another phantom study with a 10-cm-diameter hollow
phantom.

The CBF value in each ROI was calculated by
numerically solving the equation (1) as reported pre-
viously (Temma et al, 2004).

R(t) = fAw(t) = e U/P+2) (1)

where the asterisk denotes the convolution integral and
other marks are the tissue concentration of **0 radio-
activity (R(f)), a typical example of that in the late phase
experiment is presented in Figure 1, CBF (f), the arterial
concentration of **O-water radioactivity (Aw(t)), partition
coefficient of water between the brain and blood (P=0.8)
and physical decay constant of 'O (4).

Then, the OEF value was calculated using the same
equation (Eq. 2) as that applied to the bolus inhalation of
'50-0, gas method (Mintun et al, 1984; Shidahara et al,
2002), which could be used with this pharmaceutical as
shown previously (Magata et al, 2003)

R(t) =OEFfAo(t) e """ + fAw(t) xe "™
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Figure 1 Typical curves of 150 radioactivity obtained by the PET
scanning using (A) 1°0-H,0 and (B) injectable 150-0, 24 h after
the right MCA occlusion.
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where the arterial concentration of **0-0, radioactivity
(Ao(D), cerebral blood volume (Vg =0.04 mL/g), the hema-
tocrit ratio between central and peripheral regions
(R=0.85) and the effective venous ratio in the brain
(V4 =0.835) are used.

The CMRO, value was calculated using equation (3). In
this equation, Hb is gram hemoglobin/mL blood and % Sat
is percent saturation of O, (Shidahara et al, 2002).

0,
(1.39xHbx %Sat) «OEFxCBF

CMRO, = = (3)

Results
Injectable '*0-0, Labeling

The shape of an artificial lung was modified to
increase *°0 labeling efficiency. Namely, the artifi-
cial lung used was three times longer (18 cm) than
the previous version while the density of plastic
fibers and diameter of the lung were unchanged
(Magata et al, 2003). In this system, 90 MBq/ml was
obtained at maximum.

Physiological Parameters

Blood gases were analyzed several times during the
experiment (Table 1). Although several parameters
were significantly changed, these changes were
slight and levels were not in the abnormal range.

Studies at 1h After Onset

The relationships between CBF, OEF and CMRO, at
1h after the occlusion are shown in scatter diagrams
{(Figures 2 and 3). As revealed in Figure 2, in the
right hemisphere, a decrease in CBF and compensa-
tory increase in OEF were indicated in comparison
with the opposite side, inducing a good reciprocal
relationship as a whole. Also, the decrease in CBF in
the right hemisphere was not so marked. Figure 3
shows the relationship between CBF and CMRO.,.

Table 1 Arterial blood gas values before and after PET
experiments in MCA occlusion

1h 24h

Before After Before After

pH 7.32 (0.03) 7.33 (0.03) 7.36 (0.04) 7.35(0.04)
PO, (mm Hg) 97.4 (5.7) 102.8 (10) 94.8 (7.4) 101.5 (4.3)*

PCO, (mm Hg) 44.3 (4.2) 39.8 (3.4) 39.7 (4.8) 36.9 (3.7)*
Hct (%) 54.4 (4.8) 51.5 (3.8)* 55 (3.3) 53.5 (3.1)
0,Sat (%) 96.9 (0.4) 97.2 (0.8) 96.9 (0.7) 97.4 (0.3)*
Hb (g/d]) 18.5 (1.6) 17.5 (1.3)* 18.7 (1.2) 18.2 (1.0)

Statistical differences in each physiological parameter between before and
after PET experiments were determined using the Wilcoxon signed-rank test;
*P < 0.05.

Values listed are means (s.d.).

w
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Figure 3 Scatter diagram of CBF (mL/min/g) and CMRO, (mL/
min/100g) values 1 h after the onset of MCA occlusion.

These two values also exhibit a good correlation, in
which the decrease in CMRO, in the right hemi-
sphere was not so marked.

Studies at 24 h After Onset

The relationships among parameters at 24 h after the
occlusion are shown in scatter diagrams (Figures 4
and 5). As shown in Figure 4, in the right hemi-
sphere, the decrease in CBF was more pronounced
than at 1 h (Figure 2) and there was no compensatory
increase in OEF, resulting in a loss of the good
correlation between CBF and OEF. Figure 5 shows
the relationship between CBF and CMRO,. The right
hemisphere exhibited a marked decrease in CMRO,.

Quantitative Values of Cerebral Blood Flow, Oxygen
Extraction Fraction and Cerebral Metabolic Rate for
Oxygen

Figure 6 and Table 2 show the averaged hemispheric
values of CBF, OEF and CMRO, at 1h (n=7) and
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Figure 5 Scatter diagram of CBF (ml/min/g) and CMRO;
(mL/min/100 g) values 24 h after the onset of MCA occlusion.

24h (n=6) after the onset of MCA occlusion. In the
right hemisphere at 1h, the decrease in CBF was not
so marked (0.44+0.17 mL/min/g; P <0.05 compared
with the left side) and a compensatory increase in
OEF (0.50+0.19; P<0.05 compared with the left
side) was observed, inducing a slight decrease in
CMRO, (4.5+1.1mL/min/100g; P<0.05 compared
with the left side). In contrast, at 24 h, there was a
marked decrease in CBF (0.26+0.07 mL/min/g,
P<0.05 compared with both the left side and at
1h) and no compensatory increase in OEF (0.49+
0.19; OEF in the left hemisphere was 0.51+0.12, not
significant with each other), resulting in a large
decrease in CMRO, (2.9+0.8 mL/min/100g; P<0.05
compared with both the left side and at 1 h).

Discussion

In our previous report (Magata et al, 2003), up to
72MBg/ml of injectable '*0-O, was obtained with
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Figure 6 The averaged hemispheric values of (A) CBF (mL/min/g), (B) OEF and (C) CMRO, (mL/min/100 g) obtained by PET 1
(n=7)and 24 h (n = 6) after the onset of MCA occlusion. Significant differences in each parameter (CBF, OEF, CMRO;) between the
left and right hemispheres at the same time point and between 1 h and 24 h on the same hemisphere were determined using the
Wilcoxon signed-rank test and the Mann-Whitney U-test, respectively; *P < 0.05, n.s. not significant.

Table 2 The averaged hemispheric values of CBF (mL/min/g), OEF and CMRO, (mL/min/100 g) obtained by PET 1 (n=7) and 24
hours (n = 6) after the onset of MCA occlusion.

1h 24h
Left Right Left Right
CBF (mL/min/g) 0.67 (0.22) 0.44 (0.17)* 0.50 (0.08) 0.26 (0.07)*
OEF 0.42 (0.13) 0.50 (0.19)* 0.51 (0.12) 0.49 (0.19)
CMRO, (mL/min/100g) 6.2 (1.3) 4.5 (1.1)* 6.2 (1.4) 2.9 (0.8)*°

Significant differences in each parameter (CBF, OEF, CMRO,) between the left and right hemispheres at the same time point and between 1 and 24 h on the
same hemisphere were determined using the Wilcoxon signed-rank test (*P < 0.05) and the Mann-Whitney U-test ("P < 0.05), respectively. Values listed are

means (s.d.).

an artificial lung (6 cm length) and about 10ml of
blood. In the present study, the artificial lung was
made three times longer to increase the labeling
efficiency. First, we used three small artificial lungs
connected in series to improve the labeling effi-
ciency. In that system, more blood was needed for
summation of the dead volume of each lung, and,
the labeling efficiency, radioactivity per unit blood
volume, did not increase. Since the total activity in
the labeling system is constant if the radioactivity in
the supplied gas is constant, highly specific activity
of injectable "*0-0, can be obtained when a small
amount of blood is used. Therefore, the ‘long’
artificial lung can increase the specific activity of
injectable *0O-0, owing to the small dead volume.
Actually, with this new artificial lung and 18.6 ml of
blood, 90 MBq/ml of injectable '*O-O, was obtained.

During the experiments, arterial blood gases were
analyzed several times (Table 1). At both 1 and 24 h,
significant changes were observed in two or three
parameters. At 1h, Hct and Hb decreased after the
experiment, indicating slight hemolytic anemia. At
24 h, pO,, pCO, and O,Sat changed during the PET

scans. These values, especially pCO., are known to
be closely related to the depth of anesthesia and so
might reflect a change in the condition of the animal
in PET studies. In any case, the changes of these
parameters were not so marked and they might not
affect the results of experiments.

At 1h after the onset of MCA occlusion, CBF
decreased slightly but significantly in the right
hemisphere in comparison with the left side; some
ROIs showed normal values and others showed low
values (Figure 2). The OEF increased in ROIs with
decreased CBF, but not in ROIs with normal CBF
(Figure 2). The results indicate that the metabolic
compensatory mechanism worked well at 1h after
MCAQ. Cerebral metabolic rate for oxygen was also
kept in the area of low CBF (Figure 3), and a good
correlation between CBF and CMRO, with a gentle
slope was obtained (Figure 3), suggesting that the
compensatory mechanism was working well at this
time point.

At 24 h after the onset of MCA occlusion, while all
ROIs in the right hemisphere showed severely
decreased CBF with small variation, OEF showed a
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large variation (Figure 4). In the relationship
between CBF and CMRO,, all ROIs in the right
hemisphere showed severely decreased CMRO,
(Figure 5). These results indicated that the compen-
satory mechanism at 1h after MCAO onset had
collapsed at 24h and the progression of ischemic
injury was severer than at 1h.

In Figure 6 and Table 2, quantitative values and
standard deviations of CBF, OEF and CMROQO, are
summarized. In the right hemisphere, CBF de-
creased slightly at 1h and severely at 24 h. Both
values were significantly low compared with the
opposite sides (P<0.05) at both time points and the
difference between the 24h was also significant
(P<0.05). In the left hemisphere, CBF showed a
little decrease but was not significant during 24h
(P=0.0865). Since CMRO, expressed exactly the
same values at both time points, the decrease in CBF
might not mean a metabolic dysfunction but a
vascular disturbance at 24 h. Although blood vessels
in the left hemisphere should not be affected
directly in our MCAO operation, the progression of
the ischemic damage in the right hemisphere
included both the spreading of the ischemic core
and the disturbance of surrounding blood vessels so
that it is considered that the decrease in CBF on the
opposite side could have occurred. Furthermore,
CMRQ, in the left hemisphere was close to the value
obtained previously in normal rats using ***Xe as a
CBF tracer and a surgical method for determining
OEF (6.3+0.3mL/min/100g) (Kozniewska and
Szczepanska-Sadowska, 1990). It underlined the
preceding discussion that the brain tissue in the
left hemisphere was not damaged at all during 24h
and the reason for the little decrease in CBF was
vascular disturbance.

In the right hemisphere, CMRO, decreased se-
verely during 24h in the same manner as CBF
(Figure 6, Table 2). Since these values did not
represent CMRO, in the ischemic core but just
values in the entire right hemisphere because of the
large size of ROlIs, it is difficult to discuss the
progression of impairment. However, taken together
with the decreases in CBF in both hemispheres
during 24 h, the decrease in CMRO, might not mean
an ischemic core-specific progression of tissue
disturbance but a spreading of the ischemic damage

throughout the hemisphere. In fact, TTC staining .

revealed no sign of disturbance at 1h but severe
disruption at 24 h in the right hemisphere.
Meanwhile, an obvious change of OEF was also
evident during 24 h (Figure 6, Table 2). The increase
in OEF in the right hemisphere compared with the
left side at 1h after the onset of MCAO (P<0.05)
showed that the metabolic compensatory mechan-
ism was working well. However, at 24 h, the OEF
was the same in both hemispheres (P=0.7532),
which indicates that the compensatory mechanism
did not function at 24h after the onset. Therefore,
considering that the condition in the left hemi-
sphere at 1h was actually normal or stage I in the
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course of the ischemic disorder (Nemoto et al, 2004;
Powers, 1991), the right hemisphere at 1h might
include partly stage II and stage IIT (Figures 2 and 3;
CBF was normal or decreased, OEF increased and
CMRO, was normal or slightly decreased), the left
hemisphere at 24 h might be expressed at stage II
(Figures 4 and 5; CBF decreased, OEF increased,
CMRO, was normal) and the right hemisphere at
24 h might include early and severe phases of stage
III (Figures 4 and 5; CBF decreased, OEF increased
or decreased and CMRO, strikingly decreased).

Conclusion

In this paper, we estimated the changes in CBF, OEF
and CMRO, after the onset of MCA occlusion in rats
by PET using injectable *0-O,. In the early phase
after occlusion, a decrease in CBF and compensatory
increase in OEF were shown, and in contrast, CBF
and CMRO, were severely decreased in the late
phase. This is the first report to indicate reliable
oxygen metabolism in a MCAO rat model using PET.
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Gene Transfer of Hepatocyte Growth Factor Gene Improves
Learning and Memory in the Chronic Stage
of Cerebral Infarction

Munehisa Shimamuri. Naoyuki Sato. Satoshi Wagun, Yasuo Uchivama, Takuya Hayashi
Hidehiro lidi. Toshikizu Nakamura. Toshio Ogihara, Yasufumi Kaneda, Ryuichi Morishita

Abstract— There is no specitic weatment o improve the tunctional recovery i the chronic stage ot ischenne stivke. To

provide the new therapeutic options, we examined the etfect of overeapression of hepatocyte growth factor ¢(HGE) in

the chronic stage of cerebral infarction by transterring the HGE pene into the brain using hemagpelutinating virus ol

Japan envelope vector. Siaty rats were exposed to pernanent middle cerebral artery occlusion tday b, Based on the

sensorimotor deficits at day 7. the rats were divided equally into control vector or HGE-treated rats. A day 56, rats

transfected with the HGE gene showed a significant secovery ol learming and memory in Morris water maze tests

teontrol vector 30=3 < HGE 3323 < P<0.05) and passive avoidance task control vector 1324375« HGE

DS =265 w PEONS)

Although the wtal volume o cerehral infction was not related o the vutcome.

immunohistochemical analysis tor Cded2 and synaptophysin an the pern-intarct region revealed that HGE enhanced the

neurite extension and increased synapses. lmmunohistochenusiry tor hal Nbriany acidic protein revealed that the tommation

of glial scar was also prevented by HGE gene treatment. Additonally . the number of the arteries was mcreased m the THGE

croup at duy 36, These data demonstraed that HGE has o prvotal tole tor the functionad recovery atter cerebral intarction

through nearitogenesis. improved nucrocirenlation. and the presention of ghosis, Our results also provide evidenee tor the
feasibility of gene therapy in the chronie stage of cerchral mtction (Hypertension. 2006:47:742-751.)

Key Words: cerebral ischemia m venes 8 microcirculation s rats

M iddle cerebral wrteny occlusion (MOCA0) 15 one ot the
most common catses of tocal stroke i humans' and
Gitises severe sensorimotorn deticits and cognitive dystung-
tton. The ischemie changes closely resemble those produced
e MO model inorasy which causes intarction mamly m
the dorsolateral and lateral portions of the neocortes and the
entire caudoputamen.® Several growth tactors are upregulated
mmediately after MCAo. such as fibroblist growth factor
(FGEY S bram-derived neurotrophie tactor glial cell hne-
denved neurotrophic factor.” sascular endothehial - growth
tactor IVEGE LS and hepatocy e growth fuctor (HGER and
thought to protect neurons or promote anglogenesis aller
NCA0. In tact, the extension of intarction 1s prevented by
administration of growth tactors or gene tnster of growth
tactors betore or immediately atter MONos ' However. the
therapeutic tme window o such treatnient 1~ oo short o
climcal use.' = because they tocused on preventing the exten-
sion ot neuronal deativ in the penumbra i the acute stage.
Recentlv, HGE and ¢-Met/HGE huve been reported 1o be
upregulited mainly in the peri-infaret region as long as 28

davs atter permanent MCAo' and up o 14 dins m FGES o
VEGE
that exiubits mitogenic, motogenic, and morphogenic activits
oo vatiety of cellsts 7 Both HGE and the ¢-MevHGHE

receptor ot membranes spanning tvrosme himase are ex-

CSHGE 1< o well-known potent plewtiapie estokine
} ! i S

pressed e vanous regrons of the brin ' HGE s also
myolved mthe development wid mantenance of cortical
neutons during differentiation. motogenesis, neUrogenesis,
and newronal survival during the development of the rat
cerehbral corten ™ Interestingly . HGE promotes prohiteration
and newronal difterentiation of neural stem cells trom mouse
cmbryos ™ In vives it has also been demonstrated that HGE
promotes angiogenesis in cerebral ischenna m rodents -
without disrupting the blood- brain barrier

From these view points, we speculated that HGE nught plas
& prvotal tole mthe functionad recovers m the chronie stage
ot ischenue isult, and its overproduction could mmprove the
cognitive dvstunction. To clanity dius speculuaton. we trins-
terred the human HGE gene into the bram 7 days after
MCAo. using the hemagglutinating vivus of Japan (HVI-
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envelope vedtor." and examined behaviorul tests. MRIL and
histologieal changes. Hereo we demonstrated that gene ther-
apy delayved Tor as long as 7 days improved outcome trom
ischemic stroke, and HGE is an important growth factor tor
the recovery of cognitive tunction in the chronic stage ol
MC Ao through teconstitution of the neuronal network.

Methods

Preparation of HV J-Envelope Vector

H\ Joenvelope vector was prepared as desernbed previoosly -7 Bretly,
vorus suspenision 1S 000 hemagelutinating antsy was machvatad by
N smadiston (99 mbam v and nused wagh plasiod DN cB0 e and
03 Taton-X. Atler cemtntfugation. 11 wis washied wah 1 oml ot
abanced salt soluton 10 mmol/d. Tos-CLph 7.5 13 mamol]. NuCL
and S mmol/L KCH o remose the deterpent and uincorporated DN A
Atter cemtrifugation. the envelope vedtor waes suspeided 1 100 ml o
PBS. The sector was stored b 34 C unitl use

Construction of Plasmids
Lo procduce an HGE expression vector, human HGE CDNA Q2.2 L
was mserted mto cosimple cubiny otie expression phisand that uses

the ovtome virus provnotersenbiancer < This promoterfentianca

eies e vanety of cell ipes amd
catt be consadendd comstitatine . The comrol sector baed the same
stiscture as the expression sector phsimid. mcluding the promota
but not contamime HGE cDNA Plhismds were punitied with o

QEAGEN plasid solgtion Lt iQuagen)

luis bect used o expross reporter @

Surgical Procedure

Made Wistar rats 1270 10 300 2, Cliades Rover Bapan, Atsugi, Fapan
were wsed mthes stdy, To generate o permancent MO Ao model. the
treht middle cerebral artery (MO wis occluded by placement ol
pody < =lsine-coated 420 nylon around the onem of the MOAL s

desenbed previoush T Ino vive sene transter was performed by

ntracisternal imection as desanbad presoushy 7 By, rats wer
anesthetized wirth hetamime (Siunhyen and awhazine oBasa Lah
HINV T-envelope vector (100 pl ) contamng the human HGE gene was
mtsed ar SO b afer removing 100 gl of cerebrospinal thnd
105 The protcol swas approsad by the Commuattee on the Ethies ot
Ao Experiments mihe Osaia anersity. To evanune transtection
ol the HGE gen w ONFCOSE o100 gl oy was collected 470 B and
21 iy s atter 2ene tanster: The conventration of HGE was deternmimed
Iy ey me smmunoassay using ant-boman HGE antubods dostine
ol fnimumelogy - Tobvos Fapant as descrbed presousds

Protocol for Treatment and Behavioral Tests

Fen rats were only anesthetized Gham operationi. amd 60 rals were
sibpected o MO NG tdas T Based on the newromuscular tuncnon
and body werght exaluated on day 70 the s were divided equally
e control sector-treated e 23 snd HGE-treated ar - 230 groups
Rate showing ae palsy on day 7 o that died betore diy = were
excluded trom the present sty oo 1 Ondiy 35, neuromusaula
tsdton and locoanotor gennany sere esalygated mothe survving raks
e 20 or control vedtor-treated and o 22 1o HGE-treated rats)
Fheno cognmiive tunctnon was examined by Morris witer mase
CMNAD G passive avosdance tash Trom das 36 10 5 Onodiay Y6
MR was pertormed to ovaluate the volume of mbacton

Sensorimaotor Deficit and Locomotor Activity

Although there sne vanous battenies Tor lestimg sensorimotor debicn
weised aosample protocol” o evaluate sensornnoton defiaat, which
used the tollow iy categories masimum score s 4 For torelimb
Hevion rats were held by the b on gt surtace. Paralssis of the
torelimbs was cvaluated by the degree o lett torelimb tlevon Fo
toese twistimg, rels weere beld by the tnl on s tlat surtiee: The degree
o body rotation was chieched. For lateral pushe cats were pushed
cither lett or night Rats with night MOA occlusion showed weak or
Mo resistance aaiist o et push For had lmb placement. one hind

HGE Improves Learning and Memory 743

lumb was reimoved from the surface. Spontanvous lovamston activity
was abwo micisured vz the open Geld test tor 30 mmutes usang an

automated activity bos iMuromechn Ko

MWAL Task

A oxhindoeal tnk L3 i diometer was nlled with water 25 Cu
and o tansparent plattonmn 15 omoin diemcter was placed at o fined
position i the center of 1ot the 4 guadrams (O Hare & Co. Lido, In
the hidden plattonn test. the plattonn was set below the water level.
and 1t wais not seen by the rs. The plattonm was tived at 1 guaddrant.
and the starting point was changed m cach mal. A previous sudy
showed a ditterence i the Litency of reachimy the plattorm until day
6 of the sesston between rats exposad 0 MO0 12 1o 1 weeks
betore and controd rats. 1 the tests were pertomied twiee o day ¢

Bused v the results, we carmed out the tosts twice aday tor 0 day s
It the at could not reach the platfornn, the Litency was setat 60 In
the visthle plattorm test, .ty was placed on the plattorm, which
could be seen by the rats The tests were camed out twice o Jday for
6y o Lo thos il the platforne and the starmmyg pomt were <
m cach wal Throughout the tests, the path ol swimnun
captred by o charge-coupled device video camera and analy zed by
Nattonal Institute of Flealth mage.

Was

Yassive Avoidance Task

Aostepethough bhope of passie avondanoe tash was usad oo the
present study. The appatstus (Medical Agent) consisted ot un
amnated chamber and o dark one. To habituate the rats, they were
placed i the tHummated chamber. and the door was opened s tha
they could enter the dark one: Rats have o hebat of entenng the durk
chamber. because they preter darkness Inan seguisition wil, the
rats were placed i the ilmnated chamber and exposed o b tem A
toot shock when thes entered e dark chamber, Each sl was
conttnved unnl the ra learmaed not toenter the dark Chaiber tor 3k
seconds Tiretention triads, they were phaced mthe thunimated room
Tdavs atter the aoguesation el We evaluated the Litency omuang-

"

i MK of then staving o the dlummated room

Immunohistochemical Study

For lustopathodogie analy sis, other rats weontrol sector-tieated [n=-4]
or HGE-ueated [0 A rats i cach expenimenty were treated the same
ws descnbed above snd cathenized onday T 14000 36, tollowed by

tratiscardial pertuston tivatton with gormal saline tollowed by 4%

paratonmaddelyde. The bran was removed. postiived. cryoprotected.
amd cut on o eryostat at 12 pme Atter blocking. sections were
meabated s 3% pomal soat serume and ante=NEXP2 ¢ TR, mouse
monoslonals Stzma- Aldnch, St Lows, MO GEAP 011000, mouse
monoclomals St Adeche and Cded2 1 1000 mouse monoclon.al.
Sante Cruy Biotechnoloey, Sante Ceuz, C N tollowed by ante-monse
voul Nuorescent antibods L TOO0 tor MAP2 and GEEAP, 1230 tor
Cded 20 Alesa Floar 340, Molecular Probesy For immumostammg of
hman HGE o synaptophy s, secuons sweere treated with 29 H.O
o bloch endogenous perosidase and then wmcobated with an antibody
unst human HGE-@ oHT LG 12800 rabbit polyclonel, hmmuno-
Brolozwal Laboratones. Guonz, Japany or ssnaptophysm ¢ St
mouse monoclongl, Chenmcon, Temecals, CA) at 4 C ON They
were meubated with strepas dim-horseradish perosidase (v ectastan
Elite ABC. Veator Laboraones, Burhingame, CAL and the botim-
streptany idhin-peronadase complen was detected with diminobensi-
dine thuman HGEY o tetameths Ibenzidine Goaneptophy sy peros.

wase substrate soluton (Vector Laboratoresy Negative control
sections trom cach ammel received wdentical preparstions tor nnmu-
nohistochenncal stabmng, exeept that promary antibodies were
omitted

Quantitative Histological Analysis

Fo guantity the immuonoreactivity tor GEAP and sy naptophssin, the
acquired nmage was unported o Adobe Photoshop eversion 7.0,
Adobe Syvatem). The color mage was comverted into o gravsaale
" Fhis was imponted mto Mae SCOPE (verston 2.5, Mitam
Corporaion The region of mterest was set at the per-imbact tegion
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4) ; after gene transfer (11 days after middle cerebral arten u
I intarct region: Pl. pen-infarct region: N, normal region. Bar 100 pm (B through D) Representative images of immunohisto-
1 HGF. (B} P arct reguon in rats transfected with control vector (rectangle area in A}, Bar 50 ym. (C
a t rats transfec 50 pm. (D) Perni-intaret region tr cted with HGF veclor
vhead showed immunopesitive cells 1o hun t I pm
i the cerebral nescortex, The per-mbarct segnon s delined st ey b vesseds s ey zed wath an Angrogencesis hog \ it
arva suntoundimg the leson, which morphologically ditters trom the Ivrer tversion 1O Kutabod,
surroundinge normid tssuae e Bhy part A The number of
P chthe < 23 was connted. lmunoreasc b Statistical Analysis
e A b high ~ Al ot HE ORI SENL ANON A was isad 1
To cdeni | ot . = T :
' ' revsd T ! : bk L 2 L e
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atleulated s [LT-RT-RIL where LT is e area of the Len )
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mbaret arca ' Th Liewton et . . . e i
i T icg Sl - Iransfer of HGE Gene Improves Learning
I LR T | ML is alr Wi . = = 5
and Memory After Cerebral Infarction
Alkaline Phosphatase Staining Tor test for suceesstul sene tanster v the subarachnond space.
For albaling phosphiatase ¢ \PY stining. secuons were sashed the concentiation of human HGE e COSE owas mcasured by
Fos-HOT and incubated tor 30 gmnutes e substeate solution ELISA w7

ninture of naphtol AN-BI phosphate [e-Aldnch] and tast red violet

Sl amd 21 iy s atter gene ranster. As expected.

human HGE could be detected i the CSE of ats tanstected

v coiIisevUlive sedtions in cach ral wen ¢ -
o ‘ ) l: ' —— 11 -:t " A ‘.‘\[_ P "‘ with hunum HGE vector 4 at 7 day s atter gene transter. whereas
s Bt dialE ST o human HGL protein could not be detected incontrol rats thigure
cuin parct regton L, Human HGE protein was detected i the pra nuter i the
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normal region (Figure Th, part Oy as wellas m the pla mater and
parenchyma in the infarct and pen-mbarct region 4 days atter
cene transter using immunohistochemistry (Frgure Th. part Do
Although HE staming at 4 days atter gene transter showed that
the mfarct brain is atrophic in this tming. as reported previous-
Iv. there was no sigmificant difterence between rats translected
with the human HGE
ST S HGE SLO= 334G P value not sigmificant).

T'o confirm the severity of cercbral mtarction, all of the rats
were examined by T2-werghted MRLon day 96 Although the
total volume of infarcuon caleulated i T2-werghted mages
was not different between rats tamstected with the human
HGE gene and control vector (higure 2. the pattern ol
cercbral infarction was divided imo 3 groups: (1 tvpe A

e and control vector wwontrol vectn

hieh-intensity area seen i the dossolateral and Taeral por-
tons of neocortex and the ennire candoputamen: (21 ype B,
Tneh-mtensity arew seen i the dorsolateral and Taeral por-
tions of neocortey and i part of the caudoputanen; and (3
type O high-intensity area seen m part of the lateral neocor
ten and caudoputamen ckigore b I tvpe Comost part of

Lateral neocortey was mtact

a
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O
oy i
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] —o— HGF
= 20 l ool —2— sham
T
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S 05
s |1 |nag. | |n.d. nd.
0 7 55

DAY

Figure 3. Learning and memory in the chrome stage of ce

rats subjected to middle cerebral anery occlusion hardly reached the

transfected HGF vector could reach faster than that cf centrol ve
latercy of rats staying in the iunminated chamber was calculated
rats. There is ro sensonmotor deficit in sham-cperation rats in
trol vecter (n=20): HGF. rats transfected vath HGF vector (n=2
‘P- 0.05 vs Centrel

)

HGF Improves Learning and Memory 745

In the Tudden plattorm test ot MWAL which examined
spanial Teaming and memory. the lateney i rats transtected
with control vector was markedly longer as compared with
<ham-operated rats, and the Tateney n rats transtected with
HGE vector was significantly shorter than that of tats trans-
tected with control vector (Bigure 3an There were no ditter-
ences both in swimming speed and visible plattorm test.
which excluded the possible intluences of visual Toss, senso-
pmotor deficit. and motivation on the results. between rats
tanstected with control and HGE vecror data not shownn.
Thus. spatial leaming and memory partly. but signiticantly.
reconered inrats ranstected with HGE vector, In the passive
avoidance sk, which was used o measure associated learn-
my and memory, U the retention of memory was longer in rats
transtected with the HGE vector (Figure 3b which demon-
sinated o trend toward significance (ff - DO33) Sensonmotor
deticit and Tocomotor activiny were abso tested. because they
have some miluence on tests of cogmtive tuncion. ™ Sensori-
motor defion had spontancously recovered o some extent by

day 33 both groups, and there was noditterence between the

b

350
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200 Control vector
HGF

150
I Sham

Latency (s)

100

50

9000
8000 - L

7000

Counts/ 30 minutes
g

o WE—
Control vector HGF

Sham

yal infarchon @) Hidden platform test in MWA testn all rats. Although
hidden platform as compared vath sham-operated rats. rats

v (b) Retention tnal in passive avoidance task in all rats. The

1 Sensonmotaor deficit and (d) spontanecus lccomotor activity in all
ishown as “n.d } Control vecter indicates rats transfected with con-
Sham, sham-operated rats (n=10). P 0.05. "P- 0.01 vs Sham,
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Figure 4. {a) Volume of infarcticn in type A rats. (b) Hidden platform test in MWM test in type A rats. (c) Retention tnal in passive avoid-

ance task in type A rats. Contrel vecter indicales rats transiected vwath centrol vector (n
101, "P-0 05, P-:0.01 vs Sham, 'P

in 171, Sham, sham-operaled rals (n

2 groups (Figure ek Locomotor setivity of rats subjected 1o

MO A0 was mcreased as companed with sham-operated rats, as
desenbed betore but there wis no difference i rats tmnsfected
with control and HGE vector thivure 3d)

T'ooexclude the intluence ot the pattern ot cerebral it
tion om the cogmtive function, we additionally tocused on
tvpe A rats, The volume of cerebral infarction i type A\ rats
was not ditterent between rats tanstected with human HGE
eene and control vector (Figure dan Even tvpe A rais
tanstected with HGE vector showed the improvement i the
learmmg and memory in MWA rest cbigure b Ao, ras
tanstected HGE vector showed the significantly fonger retention
of memony i the passive ivordance task thizuse Ao Tape A
vats showed no sigmificant ditterence i sensormotor deticnt
and Tocomotor actvaty (datia not shown,

These data supported the results that e the MW and
passive wvoldance sk were not influenced by the senson
motor amd locomotor activiey and the volume and pattern ot
cerchial anturction. Overadl. these data suggest that rais
transtected with HGE vector nuumtain thew memory longer as

compured with those tumstected with control vector.

15); HGF, rats transfected with HGF vecior
0 05 vs Control

HGEF Enhances Neuritogenesis and Synaplogenesis
Fovexamne whether HGE iduced neuntogenesis andfor svnap-
togenesis, we Tocused on Cded20 which belongs 1o the Rho
tamuly o G Pases and has positive eltects on nearoml provess
extenston. and synaptophysine which s used as presynaptic
marhers and sviptogenesis 0 According o previons reports
that the newronal process extension oceurred untl 14 duys
isvhemia™

atter tocal cerebral and synaptogeness e the

Chrome stage of the ainsult™ we measured the immunoposi-
tve cells agamst Cded2 an day 14 and synaptophy s at day
36, Although the number of Cded2-positive neurons was the
i buth the

per-mtarct region i the neocorten of rats manstected wath

same the contralateral neocortes i groups,
the HGE vector showed o significant mcrease in the number
of Cde-2ammunoreactive cells (Figure Sa and 3bi, Ao, the
mmunoreac vty ot synaptophysine was sigmticantly -
creased ab day 56 a0 rals transtected with the HGE gene.

especially e the penantarct region chieure 3¢ and 3dy

HGEF Prevents Glial Scar Formation
Fhens we investigated whether HGE S had

astrocs tes, because the neuron=glic mteraction is also unpor-

mtluences on
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Figure 5. (a) Rep

vector. The num
of rats transfected w
ic) Typical images
of synaptophysin. In the pen-infarct region.
vector indicates rats transiected with control vector (n -4): HGF
Bar

in lmuﬂoruhm‘.u for Cdc
ith HGF vector. |, infarct region

tant tor geuroprotection or neurttogenesis.
activiy ol

Ihe immunore
GEAP was increased on days 14 and 56 10 the
pert-intarct region i both groups. and the inumunoreactivity
o day 14 was signiticantly higher i rats ranstected wath
HGE vector (Figure 61, In contrast. the fewer immunopositive
cells against GEAP could be detected i rats transtected with
the HGF

vector thigure 6)

veetor on day 36 as compared with the control

Because some viral vectors, such as adenovial vector.
cutise diftuse encephalosentriculis and substantial Jeukoen
cephalopathy . we also performed hematoxylinfeosin st
ing 1o examme the intlammation. As expected. there was no
inflammatory Ivmphocste infiliraton in HGE and control
vector -ranstected

rats compared with sham-operated  rats

(data not shown

HGFEF Increases Microvessels

in the Peri-Infaret Region

Finally. the anernes i the pert-intaret and contiadatesal region
were abso examined using ALY staining on days 14 and 56 In

the peri-intarct region. on day 36, arteries were significantly

cal staining for Cdc42 con day 14in
vas signific
(b) Ox_.u litative analys
{ immunochistcchemical staining for 5‘,1‘3;110;:!‘,‘5”‘- on day 56 (e)
the immunocreactivity was
rats transfected with HGF vector (n
100 um. PI, peri-infarct region in neocortex: C, contralateral region in neccortex.
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P1 c

rats transfected with control and HGF

intly increased in the pyramidal neurons in the peri-infarct region (%)

is for Cdc2-immunoreactive cells in peri-infarct region {#)

(d) Quantitative analysis fer the immunoreactivity
eased in rats treated with HGF gene. Control

1). ‘P--0.05. "*P--0.01 vs Control

significantly incre

mcreised inoras ransfected with HGE vector s compared

with control vector (Figure Tan Consistently, quaniitative
amlysis showed an increase i the area and length of arteries
on day 56 in the peri-intaret region in rats transtected with
HGI tFigure 7b and Tei. Of
contralateral region. there was no difference between the
vroups on davs 14 and 56 (Figure 7b and 7.

vector importance. i the

Discussion
Distuption of bload tTow 1o the brain initiates a cascade of
events that produces neuronal death and leads to neurological
dystunction. From this viewpoint. we and others have re-
ported that pretreatment with nevrotrophic factors, such as
FGE and HGE.

However. considering their chimcal applicauon, pretreatment

his beneficial effects to prevent brain njury.
with neurotrophic factors might not be feasible. Unforiu-
few reports have revealed beneticial effects of treat-
ment after intarchon,

Il.llL‘l_\A
To develop new therapeutic strategies
to treat brain intarcuon, in this study. we examined the ettects
of anverexpression of HGE after intarction. because HGE has

uniue actions in the central nervous system. as (1) o survival
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Figure 6. (a) Representative images of immunohistechemical staining for GFAP in ipsilateral neacortex on day 14 and 56 in rats trans
fected with control and HGF vector. Positive staining for GFAP was increased on day 14 and decreased on day 56 in the peri-infarc

region (¥} in rats transfected with HGF vector. | indicates infarct region (n - 4 in each group: bar=100 um.} (b) Quantitative analysis of
immunoreactivity for GFAP in neocertex. Pl. peri-infarct region in neccortex; C, contralateral region in neccortex. Control vector, rats
transfected with control vector (n=4): HGF. rats transfected with HGF vector (n 4). *P--0.05, **P--0.01 vs Control.

factor for embryonic motor neurons: (23 a stimulatory tactos
for the differentiution. survival, and axonal outgromth of
sensory and sympathetic neurons: (3) o neurotrophic factor ™
and (4 @ potent angiogenic growth tactor. =" The present
study demonstrated that overexpression of HGE resulted in
sienificant improvement ot the results i MWM and the
passive mvoidance sk on day 36, without any difterence in
intaret size and pattern. This study demonstrated than reat-
ment with HGE  postintarction aimproved  learning  and
memory.,

Interestingly . the overespression ol HGE did not act on the
disubility of sensorimotor function and locomotor activity.
I'he discrepancy of the recovery between the sensortmotor
and cognitive functions has also been reported recently . The
authors reported that the functional recovery was observed
not i the cognitive function but i the sensorimotor deficis
when MHP36 stem cells were grafted into the cercbral
parenchyvima, whereas only spatial Jearning was improved
rats with intraventricular grafts.® Although the reason why
the diserepancy wins caused was unclear in the present study.
we speculate that the functional recovery might be dependent
on the Kind ot growth fuctor or the route of administration
becuuse of the different mechanisms in recovery from senso-
rimotor and cognitive deficits, Because the improvement of
the sensorimotor deticits 1 also mmportant, additional study
in necessary 1o achieve the improvement ot sensormmotor
deticns,

I'he region where the significanmt histological difference
wis observed was the peri-infuret region. which was the
border region between the frontal and parietal corten, Be-
caune the neocortex was also an important site tor learning
and memory. ' we speculate that the functional recoven
enhanced by HGE is dependent on that region in the present
study. In tact, both the immunohistochemical analysis for
Cde420 synapophysing and GEAP and the ALP staining

revedled stgnificant differences in that region. Cded2 belongs
o the Ras supertamily of small GTPases and is expressed in
hippocampus. cerebellum. thulamus, and neocortex m the
rats. 4 I general. Rac and Cde-2 have positive etfects on
process extension. whereas Rho has o positive eftect on
process retraction. HGE activated Cde42. concomitant with
the tformation of filopodia and Tammelipadia. in epithelial
cells A although it was not sl demonstrated in neurons,
Considering that the immunoreactivity for Cde42 in pyram-
il neurons. which possess a high density of cholinergic
terminals A was enhanced at dav -4 the reconstitution ot the
neural network through neurite extension, so-called “neurito-
genesis.” might be i progress at the early stage of HGE gene
treatment. Also, the immunoreactivity ot the presvnaptic
marker synaptophysin was increased at day 36 1n rats treated
with the HGE gene. which implies that the neuritogencesis
resulted in the formation of new synapses.™ * These results
suggested that HGE enhanced neuritogenesis and svnapto-
senesis, which might contribute 1o the recovery of cognitive
dy stuncnon.

The association of neurogenesis s abo the center ol
interest. because HGE s mmvolved i the development and
maintenance of cortical neurons during ditfferemiction and
motogenesis i the neocortex.™ In general. adult neurogen-
esis i the neocortex is sl controversial. ¥4 1 is also
unclear whether adult neurogenesis oceurs in the neocortex in
ris atter tocal cerebral ischemiu, because Jiung et al™
showed the existence of neurogenesis. but Zhang et al®7 tailed
o detect neuronal nucler and 5-bromodeoxyuridine double-
labeling cells in the neocortex. In the present study, the fact
that the volume of infarction was not decreased by transtec-
tion of the HGE gene and the density of matured neurons
assessed by immunohistochemistry for NMAP2 was not difter-
ent date not shownj implied that neurogenesis was not
related o the functional recovery
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b and ¢) Quantitative analysis of area (b) and lergth (c) of blood vessels. Pl. pen-infarct region: C. contralateral reqion, Control vecter
rats transfected with control vector (n ). HGF, rats transfected with HGF vector (n 4, “P-20.05 vs Centrol

Figure 7. ia) Typical images of ALP staring in ipsilateral necc
~ AT

Another possible: mechanism s it exogenoushy added the relatonship between the improved nncrocuculistion and
HOGE would ansiently acosate astrocyvtes and induce the Behavior s sall unclear. o recent eport demonstrated tha
production ot other neurotrophic Lictors, resulting in the restoration of pertusion by collateral crowth and new capil-
promotion of neuritogenesis. In fact, mmunoreactivigy toy Linies i the ischemic border zone around a cortical intarct
GEAP sas icreased onday 14 but decreased onday 36 10 the supported long-term functional recovery i rats Addition-
contrary, Simitlar results were also observed in the recent ally. others veported that some patients who receinved tissue
teport showing the effectiveness of forced arm use and plastnogen activator therapy with no immediate clinical
bram-dens ed neurotrophic tactor m MO N0 A recent study nnprovement mospite of early recanahzation showed delayved
shoswed that the actvated astrocy tes possess guahities that will himcal improvement.™ From the viewpomts, it s likely tha
promuote neuronad surv i al and regeneration. and they do not the mmprovement ot microcirculation s an amportant tactor
by themsehves. produce mbabiory extracellular muatni, tor the tunctional recovery. Although addional study s
whereas reactivated astroovtes stimubated by eviokines, i necessary. the improvement of microcireulation by HGF
Cluding interleukin Th, mterteron . wnon necrosis factor a. mught be an alternative mechanism to improve learming and
and transtorming growth tactors, contribute o the glial e menory.
tornaton. whch ihibit neuranal survinval or regencration. ™ Ihe mtluence of HGE on cerebral edema s another imponam
Iowas also demonstrated that exogenous HGE regulated tssue. I peneral, the peak of cerebral edenn s 3 dans, and a
c-Met expression in cultured astrocstes and might induce stmticant decrease is 7 day s atter permanent MCAo m s
other neurotrophic factors trom activated astrocstes® Thus, Mrenwand. the intaret bram becomes atrophie.® In the present
s Dikeds that the ettect ot HGE was divect action and/on study . the mtarct region was atrophie mons tanstected with the
ditect acton via neuron - el mieractions on neurtegencsis, HGE cene. as well as the contiol secton, and there was no

Fhis study also revealed an imcrease m mictovessels only sizmticant ditference in the volume. Thus, HGE gene transter
i the peri-mtarct region but not m normal regions. Although did not exacerbate the cerebral edema. Considenng that VEGF
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evacerbated cerebral edemie® HGE nnght be sater than VEGE.
Additional study is necessany o compane The ettectiveness of
HGE 10 other growih factors

Fhe wmount of HGE produced by this method (0.1 10 0.4
ne/mboas relatively Jow because of the Timted transtected
celis i the surface braan amd ischenmie region. as compared
with that of previous reports ~howing the eftectiveness ot
tecombimant human HGE protem tor the cerebral ische-
mia, 7 Nevertheless, this Jow

concentration might be
enough to have the benehicnl eftects. because HGE ehiented
surviving neurotrophic ettect at 0.5 10 1 ng/mb. i primary
cultured hippocampal newrons' and enbanced neunite exien-
ston at 0.1 1w 1000 nN (.1 o 100 ng/mbo e neocortical
explant ™ Indeed. several previous wncles demonstrated thin
the similar amount of HGE produced by sene transter showed
the neurotrophic and/or angioseme properts m several exper-

unental rodent muodels 7077

*t Because the higher concen-
tration of HGE v more eftective tor survival and neunte
extension in m vitro study T several mpros ements, such as
maditication of the HVI-envelope vector and HGE plasmid.

are required o achieve better outcome

Perspectives

Onverall the present study 1s the tiest 1o demonsirate that HGH
vene therapy delayed tor as fone as 7 davs improved the
outconte from ischemic stroke throush the reconstitution ot
the neuronal network and improvement i the microcircuba-
non. In chinical uses the present study maght be attractive o
support the application of HGE for the neament of the
patients e the chronic stage ot bram ntarction. Aldthough
most of the previous reports demonstrtted the effectiveness
o1 zrowth tuctors betore the msult or withm several hours ot
the onset by the mhbition ot apoptosis and extension ot the
schemic leston 202020 e ditticult o admimster them
tnme inomost patients, Addionally, some patients improve
therr cognitive dystunction spontancoushy withim several days
atter cerchral infarction. Also. the mtracisternal injection is
oo difficult m the acute stage of cerebral intarction, because
it 1y possible that the brim edema s worsened by intracister-
nal mjecton itsell. In contrast, the present study is more
closed 10 the real clinical snuation for the treatment of the
patients with chronie brain stroke. Although additionul study
s necessary o determime whether other growth fuctors e
ctiective or not i the chrome stage. vene therapy using HGHE
may provide new therapeunic options tor treatment atter

verebral ischemin.
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