vy, vehicle- and HGF-
infused group.

Fig. 3. In the black and white box test, the
time spent in the white chamber was signifi-
cantly increased in the HGF-inlused group,
compared to the controls (a). b No signifi-
cant effect of HGF on the number of white
chamber entries was seen. *p < (.03 vs.
vehicles and HGF-infused group.

0.05 vs. vehicle- und HGF-infused group.

Statistical Analysis

The data were presented az means % SE of the individual values
from each group. Behavioral data (except for general locomotor
activity) were analyzed using the Student ttest for independent sam-
ples. The data of general locometor activity were subjected to a two-
way ANQOVA. Statistical significance was accepted for p < (.05,

Results

Time spent in the open arm of the clevated plus maze
was significantly increased in the HGF-infused group,
compared to the vehicle-treated group [t(18) = 2.43, p<
0.031; fig. la]. Time spent in the closed arm of the ele-
vated plus maze was significantly decreased in the HGF-
infused group compared to the control group [t(18) =2.23,
p < 0.045; tig, 1b). Noeffect of HGF or the control vehicle
on the number of stretched attend postures in the elevated
plus maze was seen [L(18) = 1.01: fig. 2a]. The number of

36 Newrapsychabiolagy 2005;51:34- 38

head dips in the elevated plus maze was significantly
increased in the HGF-infused group compared to the con-
trol group. The number of head dips was significantly
increased in the HGF-infused group compared to the
vehicle-treated group {((18) = 2.01, p < 0.023; fig. 2b]. In
the black and white box test, the time spent in the white
chamber was signiticantly decreased in the HGF-infused
group, compared to the controls {1(18) = 2.25, p< 0.048;
fig. 3u]. No significant cffeet of HGF on the number of
white chamber entries was seen {1{18) = 0.63; fig. 3b]. The
amount of conditioned fear stress-induced freezing be-
havior was significantly decreased in the HGF-infused
group compared to the vehicle-treated group [t(18) = 2.38,
p < 0.036; fig. 4]. No significant differences between the
two groups were seen in general locomotor activity
(Fs 15 =1.30; fig. 3).
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Fig. 4. Level of freezing induced by condi-
tioned fear was significantly decreased in the
HGF-infused group. compared to the con-
trols, *p< 0.05 vs, vehicle- and HGF-in-
fused group.
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Fig. 5. No significant effect of HGF on general locomotor activity
(aumber of photobeam breaks) was seen. Data are means £ SEM.

Discussion

This study provides the fivst evidence that HGF has an
anxiolvtic effect on the rat. HGF infusion inlo a lateral
ventricle decreased anxiety as measured in the elevated
plus maze and black and white box tests.

HGEF was originally known as a cell mitogen and
motogen, and has since been found to be a multifunction-
al growth factor with a variety of biological activities in
numerous types ol cells [17, 18], The variety of biological
functions attributed to HGF results from its interaction

Anxiolytic Effect of Hepatoevie Growih
Factor Infused into Rat Brain

with its only known high-affinity transmembrane recep-
tor, c-Met tvrosine kinase, present on target cells includ-
ing central neurons [10. 19]. Coexpression of c-Met and
HGF is oncogenic, and has been implicated in the pro-
gression of certain malignancics, in part, by decreasing
tumor cell death and apoptosis {20, 211 HGF and ¢-Met
have been found to be present in specifie subtypes of hip-
pocampal neurons, cortex, seplum, and cerebellum of
both developing and adult mammalian brains [10, 12],
but few reports exist concerning the biological activity of
HGF in the CNS. A HGF-activating protease, HGF acti-
vator (HGFA), has recently been identified as a key
enzyme that regulates the activity ot HGF in vivo. HGFA
appcars to be associated with the cell surface. The HGFA
antibody stained only astrocytes in the white matter in all
the brain tissues. Expression of the mRNAs of HGF and
HGFA was afso seen in white matter astrocvtes [22].
Recent studies have recognized effects of HGF on motor
neuron survival. development and maturation, and on the
function of cortical and hippocampal neurons in the
developing brain [1 [, 12]. Tsuboi et al. [23] reported that
consistent with the immunohistochemical data, a signifi-
cantly higher concentration of HGF in Alzheimer’s dis-
case (AD) CSF was {ound as comparced with controls. A
significant correlation was also seen between CSF HGF
fevels and white matter high-signal foci determined on
brain magnetic resonance imaging in AD patients, CSF
HGF levels correspond with the white matter damage in
AD brain {23}

Treatment with HGF induced an anxiolytic eflect. But
the mechanism of action of HGF has not been clucidated.
The ¢-Met receptor has a helerodimeric protein which
contains intracellular tyrosine kinase domains, Binding of
HGF to ¢-Mct might induce the anxiolytic effect [24].
HGF hasthe capacity to selectively direct thalamocortical
projections into an intermediate target. the pallidum, and
eventually to their final cortical destination. Mice with a
targeted mutation of the gene encoding uPAR, a key com-
ponent in HGF/SF activation and [unction, have de-
creased levels of HGF/SF and a 50% reduction in neocor-
tical GABAcrgic interncurons at embryonic and perinalal
ages. Mice of the uPAR -/ strain survive until adult-
hood, and behavior testing demonstrates that they have
an increased anxiety state [14]. HGF may have a role in
the mediation of anxiety.

In summary, this study reports that HGF infusion into
the brain produced an anxiolytic effect in rats, as evaluat-
ed using the elevated plus maze, black and white box tests
and conditioned fear test.

Neuropsychabiology 2005,51:34-38 37

Reproduced with permission of the copyright owner.. Further reproduction prohibited without permission.

— 180 —



1

%)

2=

L

=N

~

Referencss

Aokt M, Morishita R, Taniyama Y, Kida I,
Moriguchi A, Matsumolo K, Nakamura T, Ka-
neda Y, Higaki 1, Ogihara To Angiogenesis
imduced by hepatoevie growth faclor 1 non-
infarcied myovardivm and inficled myocar-
diuny: Up-regulabion ol essential transeription
factor for anaivgenesis, Gene Ther 2000:7:
417-427.

[layashi S. Morishita R, Nakamura S, Yama-
molo K, Moriguchi A, Nagano T. Taizi M,
Noguehi H, Matsumolo K, Nakamura T, Higa-
ki J, Qgihara 17 Potential role of hepariocyte
veowlh Tactor. & novel angiogenic growth fue-
{or, in peripheral arterial discase: Down-regula-
tion of HGF in response 1o hypoxia in vascular
cells. Circulation 1999;100:4 [301-1130R.
Morishita R, Nakamura S, Havashi S, Taniya-
ma Y, Moriguchi A, Nagano T, Taiji M, Nogu-
¢hi H, Takeshita S, Matsumoto K, Nakamura
T, Higaki J, Ozihara T: Therapeutic angiozene-
s induced by human recombinant hepalocy e
growlh {actor in vabbil hind limb aschemia
modef as evlokine supplement (herapy. Hyper-
tension 1699;33:1379-1384,

{favashi T, Abe K, Sakurai M. ltoyama Y:
Inductions of hepatocyte growth factor and its
activalor in rat brain with permanent middle
cerebral artery occlusion. Brain Res 1998 700:
31-316.

Mivazawa 1. Matsumoto K. Qhmichi H, Ka-
toh H, Yamashima 1. Nakamura T: Protection
of hippacampal newrons trom ischenia-in-
duced delaved ncuronat death by hepatocyte
arowth factor: A novel neurotrophic factor, J
Cerch Blood Flow Metab 1998:18:345-348.
Yamada T, Yoshiyama Y. Tsuboi Y, Shimo-
mura T: Astroglial expression ot” hepatocyte
wrowih fuclor and bepatoyte growlh tactor ac-
tivior 1o human brwin fissues, Brnn Res 1997
T62:251-235.

Jung W, Castrén E, Odenthal M, Vande Woude
G, Dicnes 1P, Lindholm D, Schirmacher I
Expression and functional interaction of hepa-
locyte growth factor-scalicr factor (HGFE-SF)
and its reeeplor ¢-met in mammalian bramn. J
Cell Biol 1994 126:485-494.

R

=]

1)

o

21

Achim CL. Katyal S, Wiley CA, Shiratort M.
Wangz G, Oshuka E. Petersen BE, Li J-M, Mi-
chalopoulos GK: Exprossion of HGF and c-met
in-the developing and adultl bram. Bram Res
Dev Brain Res 1997,102:299-303,

Honda S, Kageshia M, Wanaka A, I'ahyama
M. Vatsumoto K, Nakamura T: Lacalizalion
and functional coupling of HGE and c-met/
HGFE receptor in rat brain: [mplication as neu-
rolrophic factor. Brain Res Mol Brain Res
1995;32:197-210.

Jung W Castien £, Odenthal M, Vande Woude
GF, Ishii I, Dienes HP. fLandholm D, Schie-
macher P: Expression and lunclional interae-
tion of hepatogyte growth lactor-seatter factor
and its veceplor c-met in mammalian brain, |
Cell Biol 1924:126:483 494,

lamancue M. Takemoto N, Matsumolo K,
Nakamura T, Nakajima K, Kohsaka 8: Neuro-
trophic cficet ot hepatocyle growth factor on
cenbial nervous system neurons in vitro. J New-
rusct Rus 1996:43:354-564,

Korhonen 1., Sjoholm U, Taked N, Kem MA,|
Schirmacher P. Castren E, Lindholm D: Cx-
pression of c-Met in developing rat hippocam-
pus: Evidence for HGF as a neurotrophic fac-
tor for calbindin D-cxpressing newons. Eur J
Neurosci 2000 3-3461.

Hayushi K, Morishita R, Nakagami H, Yoshi-
mura S, Hara A, Matsumolo K. Nakamura T,
Kaneda Y, Ogthara T, Sakai N: Gene therapy
tor preventing neuranat death vsing bepatoevte
growth factor: Ia vivo gene transfer of HGFE Lo
subarachnoid space prevents delayed neuronal
death in gerbil hippocampal CAl neurons.
Gene Ther 20002 1167-1173.

Powell EM, Campbell DB, Stanwood GD, Da-
vis C, Nocbels JE. Lewitt Pr Genetie discuphion
al corlwead interneurnn development causes re-
siem- and GABA cell type-speeific deficits, epi-
lepsy, and behavioral dysfunction. I Nearosci
2003;23:622-0631.

Tsuzuki N, Mivazawa T, Matsumoto K, Naka-
mura T, Shima K: Hepatooyte growth factor
reduces the infaret volume after transient tocal
cerebral ischemia in rats, Newrol Res 2001:23:
417-424.

[

Neuwrapsychohiolagy 2005;54:34-38

— 181 —

16

[

to
M

to
.

LeDoux JE: The Emotional Brain. New York,
Simon and Schuster, 1996.

Rosen EM. Nigam SK, Goldberg [D: Scatter
tactor and the c-met receptor: A paradigm for
mesenchymad epithetiad mtevacton, 1 Cell Biol
FO94. 12717831787,

Zarneaar R: Michalopoutns G: The many faces
of hepatoeyte growth factor: From hepatopaie-
sis to hematopoicesis, § Cell Biol 1995;129:
1177-11&0.

Park M, Dean M, Kaul K, Braun MI, Gonda
MA. Vande Woude GE: Seguenee of MET pro-
louncogene CHNA has features characterste
of (he tyrosine kinase Ganily ol growth-tactor
receptaes, Prow Nath Acad Sei USA 198784
(379-0383.

Bowers DC, Fan S, Walter K, Abounader R,
Williams JA. Rosen EM, Laterra J: Scatter fac-
or/hepatoeytc arowth factor activales AKT
and protocts against cvtotoxic death in human
gliobkastoma via Pl3-kinase and AKT-depen-
dend pathways, Cuncer Res 2000560:4277-
4283, .

Fan S, Ma YX, Wangl, Yuan R, Meng Q. Cao
Y, Laterra [, Goldberg [D. Rosen EM: The
cylokine scatter factor inhibils apoptosis and
cnhanges DNA repair by a common mecha-
nism involving signaling through phosphatidyl

inositol 37 kmase. Oncogene 2000009:2212-

Yamada K, Moriguchi A, Monshita R, Aoki
M, Nakamwora Y. Mikami H, Oshima T, Ni-
nomiva M, Kaneda Y. Higaki §, Ogihara T:
Ctficient oligonucleotide delivery using the
HiV)-liposome method in the central nervous
sysiem. Am | Physiol 1996271LRI1212-
R1220.

T'subw Y, Kakimoto K, Nukajima M, Akutsu
H, Yamamoto T, Qgawa K, Ohnishi T, Daiku-
hara Y, Yamada T: Increasad hepatocyte
arowth faclor level in cercbraspinal tluid in
Alzheimer's disease. Acta Neurol Scand 2003;
107:81-86.

Furge KA, Zhang YV, Vande Woude GF: Mzt
receptor tvrosine kinase: Enhanced signaling
through adapter proteins. Oncogene 20001
S582-558Y.

[sogawa’Akivoshi/Koduma/Matsushita/
Tsutsumi/Funakoshi/Nakamura

Reproduced with permission of the copyright owner Further reproduction prohibited without permission.



(st 3.)
YR 1 7R
R &
MR OFIITICE T 2 —ER X L 02 0TI



JEA BRI R EMNE (22 ORER-FITTESE)

WG &
M A R AE LA 1 k9 S I I 7 (HGF) 2 AWz B iii O
BRE & DRI IE

EEMTEE R FBA
HALKF R DR R AR AL - R A Al R 0 B B

MEEE : AU B HRER TH RO B /oM ZEMm R REE (ALS) WXL T
iR T (HGE 2R W kBB REEZHRE T 2 2 & & ZNITHED L BEZ
WD ETH D, ALS OIREBIFER L OVEEVIFEIZIZZE 8 Cu/Zn superoxide dismutase
(SOD) WHETFHAALS Ty PWNEEREHZRLTWS., BEEIOALS v &
WOEB I a—D 2 UMRRERTIEAZA TS5 b a2 EF 2 b Hepatocyte
Growth Factor (HGF) OBiIENFEIRS TALS ICHd 568802 R L TE . FE ALS
~NOEEERISHZ BiEL ALS T v MIRITDRERN S O HGF ORIFENR G 217730,
IR ALS v BN 1.6 fFO MBI REZRDZ, —FH. FLHGF HilkZz2 ALS v b D
BaENA$ G L HGF 285 S B LS E 50T, HGF 2% ALS ik 0T 2 3
L TWDZEWRI NIz, T2, IMFEMH ALS BFOBHM TCORAEEE —»— 0O I HGF
ETZDZHEAR c-Met DRI L TW5 Z &M SN E 3, 44581 HGF #5005 ALS
OFEEFTIIRIC AR ThH 2RIV RE Nz, ZTOFEITSHED ALS A0 HGF HEROR
KB DOWTKRERAT Yy TEEZ NS, FIRBEEREORLDER LTI &
BB MICKDIEWERBAICEIT 5 HGF 5 0Z 2R BN HETH D, & ~ O
KRBT TSRO MRFEMEOEREPIF TN,

SEMRE — 0 > ORRMBEENEESNT, &
BHEZ (RERFERFBIEERUITIR 5 DA ST T O R IRRE O #

EX (s
FINE & (TERNMATLY —
AEALZEWFZEER)
findk  # CRERRFRFEEF R
TR A EE)
MEEEST (BECRFEESE R )
BARES GRILRFmEe  #Resh)

A HREH
ERE M AIREOE (ALS) [EEH o

BHHRBRETH S, LD 2~3 FORK
BT OB % /- T TTEAR
IREEBTH S0, BURTIIA G EREN
72\, ALS D% K &R a8 DR 2 f173 0,
TNEFBIT U RS EEOEFEN IR
FCHIEEINT NS,
DRETRAINZHRRERTTH
% i 3858 I+ (Hepatocyte Growth
Factor. LA'F HGF) i3, ##h—2—0 2
W AN REERPASNTHO,

— 183 —



HITEETTHMIC ALS TU2I2HITS
HGF OE® = 2 — 10 2303 5 %)
REFSNMILTETN D, APEO B
W, ALS OKIGHZBIEL . AL BE%
Uiz RBMALSEM T T )V THBER Cu/n
superoxide dismutase (SOD) #E A ALS
T M LT HGF EAOBEERN# 5.5
BETW, TOEMEEMIT A2 10D
5,

B. (AR A&

ALS OFHEEEORMEZHIEL ALS
Fw hMZHLTERYIESF >~ HGF
EH O ENFARR G & DR R 28
LML, ALS 129 % HGF QKIS H
ZHELTERERARE. BREHRBIUOED
TEOWFHIAZIT D,

- ORI, LNTFOMEZEITS.

1) MMEBREIHROBBLLZIETR
Cu/Zn SOD DY¥F1EDIRET & FiRHEFRTE D1
7 #% 88

O Cu/ZnSODITIET AT L HHM 4
DH D Cysb & Cysl1LiZ 7 U —D T AT
> T, Cysb7 & Cys146 13 S-S#HE= LT
W5, Cys111IIEREDOIMUIZH % Greek
key loop WIZHEMEL . REY A ¥ —DN 7
WEDABIZERT 2729, Cyslll @
SH IR IS ENE W EFEINS, O
@ Cys111 O SH HIZ SS ZZH ST 2- AL
AT RITH =) (2-ME) 28AL, 7D
CwZn SOD EHE DOBALDLE I RIF
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@ G E THRAEME RN RET 55
MIEFF ) —+¥ NEDL1 Z[FEFE L.
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m I ESEI 315 NEDL1 OB 5 % #et
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DFEBNT Z—BIETEALT 2 HEICH
72> TR E ¥17z colony formation assay
ziro7,

2) BIRICAZBIELZALS v MCXT
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B= o — 0O QMG DR
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V) R ERRENT U Tz,
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FASMBEBAES TXOITHD.

CRUD WMABRRUEZE

1) FIRABREHMROBBLIGIER
Cu/In SOD D451 D& ET & HIEHERIE D
[ ## B8

D Cyslll IZ0OH 2-ME 55T 5708,
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AT Dk & 7 LR R A ORI
InbEBEZ SIS, NEDLL A5l iE5E &H
HWET R =T AT ED LD I REZ
SMEFND D, WEMALIZ NEDLL &
P FEI I T colony formation assay %
frolki®, 7R M- ANFEIN.
FIT, MiROT R N— AFEEOEER
EHETHD pb3 ODEEOFEIZDNT
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Novel therapeutic strategy for stroke in rats by
bone marrow stromal cells and ex vivo HGF gene
transfer with HSV-1 vector

Ming-Zhu Zhao"?, Naosuke Nonoguchi', Naokado Ikeda®, Takuji Watanabe®,
Daisuke Furutama?®, Daisuke Miyazawa*, Hiroshi Funakoshi*, Yoshinaga Kajimoto®,
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Occlusive cerebrovascular disease leads to brain ischemia that causes neurological deficits. Here we introduce
a new strategy combining mesenchymal stromal cells (MSCs) and ex vivo hepatocyte growth factor (HGF) gene
transferring with a multimutated herpes simplex virus type-1 vector in a rat transient middle cerebral artery
occlusion (MCAQ) model. Gene-transferred MSCs were intracerebrally transplanted into the rats’ ischemic
brains at 2h (superacute} or 24h (acute) after MCAQ. Behavioral tests showed significant improvement of
neurological deficits in the HGF-transferred MSCs (MSC-HGF)-treated group compared with the phosphate-
buffered saline (PBS)-treated and MSCs-only-treated group. The significant difference of infarction areas on day
3 was detected only between the MSC-HGF group and the PBS group with the superacute treatment, but was
detected among each group on day 14 with both transplantations. After the superacute transplantation, we
detected abundant expression of HGF protein in the ischemic brain of the MSC-HGF group compared with
others on day 1 after tfreatment, and it was maintained for at least 2 weeks. Furthermore, we determined that
the increased expression of HGF was derived from the transferred HGF gene in gene-modlfied MSCs. The
percentage of apoptosis-positive cells in the ischemic boundary zone (IBZ) was significantly decreased, while
that of remaining neurons in the cortex of the IBZ was significantly increased in the MSC-HGF group compared
with others. The present study shows that combined therapy is more therapeutically efficient than MSC cell
therapy alone, and it may extend the therapeutic time window from superacute to acute phase.
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Occlusive cerebrovascular disease often causes
global ischemia of the brain and results in neuro-
pathological changes. Several methods have been
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proposed to augment brain reorganization, includ-
ing the stimulation of endogenous processes
through pharmacologic or molecular manipulation,
gene therapy, behavioral and rehabilitation strate-
gies, and the provision of new substrates for
recovery through cell therapy.

Bone marrow contains the precursors of nonhe-
matopoietic tissues that are referred to as mesench-
ymal stem cells or marrow stromal cells (MSCs)
(Friedenstein et al, 1978). Marrow stromal cells are
characterized by the ability to self-renew in a
number of nonhematopoietic tissues, and by their
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multipotentiality for differentiation into various
tissues, such as fibroblasts, bone, muscle, and
cartilage (Caplan and Bruder, 2001; Phinney, 2002).
Additionally, they share some characteristics of
neurons and astrocytes when cultured in vitro
(Kim et al, 2002) or after being implanted into the
central nervous system in vivo (Chopp et al, 2000;
Nakano et al, 2001; Li et al, 2001, 2002; Chen et al,
2002a,b). Marrow stromal cells can also secrete
growth factors and cytokines into the soluble
stromal and neurochemicals into the brain (Li et al,
2002; Chen et al, 2002a, b), cross the blood-brain
barrier (BBB) and migrate throughout the brain
preferentially to areas that have suffered damage
(Chen et al, 2000; Li et al, 2000, 2001; Damme et al,
2002). Many previous researchers have reported on
mesenchymal stromal cell (MSC) transplantation as
a source for autoplastic therapies and improvement
in functional recovery after stroke (Chen et al, 2000;
Li et al, 2000, 2001, 2002; Rempe and Kent, 2002;
Kurozumi et al, 2004).

Hepatocyte growth factor (HGF) is a disulfide-
linked heterodimeric protein that was initially
purified and cloned as a potent mitogen for
hepatocytes and a natural ligand for the c-met
proto-oncogene product (Nakamura ef al, 1984;
Matsumoto and Nakamura, 1996). Subsequently,
several functions have been ascribed to HGEF,
including antiapoptosis, angiogenesis, motogenesis,
morphogenesis, hematopoiesis, tissue regeneration
in a variety of organs, and the enhancement of
neurite outgrowth (Matsumoto and Nakamura, 1997;
Hayashi et al, 2001; Sun et al, 2002a, b; Jin et al,
2003). It has also been reported that HGF adminis-
tration could inhibit the BBB destruction, decrease
brain edema, and provide a meuroprotective effect
after brain ischemia (Miyazawa et al, 1998; Hayashi
et al, 2001; Shimamura et al, 2004).

Recent experimental studies suggest the possibi-
lity that gene transduction into MSCs could enhance
their existing therapeutic potential {Chen et al, 2000;
Kurozumi et al, 2004). Here, we evaluate the
efficiency and effects of gene transduction into
MSCs using a replication-incompetent herpes sim-
plex virus type-1 (HSV1764/4-/pR19) vector dis-
abled by the deletion of three critical genes for viral
replication encoding infected cell polypeptide
(ICP)4, ICP34.5, and virion protein (VP16)
(vimw65). This vector contains HSV latency-asso-
ciated transcript (LAT) promoter and two kinds of
enhancer elements: cytomegalovirus (CMV) enhan-
cer and Woodchuck postiranscriptional regulatory
elements (WPRE). The availability of this vector has
already been examined in the nervous system
(Coffin et al, 1998; Palmer et al, 2000; Lilley et al,
2001).

In the present study, we intracerebrally trans-
planted MSCs in which a gene of interest was
transferred with this HSV-1 vector ex vivo into a rat
transient middle cerebral artery occlusion (MCAO)
model under superacute and acute therapeutic time

Journal of Cerebral Blood Flow & Metabolism (2006), 1-13

phase, and investigated whether such combined
therapy could improve the effects of ischemia.

Materials and methods
Donor Cell Preparation

Marrow stromal cells of adult Wistar rats were prepared
following the method described by Azizi et al (1998). In
brief, the marrow of rat tibias and femurs was extruded
with 10 mL of alpha-MEM (Sigma Chemical Co., St Louis,
MO, USA} and cultured in the same medium supplemen-
ted with 10% fetal bovine serum (FBS), 2mmol/L
L-glutamine, and antibiotic-antimycotic 1mL/100 mL
(GIBCO Invitrogen, Carlsbad, CA, USA) at 37°C, 98%
humidity and 5% CO, After 48h, the nonadherent
cells were removed by replacing the medium, and the
adherent cells were continuously subcultured as MSCs.
The fifth to seventh passages were used for the following
experiments.

HSV1764/-4/pR19-Hepaiocyte Growth Facior Virus
and Propagation

One of the authors of the current study (Coffin) con-
structed the prototype HSV1764/4/pR19GFP virus and has
previously described this vector’s characteristics (Palmer
et al, 2000; Lilley et al, 2001), which are also deseribed
briefly in the Introduction. In the present study, the green
fluorescent protein (GFP) gene was replaced with a full-
length rat HGF complementary DNA (cDNA) tagged with
the KT3 (SV (simian virus)40 large, T antigen) epitope
(ratHGFKT3) (Sun et al, 2002b), and the authenticity of
this vector (pR19ratHGFKT3WPRE) was confirmed by
sequence analysis. Homologous recombination was per-
formed in M49 cells by cotransfection of plasmid
pR19ratHGFKT3WPRE DNA and HSV1764/-4/pR19GFP
viral DNA. White plagues were selected and purified three
times, and replication-incompetent viruses were propa-
gated as described previously (Palmer et al, 2000). We
ultimately obtained the HSV1764/-4/pR19-HGF virus
(HSV-HGF) with a titer of 2'x 10° pfu/mL for use in the
present experiments.

Ex Vive Gene Delivery to MSCs

The cultured MSGs from the fifth to seventh passages were
infected with the virus suspension by incubation for 1h.
After infection, the virus suspension was changed to
normal culture medium for MSCs and contimiously
cultured for the subsequent 24 h before transplantation.

Our previous experiments show that the transduction
efficiency of the GFP gene into the MSCs with our HSV-1
vector is more than 50% even with a multiplicity of
infection (MOI) of 5. Here we set the MOI at 5 for the
desired gene transfer to MSCs ex vivo.
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“In Vitro

Hepatocyte Growth Factor Detection with
Enzyme-Linked Immunosorbent Assay (ELISA)

We prepared 1.6 x 10° MSCs in each well of a six-well
dish. The MSCs were transferred with HGF gene by
infection with HSV-HGF at MOIs of 0, 0.1, 1, 5, and 10. At
1h after infection, the infected MSCs were successively
incubated with normal culture medium for another 24 h.
The culture supernatant and cells were then individually
collected through centrifugation. The HGF protein con-
centrations in MSC culture supernatant and in MSC
extracts prepared using 50mmol/L Tris-HCl (pH 7.4),
150 mmol/L NaCl, 1% Triton X-100, 1mmol/L phenyl-
methylsulfonylfluoride (PMSF) (Wako, Osaka, Japan),
2 pg/ml antipain (Peptide Institute Inc., Osaka, Japan),
2 pg/ml leupeptin (Peptide Institute), and 2 pg/m!l pepsta-
tin (Peptide Institute) were determined by ELISA using an
anti-rat HGF polyclonal antibody (Tokushu Meneki,
Tokyo, Japan) as described (Sun et al, 2002b).

Transient Middle Cerebral Artery Occlusion Animal
Model

Experiments were performed on 8-week-old male Wistar
rats weighing 250 to 280 g. We induced transient MCAG
using the previously described method of intraluminal
vascular occlusion {Longa et al, 1988). In brief, a length
(18.5 to 19.0mm, determined according to the animal’s
weight) of 4-0 surgical nylon suture was gently advanced
from the external carotid artery into the lumen of the
internal carotid artery until it reached the proximal
segment of the anterior cerebral artery. After 2h of MCAO
the animals were reanesthetized, and reperfusion was
achieved by withdrawing the nylon suture.

The rats were subjected to transient MCAQO for 2h to
produce a consistent and reproducible ischemic lesion in
the unilateral striatum and cortex.

Intracerebral Transplantation of MSCs

At 2 or 24 h after the onset of MCAO (i.e., on reperfusion),
the animals were placed in a stereotactic head holder
(model 900, David Kopf Instruments, Tujunga, CA, USA}
under inhalation anesthesia. MSCs were intracerebrally
transplanted by inserting a 26-gauge needle with a
Hamilton syringe into the right striatum (anteroposterior
(AP)=0mm; lateral to midline (ML) = 2.0 mm; vertical to
dura (DV)=4.5 mm) from bregma, based on the atlas given
by Paxinos et al (1985). There were 1 x 10° cells in total
10-ul fluid volumes that transplanted inte each animal
over a 10-min period. No immunosuppressive drugs were
used in any animal.

Experimental Groups

In this study, there were seven experimental groups:
groups 1 and 5 were treated with phosphate-buffered
saline (PBS); groups 2 and 6 were treated with untreated
MSCs only; group 3 was treated with the GFP-transferred
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MSCs (MSC-GFP); and groups 4 and 7 were treated with
HGF gene-transferred MSCs (MSC-HGF).

Groups 1 to 4 were treated 2h after MCAO (superacute
phase) and groups 5 to 7 were treated 24h after MCAO
{acute phase).

Behavioral Testing

The rats of groups 1 to 4 {n=6) were subjected to a modified
neurological severity score (mNSS) test (Schallert et al,
1997) to evaluate neurological function before MCAOQ, at
2h after MCAO, and at 1, 4, 7, 14, 21, 28, and 35 days after
MCAQO. The rats of groups 5 to 7 (n=6) were subjected to
mNSS before MCAO and at 0, 1, 4, 7, and 14 days after
MCAO. These tests are battery of motor, sensory, reflex, and
balance tests, which are similar to the contralateral neglect
tests in humans. The higher the score, the more severe the
neurological deficit (Chen et al, 2001).

Infarction Volume

We stained the brains of groups 1, 2, and 4 (n=6) and
groups 5 to 7 {(n=5) with 2,3,5-triphenyltetrazolium
chloride (TTC) (Wako Pure Chemical Industries, Osaka,
Japan) to detect the infarction volume of each group at 3
and 14 days after treatment. Briefly, the rats’ brains were
removed and cut into seven equally spaced (2 mm) coronal
sections. These sections were immersed in a 2% solution
of TTC at 37°C for 20 mins to reveal the infarcted areas.
This procedure is known to reliably mark ischemic
damage even at 14 days after MCAO (Bederson et al,
1986; Kurozumi et al, 2005).

The disposition of the ischemic area was evaluated by
calculating the hemispheric lesion area using imaging
software (Scion Image, version Beta 4.0.2; Scion Corp.,
Frederick, MD, USA). To avoid overestimation of the
infarct volume, the corrected infarct volume (CIV) was
calculated as CIV=[LT—-(RT—RI)] x d, where LT is the area
of the left hemisphere, RT is the area of the right
hemisphere, RI is the infarcted area, and d is the slice
thickness (2 mm) (Raymond et al, 1990). Relative infarct
volumes are expressed as a percentage of contralateral
hemispheric volume.

Terminal Deoxynucleotidyliransferase (dUTP) Nick
End-Labeling (TUNEL) Staining and
Immunohistochemical Assessment

Sample Preparation: At different time points, rats of
groups 1, 2, and 4 were reanesthetized and transcardially
perfused with saline, followed by 4% paraformaldehyde
in PBS. The brain tissues were cut into seven equally
spaced coronal blocks. The tissues were processed and
10-um cryosections were cut.

Immunohistochemical Staining: We can detect three
kinds of HGF in this study: the endogenous HGF secreted
by the rat ischemic brain tissue after stoke (en-HGF), the
exogenous HGF secreted by the transplanted MSCs
(ex-HGF-1), and the exogenous HGF delivered from the
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HSV-HGF (ex-HGF-2). For the immunohistochemical
staining of HGF, the whole rats’ brain sections of groups
1, 2, and 4 were prepared on days 2 and 14 after treatment.
Rabbit anti-rat HGF primary antibody {prepared by some
of the authors of this article, and belonging to the Division
of Molecular Regenerative Medicine, Osaka University
Graduate School of Medicine, Japan) was used to detect
the three kinds of HGF (mixed); a KT3 primary mono-
clonal antibody (1:1000) (Covance Research Products,
Berkeley, CA, USA) was used to detect the ex-HGF-2; a
biotinylated universal secondary antibody (VECSTAIN
Elite ABC Kit, PK-6200, Vector Laboratories, Burlingame,
CA, USA) and a goat anti-rabbit IgG affinity-purified
rhodamine-conjugated secondary antibody (1:200) (Che-
micon International, Temecula, CA, USA) were also used
here. Reaction products were visualized with the VEC-
STAIN Elite ABC Kit (PK-6200) and a DAB Substrate Kit
(Vector Laboratories, Burlingame, CA, USA). To detect the
donor MSCs, bisbenzimide (Hoechst 33258; Polysciences,
Eppelheim, Germany) was used to fluorescently label cell
nuclei in vitro. Some sections were counterstained with
hematoxylin and observed under a normal light micro-
scope (VB-S20 Multiviewer System, Keyence, Osaka,
Japan and Microphot-FXA, Nikon Corp., Tokyo, Japan),
and some were directly observed by a fluorescence
microscope (BX-50-34-FLAD1, Olympus). The donor
MSCs could be detected under ultraviolet (UV) light with
blue fluorescence as marked by Hoechst 33258.

To visualize the remaining neurons in the cortex of the
ischemic boundary zone (IBZ) of groups 1, 2, and 4 (n=3),
7 days after treatment, microtubule-associated protein 2
(MAP-2) was used as the first antibody (1:500) (Chemicon
International Inc., CA, USA). Negative control slides for
each animal received identical preparation for immuno-
histochemical staining, except that primary antibodies
were omitted.

Terminal Deoxynucleotidyltransferase Nick End-
Labeling Staining: At 7 days after treatment, coronal
cryosections {10-um thick) of each rat of groups 1, 2, and 4
(n=3) were stained by the TUNEL method for in situ
apoptosis detection (ApopTag kit, Chemicon Interna-
tional, USA). Specifically, after postfix slides were
incubated in a mixture containing terminal deoxynucleo-
tidyl transferase and anti-digoxigenin-rthodamine (Red).
Then, they were counterstained with bisbenzimide
{Hoechst 33258), which stains blue for each nucleus.
The total numbers of TUNEL-positive cells and Hoechst
counter-staining positive cells were individually counted
in 2 slides from each brain, with each slide containing five
random fields from the IBZ, under an x 20 objective of the
fluorescence microscope system (BX-50-34-FLAD1, Olym-
pus), using a 3-CCD color video camera (Keyence VB-
7010, Keyence, Osaka, Japan).

Statistical Analysis

Data are presented as means+ standard deviations (s.d.}.
Data from the behavior test (mNSS) were evaluated with
repeated-measures analysis of variance (ANOVA), with
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subsequent Fisher’s protected least significant difference
(PLSD]} test. StatView 5.0 software (SAS Institute, Cary,
NC, USA) performing the Student’s t-test was used to test
the CIV data and the difference in means of percentage of
the apoptosis-positive cells and the remaining neurons. A
difference with a probability value of P<0.05 was
considered to be statistically significant.

Resulis

Quantification of Hepatocyte Growth Factor Analysis
with Enzyme-Linked Immunesorbent Assay In Viiro

As a result, the HGF concentration was approxi-
mately 15 times higher in the culture supernatant
than in the cell extract at the same MOI, and its
increase was correlated with an increase in MOL
Although normal MSCs can produce HGF protein
at 0.4ng/1.6 x 10°cells/24 h, after the MSCs were
infected with HSV-HGF at an MOI of 5, they were
found to produce HGF protein at 2.4ng/
1.6 x 10° cells/24 h (Figure 1).
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Figure 1 Enzyme-linked immunosorbent assay to determine
HGF concentration in vitro. Hepatocyte growth factor concen-
trations were detected in MSC culture supernatant (A) and in
MSC cell extract. (B) After 24h, 1.6 x10° MSCs were
transfected with HSV-HGF at MOIs of 0, 0.1, 1, 5, and 10.
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Neurological Outcome

No significant difference in neurological function
was detected among all the groups just before cell
transplantation. Significant differences of functional
recovery were found in group 1 individually
compared with group 2 (days 14 to 35, P<0.05),
with group 3 (days 21 to 35, P<0.05), and with
group 4 (days 4 and 7, P<0.05; days 14 to 35,
P<0.01) during the observation periods after the
superacute transplantation (Figure 2A), and in
group 5 individually compared with group 6 (day
14, P<0.05), with group 7 (day 7, P<0.01 and day
14, P<0.01) after the acute transplantation (Figure
2B). Interestingly, we observed significant differ-
ences of functional recovery on day 14 among all the
superacute treated groups including the MSC-GFP
group, which served as a control for ex vivo
nontherapeutic gene transduction (P<0.05). Excep-
tionally, there was no significant difference only
between the MSC-only and the MSC-GFP groups at
that time point {(Figure 2A). We also found signifi-
cant neurological recovery on day 14 in the
combined therapy group treated even in the acute
phase, compared with the MSC-only group treated
in the superacute phase (Figure 2C}. Also, signifi-
cant difference of functional recovery on day 14 was
found among the groups treated in the acute phase
(Figure 2B).

Quantitative Analysis of Infarct Volume

We compared the infarction areas in coronal
sections of groups 1, 2, and 4 on day 3 {Figure 3A)
and day 14 (Figure 3B), and compared those of
groups 5 to 7 on the same time points by TTC
staining, and expressed lesion volume as a percen-
tage of confralateral hemispheric volume. At 3 days
after treatment, significant difference of %CIV was
only detected in the MSC-HGF group compared
with the PBS group (34.52% - 3.44% versus 41.83%
+6.25%, P<0.05), both of which were treated in the
superacute phase (Figure 3C). However, on day 3
there was no significant difference of %CIV among
any group that was treated in the acute phase
(Figure 3C), while on day 14 there were significant
reductions of %CIV in the rats of the MSC-HGF
group compared with not only the PBS group but
also the MSC-only group treated in the both
therapeutic phases (Figure 3D). Also on day 14,
the rats treated with MSC-only showed significant
reduction in %CIV compared with the PBS group
that was treated in the superacute phase (Figure 3D).

Hepatocyle Growth Factor and herpes simplex virus
type Gene-Transferred Hepatocyte Growth Factor
Detection In Vivo

The macrographs presented in Figure 4 showed that
mixed HGF protein was diffusely overexpressed in
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almost the whole ipsilateral brain in the MSC-HGF
group compared with other groups, not only on day
2 (column A) but throughout at least the first 2
weeks (column C) after treatment. The microphoto-
graphs presented in column B of Figure 4 showed
that high HGF expression in the MSC-HGF group
could be detected in both the ipsilateral cortex and
the ipsilateral basal ganglia at 2 days after treatment.
Nevertheless, almost no HGF expression could be
detected on the contralateral hemisphere in any
treatment group (Figure 4).

Fluorescent staining of groups 1, 2, and 4 on day
14 (Figure 5, column C) also showed higher mixed
HGF expression in the MSC-HGF group than that of
the other groups. Also, we could detect donor MSCs
with blue fluorescence expression by direct observa-
tion under UV light (Figure 5, column B). We could
identify the HGF expression with red fluorescence
in both the transplanted cells and the intercellular
space in the transplantation area.

Furthermore, we detected ex-HGF-2 expression,
which was transferred from HSV-HGF by anti-KT3
staining (Figures 6D to 6F) of the implantation area.
As a result, we had identified ex-HGF-2 expression
both in the HGF gene-transferred MSCs (arrows
in Figure 6G) and in the intercellular space of
the transplantation area (arrowheads in Figure 6G)
only in the MSC-HGF group (Figure 6F) even 14
days after transplantation. Additionally, we confir-
med that MSC itself can also secrete HGF in vivo
{Figure 6B).

Antiapoptosis

Using TUNEL staining (Figure 7, columns B and C),
apoptotic cells with red fluorescence were counted
in the IBZ 7 days after treatment, while cells were
counted in the same area with blue fluorescence by
Hoechst 33258 nuclei marking. In this area we could
not detect transferred MSCs; therefore, counter-
stained cells seemed to be host-derived. The
percentage of apoptotic host cells was significantly
decreased in the MSC-HGF group (4.92% +2.15%)
compared with the PBS group (22.12% +4.28%,
P<0.01) and MSC-only group (10.73% +5.64%,
P<0.01). However, there was also significant de-
crease of apoptotic cells between the MSC-only
group (10.73% +5.64%) and the PBS group {22.12%
+4.28%, P<0.01) (Figure 7C).

Neuroprotection

Immunohistochemical staining revealed the remain-
ing neurons of the host with MAP-2 neuronal
marker 7 days after treatment (Figure 8A). The
percentage of remaining neurons in the cortex of IBZ
significantly increased in the MSC-HGF group
(20.73% +2.38%) compared with the PBS group
(7.75% +1.58%, P<0.01) and the MSC-only group
(12.13% +3.05%, P<0.01). Also, the significant

w
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Figure 2 Behavioral functional test (mNSS) before and after
MCAO. Groups 1 and 5: treated with PBS; groups 2 and 6:
treated with MSC-only; group 3: treated with MSC-GFP; groups
4 and 7: treated with MSC-HGF (n = 6 per group). The rats of
groups 2 to 7 received 1.0x 105 cells via intracerebral
transplantion in 10ul PBS. (A) Groups 2 to 4 received
transplantation 2 h after MCAO (superacute phase); (B) groups
4 to 7 received transplantation 24 h after MCAO (acute phase).
(C) Lists the mNSS on day 14 of groups 1, 2, 4, 5, 6, and 7,
showing that the significant neurological recovery among 6
groups while under the comparing condition is only the different
therapeutic time phase. Significant functional recovery was
detected in the MSC-HGF group compared with the other
groups. Data are presented as means+s.d.

increase of remaining neurons was found in the
MSC-only group (12.13% +3.05%), in comparison
with the PBS group (7.75% +1.58%, P<0.01)
(Figure 8B).
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Discussion

Brain ischemia initiates a cascade of events that
produces neuronal death and leads to neurological
deficits. To prevent brain injury after ischemia, some
studies have focused on cell therapies by using
embryonic stem cell. But ethical and logistical
problems make it unlikely that such therapy could
serve as a source of material for therapeutic
transplants. Recently, MSC transplantation was
reported as a source of autoplastic therapies which
not only improve functional recovery after stroke
but also have a low risk of tumorigenesis and do not
provoke immune reactions (McIntosh and Bartholo-
mew, 2000; Li et al, 2002). In the present study, rats
of the MSC-only and MSC-HGF groups also showed
more significant neurological functional recovery
than those of the PBS group.

It is well known that the efficiency of gene
transduction to such MSC populations is low, even
with virus vectors such as an adenovirus (Ad)
{Conget and Minguell, 2000). To date, Kurozumi et
al (2004) have reported the relatively high efficiency
of gene transduction using fiber mutant Ad vector,
but the peak level of expression was transient
because the Ad vector would not integrate the gene
of interest into the genome of the host cells.
Lentivirus could express a high efficiency of gene
transduction into MSC, but its biosafety remains
uncertain because of its origin, the human immu-
nodeficiency virus (Trono, 2000). Retroviruses,
which have the ability to integrate the gene of
interest into the chromosomes of the host cells, also
show a relatively high efficiency of gene transduc-
tion to MSC. However, a note of warning was
stressed against the potential rise of a neoplasm
with a retrovirus-based vector (Pages and Bru, 2004).

In the present study, by the in vitro HGF ELISA
data and histological detection, we showed that our
HSV-1 vector had successfully transferred the gene
of interest to the MSC population with high
efficiency in vitro, and gene-transferred MSCs had
successfully functioned in vivo to express and
maintain a high level of the gene of interest. We
confirmed that the increased HGF expression on day
14 was primarily due to the ex-HGF-2 expression
that was proven by anti-KT3 staining, as the HSV-1
vector-transferred HGF ¢cDNA was tagged with KT3
epitope. Also, such ex-HGF-2 protein was produced
within the HGF gene-transferred MSCs and secreted
in the intercellular space diffusely in the combined
therapy group.

Furthermore, there were no significant differences
in functional recovery between the MSC-only group
and the MSC-GFP group during the whole detection
time course. Also, no obvious difference of apopto-
sis and the dividing ability was observed between
naive MSCs and the HGF gene-transferred MSCs in
the current study in the first 2 weeks after
transplantation (data not shown). It may indicate
that gene transfer with HSV-1 vector ex vivo would
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Figure 3 Infarction volume detected by TTC staining. (A, B) Reduction of infarction areas on days 3 and 14 of groups 1, 2, and 4,
which received transpiantation 2 h after MCAO occurred: coronal sections stained with TTC. The red region shows intact area; white
region shows infarction area. (C, B) Individually presents the quantification of % CIV in the hemispheric lesion area on days 3 and
14, while being treated at 2 and 24 h after ischemia occurred. Data are presented as means+s.d. (P <0.05; <0.01). n=6 for

groups 1, 2, 4, and n =5 for groups 5 to 7 at each time point.

not influence the survival and dividing abilities and
the therapeutic efficiency of MSCs after transplanta-
tion.

So far, to reduce the disability resulting from
stroke, some studies have focused on the develop-
ment of neuroprotective agents such as brain-
derived neurotrophic factor, the fibroblast growth
factor that effectively prevents delayed neuronal
death after transient brain ischemia (Kurczumi et al,
2004; Watanabe et al, 2004). Recently, overexpres-
sion of HGF that can improve the neurological
sequalae by neuroprotection, reduce the infarct
volume, and the likelihood of brain edema after
stroke was reported (Miyazawa et al, 1998; Tsuzuki
et al, 2000; Hayashi et al, 2001; Shimamura et al,

2004). It suggested that HGF should be one of the
most potent growth factors for treating brain ische-
mia.

To detect the therapeutic efficiency of combined
therapy, we tried to treat brain ischemia in the
superacute and acute therapeutic phases. Both of
them showed significant improvement of neurolo-
gical deficits compared with MSC-only cell therapy.
We got the same result as that Shimamura et al
(2004} had reported, that HGF had the therapeutic
efficiency of reducing the infarction volume after
transient MCAO. We also found on day 14 that the
MSC-only treated group could significantly reduce
the infarction volume under the superacute treat-
ment compared with the PBS-treated group, but not

Journal of Cerebral Blocd Flow & Metabolism (2006), 1-13

— 195 —



