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Am J Physiol Cell Physiol 288: C253—C259, 2005. First published
September 29, 2004; doi: 10.1152/ajpcell.00014.2004.—Amyotrophic
lateral sclerosis (ALS) involves the progressive degeneration of motor
neurons in the spinal cord and the motor cortex. It has been shown that
15-20% of patients with familial ALS (FALS) have defects in the
Sodl gene, which encodes Cu,Zn-superoxide dismutase (SOD). To
elucidate the pathological role of mutated Cu.Zn-SOD, we examined
the issue of whether mutated Cu.Zn-S0D affects the cell cycle. Mouse
ncuroblastoma Neuro-2a cells were transfected with human wild-type
or mutated (G37R, G93A) Cu,Zn-SOD. Mutated, Cu,Zn-SOD-trans-
fected cells exhibited marked retardation in cell growth and Gy/M
arrest. They also displayed lower reactivity to phalloidin, indicating
that the cytoskeleton was disrupted. Immunoprecipitation, two-dimen-
sional gel electrophoresis, and Western blot analysis indicated that
mutated Cu,Zn-SOD associales with actin. Similar results were ob-
tained by in vitro incubation experiments with purified actin and
mutated Cu.Zn-SOD {G93A). These results suggest that mutated
Cu,Zn-SOD in FALS causes cytoskeletal changes by associating with
actin, which subsequently causes Gz/M arrest and growth retardation.

amyotrophic lateral sclerosis; copper; zinc superoxide dismutase;
Go/M arrest; neurodegenerative disease

AMYOTROPHIC LATERAL SCLEROSIS (ALS) is a neurodegenerative
discase characterized by the selective and progressive dysfunc-
tion of motor neurons initiated in middle-aged adults (1). The
pathology of the disease results from the death of lower motor
neurons in the brainstem and spinal cord and upper motor
neurons in the cerebral cortex. Approximately 5-10% of ALS
cases are familial ALS (FALS), and among FALS cases,
15-20% have been linked to autosomal dominant inheritance
of mutations in Cu,Zn-superoxide dismutase (Cu,Zn-S0OD)
{10, 30). Cu,Zn-SOD functions as an antioxidative enzyme that
catalyzes the conversion of O - to hydrogen peroxide, which is
further detoxified by other antioxidant enzymes such as cata-
lase and glutathione peroxidase. More than 100 types of
mutations in Cu,Zn-SOD, which comprises 153 amino acids,
have been reported to be associated with the FALS (10).
Although some FALS-related mutants show reduced enzy-
matic activities, many retain full activity (26). Furthermore,
transgenic mice that have FALS-associated Sod! mutations
develop FALS-like symptoms despite elevated Cu,Zn-SOD

activity, suggesting that the disease is not caused by the loss of
normal enzymatic activity (15). Thus the motor neuron dys-
function observed in FALS is generally thought 1o be due to the
newly acquired neurotoxicity of mutant Cu,Zn-SOD. Several
hypotheses have been proposed to explain this toxic gain of
function of mutated Cu,Zn-SOD in FALS (6, 18, 19, 29), For
example, oxidative stress produced by aberrant catalysis (13,
36), abnormal Cu chemistry (26), decreased glutamate metab-
olism (6), and increased cytoplasmic aggregation (7, 11, 18,
20, 26, 29) have been studied in the setting of mutated
Cu,Zn-SOD. However, the precise mechanism of pathogenesis
is not understood.

A pathological hallmark of both sporadic and familial ALS
involves the abnormal accumulation of cytoskeletal proteins
such as neurefilament, tubulin, and actin in the perikaryon and
axon of motor neurons (12, 17, 19, 31). Recent studies have
reported that these cytoskeletal changes induce slowing of
axonal transport in mutated Cu,Zn-SOD transgenic mice (37).

Previous reports demonstrated that the abnormal regulation
of mitotic proteins and an aberrant cell cycle have been
observed in neurodegenerative diseases, including Alzheimer’s
disease and ALS. In those studies, it was suggested that cell
cycle signaling may affcct the neuronal death pathway (25, 33).
Thus we hypothesized that the cell cycle might be affected by
mutated Cu,Zn-SOD in FALS.

In this study, mouse neuroblastoma cells were transfected
with mutated Cu,Zn-SOD. The mutated Cu,Zn-SOD transfec-
tants grew at a much slower rate than the wild-type transfec-
tants or mock transfectants, and G2/M arrest was observed in
the mutant transfectants. As evidenced by confocal micros-
copy, cytoskeletal destruction occurred in the mutant transfec-
tants. The issue of how mutated Cu,Zn-SOD affected cytoskel-
etal components was examined.

MATERIALS AND METHODS

Cell culture and transfection. Neuro-2a (N2a) cells, a mouse
neuroblastoma ¢ell line, were grown in DMEM (Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum. Mutated Cu,Zn-
SOD ¢DNA, designated G37R and G93A, were constructed using
site-directed mutagenesis with a wvracil template as described previ-
ously (14). The DNA fragments were ligated to a mammalian expres-
sion vector, pcDNA3.1/Zeo (Invitrogen, Carlsbad, CA), which was
regulated by the cytomegalovirus promoter. The resulting plasmids
were transfected into N2a cells using Lipofectamine reagent (Life
Technologies/Invitrogen) according to the manufacturer’s instruc-
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--human Cu, Zn-SOD
-- mouse Cu, Zn-SOD

mock WT G37R G93A
Fig. 1. Characterization of human wild-type and mutated Cu.Zn-superoxide
dismutase (SOD) tn transfectants of Neuro-2a (N2a) cells, a mouse neurcblas-
toma cell line. Cell lysates (10 wg) were subjected to 15% SDS-PAGE and
subsequent Western blot analysis using an anti-human Cu,Zn-SOD antibody.,
Meck, mock transfectant; WT, wild-type Cu,Zn-S0D transfectant; G37R,
G37R-mutated Cu,Zn-SOD transfectant; G93A, G93A-mutated Cu.Zn-SOD
transfectant.

tions. Selection was performed in a2 medium that contained 1.0 mg/ml
Zeocin (GIBCO-BRL/Invitrogen), and, after a 2-wk incubation, sev-
eral stable colonies were isolated.

Western blot analysis. N2a cells were lysed in buffer [20 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA. 1% (wt/vol) Nonidet
P-40, 1% (wtfvol) Triton, 10% (wtvol) glycerol, 5 mM sodium
pyrophosphate, 10 mM NaF, 1 mM sodium orthovanadate, 10 mM
3-glycerophosphate, and | mM dithiothreitol (DTT)] with protease
inhibitors. Protein (1¢ ug) was subjected to 15% SDS-PAGE. For
Western blot analysis using an anti-Cu,Zn-SOD antibody, the proteins
were transferred 1o nitrocellulose membranes (Schleicher & Schuell,
Keene, NH}. The blots were blocked with 5% skim milk and 2% BSA
and then probed with goat anti-human Cu,Zn-SOD (2). After incuba-
tion with a peroxidase-conjugated secondary antibody, immunoreac-
tive bands were visualized using an enhanced chemiluminescence kit
(Amersham Biosciences, Piscataway, NJ).

Cell growth curve. Equal numbers (5 X 10%) of mock, wild-type,
G37R, and G93A Cu,Zn-SOD rtransfected cells were plated onto
six-well tissue culture dishes, and the cell number was determined by
hemocytometric counting at 0, 1, 2, and 3 days after cell plaing.
Triplicate plates were used for each time point (22).

Determination of cell cycle by image analvsis. The relative number
of cells occupying a particular state of the cell cycle at a specific time
was obtained by staining cells with the DNA intercalator propidium
iodide (5 pg/ml), Stoichiometric binding resulted when the cells were
fixed in cold 70% ethanol for at least 6 h, followed by two washes
with PBS and incubation with 100 j.g/m] RNase for 30 min at 37°C
and two additional washes with PBS (22). Single-parameter histograms
were generated by analyzing the cells on a FACStarPlus flow cytometer
(BD Biocsciences Immunocytometry Systerns, San Jose, CA).

Confocal laser scanning microscopy. Cells grown on glass-bottom
dishes were fixed with 2% paraformaldehyde-PBS for 10 min on ice.
Cells were rinsed in PBS and then treated with 1% saponin for
membrane permeabilization. The cells were incubated with 100 ng/ml
of tetramethyl rhodamine isothiocyanate (TRITC)-labeled phalloidin
(Sigma) or FITC-labeled anti-tubulin antibody (Sigma} for 2 h at
room temperature. After washing with PBS with 0.05% Triton five
times, the cells were analyzed using confocal laser microscopy. To
identify the nuclei, cells were stained with propidium iodide, the size
of the nuclei was measured through the microscope, and the image
was processed digitally using an eight-bit image analyzer {(NIH Image
software, version 1.63).

Immunoprecipitation, two-dimensional gel electrophoresis and
Western blotting. For the immunoprecipitation of Cu,Zn-SOD or
actin, whole cell lysates were incubated with 4 g of goat anti-human
Cu,Zn-5CD antibody or mouse anti-actin antibody (Sigma) and 15 pul
of protein G-Sepharose 4 Fast Flow (Amersham Biosciences) for 12 h
at 4°C (32). For two-dimensional (2-D) gel electrophoretic analysis,
immunoprecipitates were incubated with immobilized pH gradient
(IPG) buffer {§ M urea, 2% {wtfvol) 3-([3-cholamidopropyl]dimeth-
ylammonio)-2-hydroxy-1-propanesulfonate, 0.5% (vol/vol) carrier
ampholyte, pH 3-10, 10 mM DTT, and a trace amount of bromophe-
nol blue} for 4 h, After the samples were centrifuged, the supernatants

MUTATED Cu,Zn-S0D ASSOQCIATES WITH ACTIN

were subjected to isoelectric focusing using the IPGphor system
(Amersham Biosciences) and a 7-cm IPG strip (pH range, 3-10). The
IPG strip was then applied to an SDS-PAGE gel (10 or 15%). The gels
were subjected to silver staining using the Silver Stain IT kit (Daiichi Pure
Chemicals, Tokyo, Japan). Western blotting was performed as described
above using an anti-Cu,Zn-SOD antibody or an anti-actin antibody.

Purtfication of Cu,Zn-S0D produced from $f21 cells, Recombinant
Cu,Zn-S0D was isolated from Spodoptera frugiperda 21 (Sf21) cells
as described previously (34). Briefly, wild-type and mutated Cu,Zn-
SOD expression vectors were transfected into Sf21 cells o produce a
recombinant virus. For the production of active Cu,Zn-S0D, aqueous
solutions of CuCl> and ZnCl, were added directly to the medium until
reaching a concentration of 1 mM after viral infection. Infected cells
(n = 4 X 108) were lysed at 4°C in a hypotonic bufier containing 2.5
mM potassium phosphate, pH 7.4, 1 mM benzamidine, and 0.1 mM
p-amidinophenylmethanesulfonyl fluoride (Wako Pure Chemical In-
dustries, Osaka, Japan). After homogenization and centrifugation at
100,000 g for 1 h, the supematant was subjected to a DES2 ion
exchange column chromatography (Whatman, Brentford, UK) in 2.5
mM K™ -phosphate, pH 7.4. Bound proteins were eluted with a linear
gradient of K*-phosphate from 2.5 to 200 mM. To further purify the
enzyme, column chromatography was performed on a hydroxyapatite
type I column (Bio-Rad, Hercules, CA) with a liner gradient of
K~*-phosphate from 10 to 500 mM using Akta Explorer 10s (Amer-
sham Biosciences).

Assay of actin pelymerization. An actin polymerization assay was
performed in the presence and absence of Cu,Zn-SOD using an Actin
Polymerization Biochem kit (Cytoskeleton, Denver, CO) according to
the manufacturer’s instructions. The samples also were examined by
performing immunoprecipitation with anti Cu,Zn-SOD antibody fol-
lowed by Western blotting using anti-actin antibody.

Stavistical evaluation, Differences among mean values were deter-
mined by performing one-way ANOVA with Fisher’s multiple-com-
parison test. P < 0.05 was considered statistically significant.

RESULTS

Establishment of N2a clones stably expressing wild-type or
mutant human Cu,Zn-SOD. N2a cells were stably transfected
with wild-type or mutant Cu,Zn-SOD (G37R, G93A), and five
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Fig. 2. Growth curves for wild-type or mutated Cu.Zn-8OD-transfected N2a
cells. Equal numbers (1 = 5 X 10° celts} of mock, wild-type, G37R. and G93A
Cu,Zn-SOD-transfected cells were plated onto 6-well tissue culture dishes and
incubated in DMEM containing 10% FBS. Cell numbers were determined by
hemocytometric counting at 0, 1, 2, and 3 days. Each data point is the average
of 4 independent experiments. *P < 0.05 vs. wild-type Cu.Zn-SOD transfectant.
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Zeocin-resistant clones were selected for each cell type. As
shown in Fig. |, the expression levels of Cu,Zn-SOD were
verified by Western blot analysis. The upper bands are human
enzymes, and the lower bands are endogenous mouse enzymes,
as judged by the molecular mass. Because we could not obtain
high-expression clones for G93A, the data with indicated
clones in Fig. | are shown in subsequent figures.

Cell growth arrest in mutant Cu,Zn-SOD-transfected N2a
cells. When cell growth was examined, marked inhibition in
cell growth was observed in G37R and G93A Cu.Zn-SOD-
transfected cells compared with wild-type Cu,Zn-SOD- and
mock-transfected cells (Fig. 2). Wild-type Cu,Zn-SOD trans-
fectants showed a growth curve that was similar to that of the
mock transfectants. We further determined the cell cycle by
conducting flow cytometric analysis. After subconfluent cells
were incubated in medium with or without 10% FBS for 48 h,
the cells were stained with propidium iodide and subjected to
flow cytometric analysis. As shown in Fig. 3A, no significant
differences were found among mock, wild-type, and mutant
Cu.Zn-SOD transfectants in the Gy/G, and S phases when
grown in a medium containing 10% serum. However, a higher
percentage of G37R or G93A Cu,Zn-SOD transfectants was
found in the Go/M phase than with the mock or wild-type
Cu,Zn-8OD transfectants. When the cells were subjected to

A Gu/Gh s Ga/M
60
50| e l. ]
I "l
w N
£ 3
20 . .
10
0

m WTG37RG33A m WT G37RG93A m WTG37R G93A

B Ge/G- s

gl

m WTG3I7TRGI3A m WT GITRGI3A m WTGI7TR GI3A

Fig. 3. Cell cycle analysis of wild-type and mutated Cu.Zn-SOD-transfected N2a
cells. Cells were incubated in DMEM containicg 10% FBS for 1 day and then
incubated with or without serum for an additional 48 h. Cell cycles were
determined by staimng with propidium iedide and by performing flow cytometric
analysis. A: cells incubated with DMEM containing 10% FBS. &: cells were serum
starved for 48 h, m, mock transfectant, *P < Q.05 vs. mock transfectant.

Ga/M
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Fig. 4. Determination of cytoskelelal changes in wild-type and mutated
Cu.Zn-SOD-transfected N2a cells. After cells were serum starved for 2 days.
they were fixed with 2% paraformaldehyde. Florescent images are shown with
tetramethylrhodamine isethiocyanate (TRITC)-labeled phalleidin and FITC-
labeled anti-a-tubulin antibody. A: cells stained with TRITC-labeled phalloi-
din. B: cells stained with FITC-labeled a-twbulin antibody {(green) and pro-
pidium iodide (red) to identify nuclei. mock. mock transfectant.

serum starvation, the difference became more obvious; a
higher percentage of mock and wild-type Cu.Zn-SOD trans-
fectants was found in the Gy phase compared with the G37R or
G93A Cu.Zn-SOD transfectants, whereas a higher percentage
of the mutant transfectants was found in the G»M phase
compared with mock or wild-type transfectants (Fig. 3B).
These results suggest that G»+/M arrest occurred with the G37R
or G93A Cu.Zn-SOD transfectants.
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Fig. 5. The size of nuclei in wild-type and mutated Cu.Zn-SOD-ransfected
N2a cells. After serum starvation for 2 days. the cells were stained with
propidium todide to identify the nucleus, After 100 cells from each culure
were randomly collected, the size of the nucleus per cell was measured through
the microscope and the image was processed digitally with an 8-bit image
analyzer (NIH Image version 1.62). The line in each column indicates the
mean value. mock, mock transfectant.

Loss of actin polymerization in mutated, Cu,Zn-SQD-trans-
fected cells. One of the characteristics of the cytoskeletal
structure in the M phase is the formation of a contractile ring
by actin filaments. The G2/M arrest observed in mutant trans-
fectants prompted us to examine whether these cells could
contain structurally modified actin. Afier 2-day serum starva-
tion, polymerized actin fiber was stained with phalloidin and
analyzed using laser scanning confocal microscopy. As seen in
Fig. 44, the G37R or G93A Cu,Zn-S0D wransfectants dis-
played less reactivity to phalloidin than did the mock or
wild-type transfectant controls. Such lower reactivity was ev-
ident not only in the dendritic processes but also in the cell
surface (Fig. 44). This evidence indicates that a decrease in

wT
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143
Fig. 6. Two-dimensional (2-D} gel electrophoretic pattern
of wild-type and mutated Cu,Zn-SOD-transfected N2a 97.4
cells. A: whole cell lysates (50 pg) of wild-lype, G37R. and 66
G93A Cu,Zn-SOD transfectants were subjected to 2-D gel 48
electrophoresis and silver staining. 8: samples were immu- 20
noprecipitated with an ani-Cu.Zn-SOD antibody and sub-
jected to 2-D gel electrophoresis and silver staining.
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whole cell lysate

actin polymerization occurred in the mutated Cu,Zn-SOD
transfectants. Because tubulin govems the location of the
cytoplasm, we next stained the cells with an anti-ce-tubulin
antibody. As shown in Fig. 4B, there were not clarified changes
among mock, wild-type, and mutated Cu.Zn-SOD transfectants
in o-tubulin immunoreactivities, but some cells with two
nuclei were observed in the G93A and G37R Cu,Zn-SOD
transfectants. The cells were stained with propidium iodide to
determine the area of the nucleus. Fig. 5 indicates the size of
the nucleus per cell in each of the transfectants. The mean
valucs of the size of mutant transfectants were almost twice
those of wild-type Cu,Zn-SOD or mock transfectants, suggest-
ing that M-phase arrest can occur in mutant-transfected cells.

One of the mutated Cu,Zn-SOD-associated proteins is actin.
To examine the changes in cellular protein in the mutant
transfectants, 2-D gel electrophoresis was performed. As
shown in Fig. 6A, significant differences were not found
between the wild-type and mutant Cu,Zn-SOD transfectants
when a whole cell lysate was examined. However, when the
cell lysate was immunoprecipitated with an anti-Cu,Zn-SOD
antibody and subjected o 2-D gel electrophoretic analysis,
several protein spots with molecular mass of ~40 kDa were
found only in mutated Cu,Zn-SOD wransfectants as shown in
Fig. 6B. Because the molecular mass of actin s ~43 kDa, we
assumed that one of the spots might be actin. To identify the
spots, similarly prepared gels were subjected 1o Western blot
analysis using an anti-actin antibody. Actin-positive spots were
observed in the G37R and G93A transfectants but not in the
wild-type transfectants (Fig. 7A4). The samples were next im-
munoprecipitated with an anti-actin antibody and subjected to
Western blot analysis using an anti-Cu,Zn-SOD antibody, the
reverse of the former experiment. As shown in Fig. 78,
stronger signals were detected in the G37R and G93A Cu.Zn-
SOD transfectants than in the wild-type transfectants. These
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results suggest that mutated Cu,Zn-SOD has a greater tendency
to associate with actin protein.

Mutated Cu,Zn-SOD directly associate with actin in vitro,
To determine whether mutated Cu.Zn-SOD directly suppressed
actin polymerization, we purified wild-type and mutated
Cu,Zn-SOD in a baculovirus insect cell system and performed
an actin polymerization assay. In this assay, we found that both
wild-type and mutated Cu,Zn-SOD did not prevent actin po-
lymerization (data not shown). We then performed in vitro
incubation of actin and Cu,Zn-SOD. Actin samples incubated
with purified wild-type and mutated Cu,Zn-SOD were immu-
noprecipitated with anti-Cu,Zn-SOD antibody and subjected to
Western blot analysis using an anti-actin antibody. As shown
in Fig. 8, a band corresponding to the molecular mass of actin
was observed in the mixture with the mutated Cu,Zn-SOD.
These results suggest that mutated Cu.Zn-SOD directly asso-
ciates with actin.

DISCUSSION

Cell cycle changes in mouse neuroblastoma N2a cells trans-
fected with FALS-associated mutants of Cu,Zn-S80OD were
examined. When G37R and G93A Cu,Zn-SOD mutants wcere
transfected into N2a cells, G»/M arrest and significant cell
growth retardation were observed. Although there were no
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Fig. & In vitro association of G93A Cu.Zn-80D with actin. Afier wild-type or
G93A mutation, Cu,Zn-80D (0.1 pg) was incubated with human platelet actin
(0.1 p.g) in actin polymerization buffer (in mM: 50 KCI, 2 MgClz, and 1 ATP)
for 1 h at 24°C, und the samples were immunoprecipitated with an anti-Cu.Zn-
SOD antibody and subjected to Western blet analysis using anti-actin antibody.
Lane I: wild-type Cu.Zn-8OD incubated with actin; lane 2: G93A-mutzted
Cu.Zn-SOD incubuwted with actin.
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Fig. 7. Determination of Cu,Zn-SOD associated proteins. A:
samples were immunoprecipitated with an anti-Cu.Zn-SOD
antibody and subjected 1o 2-D gel electrophoresis (i0%) and
Western blot analysis using an anti-actin antibody. B: samples
were immunoprecipitated with an anti-actin antibody and sub-
jected to 2-D gel electrophoresis (15%) and Western blot
anabysis using an anti-Cu,Zn-SOD antibody.

IP: a-Actin, WB: a -Cu, Zn-S0D

significant changes in tubulin immunoreactivities, the mutated
Cu,Zn-SOD transfectants displayed less reactivity to phalloidin
than did the wild-type transfectants, indicating that actin dis-
ruption occurred in the mutant transfectants, Immunoprecipi-
tation and 2-DI» gel electrophoresis followed by Western blot
analysis indicated that the mutated Cu,Zn-SOD tended 1o
associate with actin. The in vitro study in which purified
Cu,Zn-SOD was incubated with actin indicated that the mu-
tated Cu,Zn-SOD directly associated with actin, Go/M arrest
also occurred in mutated Cu,Zn-SOD-transfected NIH-3T3
cells, although the extent was much less than observed in
transfectants of N2a cells (data not shown). Therefore, these
phenomena are not considered to be N2a cell specific.

Mutated Cu,Zn-SOD have several enhanced activities that
could be capable of selectively damaging interactling proteins
or their associated organelles (5, 24, 36, 38). Investigators at
our laboratory previously reported that Cu-binding affinities
are decreased in mutated Cu,Zn-SOD (26) and mutated Cu,Zn-
SOD are highly susceptible to nonenzymatic glycosylation,
ie., glycation (34). It is possible that actin-bound mutated
Cu,Zn-SOD is glycated in vivo and reactive oxygen species
could be produced via the Fenton reaction involving free Cu
ions released from Cu,Zn-SOD (27). Recent reports indicate
that hydrogen peroxide causes an increase in F- and G-actin
oxidation and a decrease in the F-actin fraction (3, 4). The
association of mutated Cu,Zn-SOD with actin might be unex-
pectedly toxic to the actin cytoskeleton.

Cytoskeletal changes and subsequent G,/M arrest are com-
monly seen in apoptotic cells. However, when we performed
the apoptotic assay by examining the DNA ladder, no signif-
icant apoplotic evidence was seen in mutated Cu,Zn-SOD-
transfected N2a cells after 2-day serum starvation (data not
shown).

The cytoskeletal changes observed in the mutated Cu,Zn-
SOD in this study could be related to neuronal cell death
observed in patients with FALS. In recent studies, researchers
have reported that cytoskeletal proteins are significantly altered
in ALS spinal motor neurons. For example, neurcfilament
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aggregation is known to be an early pathological hallmark of
the discase process. Furthermore, Vukosavic et al, (35) re-
ported that the level of B-actin decreases in the mutated
CuZn-S0OD transgenic mice. The association of mutated
Cu.Zn-SOD with actin reported in the present study could be
an another important factor in cytoskeletal disruption and the
apoptosis of neuronal cells in FALS.

The association of mutant Cu,Zn-SOD with actin could also
be involved in the formation of aggregates that are observed in
ALS. An increasing number of studies have stressed the role of
mutant Cu.Zn-SOD-derived aggregation in the pathogenesis of
ALS. Intracellular Cu,Zn-SOD aggregates are found in cul-
tured motor neurons after the microinjection of mutant Sed7
cDNA (11}). Aggregates containing Cu,Zn-SOD were also
detected in motor neurons and astrocytes of transgenic mice
that expressed mutant Sod/ (7). Mutant Cu,Zn-SOD aggrega-
tion into insoluble protein complexes is considered to be an
early event in the pathogenic mechanism of FALS (18). Trans-
fection studies indicated that mutant but not wild-type Cu,Zn-
S0D forms cytoplasmic aggregates (18, 20). Such aggregates
might interact inappropriately with other cellular components
to impair cellular function. Pasinelli et al. (28) recently re-
ported that mutant Cu.Zn-SOD-containing aggregates binds to
Bel-2 in spinal cord mitochondria, suggesting possible mech-
anisms of neurotoxicity of mutant Cu,Zn-80D. Aggregates
observed in ALS are also likely substrates for dynein-mediated
transport and cause the disruption of microtubule-dependent
axonal wansport of other substrates. In addition, they are
considered to stimulate neurodegeneration by overwhelming
the capacity of the protein-folding chaperones and normal
proteasome function. Thus the toxicity of mutant Cu,Zn-SOD
could result from their propensity to aggregate. Similar mech-
anisms have been proposed for other degenerative diseases
such as Alzheimer’s disease, light-chain amyloidosis, and the
spongiform encephalopathies (8). What, then, is the cause of
the formation of such toxic aggregations? One possible mech-
anism is aberrant protein-protein interactions as demonstrated
in mutant proteins in some neurodegenerative and/or neuro-
muscular disorders (9, 23). Kunst et al. (21) reported that G85R
ard G93A Cu,Zn-SOD bind to translocon-associated protein-§
(TRAP-8) and lysyl-tRNA synthetase (KARS) using a yeast
two-hybrid system. Although we were not able to identify
TRAP-& and KARS as proteins that bind to mutated Cu,Zn-
SOD, it is possible that they were also present in the 2-D gels
shown in Fig. 6. The mechanisms by which the mutated
Cu,Zn-50D associated with actin are currently under investi-
gation, We assume that the structural changes or instability of
Cu,Zn-30D caused by the mutation suggested by the crystal
structures (16) might be involved in this phenomenon. Further
analysis of mutated Cu,Zn-SOD proteins will provide clues to
their aberrant interactions with other proteins, including actin.
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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: Qur aim
was to determine what effect HGF has on anxiety in rats.
Methods: HGF was infused at a constant rate into cere-
bral lateral ventricles and its effect on anxiety in rats was
monitored. Resufts: 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 5 Kaiyget 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 ncuroprotective against postischemic delaved
neuronal death in the hippocampus [3, 6].

In the brain. HGF is expressed by specific classes of
neurons in addition to nonnguronal cells in the ependyma
and choroid plexus [7]. In contrast ta HGF, e-Mat 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 ligand [10], This resull, together
with the presence of e-Met in the devetoping brain, raised
the possibility thul HGF may have a ncurotrophic zetivity
on central neurons, In keeping with this hypothesis. Ha-
manoueetal, {11] 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 function of hippocampal neurons [12]. Trans-
feetion ol HGF gene into the subarachnotd space prevent-
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ed delaved neuronal death, accompanied by a significant
increase in HGF in the cerebrospinal tluid (CSF). Pre-
vention of delayed nrewronal death by HGF is due to the
inhibition of apoptosis through the blockade ot bax trans-
location from the eytoplasm to the nucleus. HGF gene
transfer o the subarachnoid space may provide 4 new
therapeulic strilegy for cerebrovascular disease [13].

HGF has Lhe capacily 1o setectively direct thalamocor-
tical projections into an intermediate target, the pallidum,
and eventually to their final cortical destination [14].
Mice with atargeted mutation of the gene encoding uroki-
nase plasminogen activator receptor (UPAR). a key com-
ponent in HGF/scatter factor (SF) activation and lunc-
tion, have deercased levels of HGF/SF and a 50% redue-
Lion in neocortical GABAcrgic interneurons 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
arole in the mediation of anxiety.

This is the first report 10 determine what eftect HGF
infused into cerebral lateral ventricles has on anxiety in
rats.

Materials and Methods

Ammals

Five-week-old male \Wistar rats {Seack Yoshitomi Co., Fukunka.
Japan) were ysed tor the present study, The number of rats was cach
10 rats for experimental and control groups. 1he yuts were housed in
pairs for 3 weeks prior to the start of behavioral experiments in a
sound-proof room at 24 £ 0.5°C, 20 £ 5% relative humidity, with
controlted 12-hour light-dark cycles (light from 18:00 to 6:00), and
were allowed free aceess o food und water, The room was cleaned i
random in a dim. red light. All testing was performed in July during
the dark phase using a dim. ved light. Animal ¢are was in aceordance
with the guidelings for animal experimentation of Qita Mcedical Uni-
versity,

Swrgical Procedures

Cach rat was anesthetized with chloral hvdrate (S00 mg'ke. ip.). a
brain infusion cannyla (brain infusicn kil, model 10070, Alzet
Corp.. Palo Alto. Calil., USA) was stereatactically implanted into the
lateral cerebral ventricle {0.92 mm caudal and 1.6 mun lateral to the
brepmaand 3.5 mm deepl. and a mini-osmotic purap {micro-osmotic
pump, model 10G3D; Alzet Corp.) was placed into subvutancous tis-
sue of the back. Aller the operation, rats were injected with ceftus-
one sodium (20 mgska. ip.). Either HGF (30 pg) in the experimental
croup or a vehicle in the control group (Ringer's solution, pll = 7.4)
was infused at a constant rate into the lateral ventricle of the rat via
Lthe micro-osmotic pump over a4 3-duy peried. Tsuzuki et al. [13]
reported that continuous intraventricular administration of the hu-
man recomhbingnt HGE by using an oamotic mini-pump reduced the
infarct volumes in the brain lesion and prevented apoptotic neuronzl
cell deuth.

Anxivlytic EfTect of Hepatuevie Growth
Factor intused into Rat Brain

Materials

A vehicle (Rinzer's isotonic selution. pH 7.4) was used as a con-
trol, TGEF was synihesized in the Division of Biochemistry, Depart.
ment of Oncology, Biomedical Research Center. Osaka Lniversity
Meadical School.

fichavioral Testing

The first day of testing was concerned with measering anxiety. All
rats were subjected 1o the “elevated plus maze’. followed on the same
day by the black and white bux’ test. Ethological measures in ¢les
vated plus maze comprised frequency scoras for supported lsead dip-
ping (exploratory movement of head/shoulders aver the side of the
maze). and stretched attend posiure (exploratory posture in which
the body s stretched lorward then retracted w ihe ovigingl pusition
without any forward locomntion). At the end of the dav. rats recaived
inescapahle electric faot shocks o condition tear. On the second day.
rats performed the conditioned fear test, Conditioned response mod-
els uf fear and ansdety are based un classical provedures of Tear condi-
ticniug [16). On dav | of fear conditioning. each rat was individually
subjected to 5 min of inescapable elsctric toot shock (10 shacksof | s
Juration and 2 mA intensitv, cach shock scparated by an interval of
40 s)in g chamber with a grid loor (31 x 30 x 25 cm). Twenty-four
hours alter the foot shock. the rats were again placed in the shock
chamber and observed for § min without shacks, During the 3-min
observation period. freezing behavior was recorded using a video
camera, Every B0 s, the belavior was classifivd as cither freszing or
active. Freezing was defined as the absence of 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,

Elevared Plus Maze

The elevated plus maze consisted of two opposite open arms (30
x 10 ¢m}without side walls and two opposite enclosed arms (50 x §
x 40 ¢m), and way elevated 30 cm zbove the {loor. The rats were
placed in the middle of the maze facing one of the open arms, aad
immediately Teft alone in the test room. They were abserved and
their responses were recorded for 300 s via a video camera, Five
parameters were measured during 5 min: {1) time spent in the open
arms. (2} total number of entries iato the open arms, (3) number of
stretched attend postures. and ($) number of head dips over the edge
of the platform.

Black and White Box

The wall of the test bax was 27 cm high, the size of each compan-
ment was X3 x 27 cm, and the two compartments were connected by
a 10-cmm high semicireular hole, Both white and red lightsources were
40 W, and the light sources were located |7 ¢m above the floor of the
two compartments. The rats were paced in the center of the white
compartment and the number of entries and time spent in the black
and white compartments during 3 min were recorded, An entry into
another compartment was scored whenever g rat placed all four paws
in that compartment.

General Locomolor Activily

We investivated general locomulor getivity of the rals by meany
of infrared photobeam breaks. since locomotion influenzes explora-
tory activity. The apparatus was 36 ¢m in height and the flnor size
was 30 x 30 em. We measured the locomotor activity by photobeam
breuks for 2h.

35
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Fig. 1. a Time spent in the open arm of the
elevated plus maze was significantly in.
creused i Lhe HGF-inlused group compared
to the contral group. b Time speat in the
closed arm of the elevated plus maze was sig-
nifteantly decreased in the 11GF-intfused
group compared Lo the control group. *p <

Fig. 2. a No eftect of HIGF ar the control
vehicle on the number of stretched attend
pustures indhe clevated plus maee was seen.
b The number of head dips in the elevated
plus maze was significantly increased in the
11GF-intused group compared 1o the cantrol
wioup. ¥p < 0.03 vs. vehicle and HGF-
infused grewp.

Fig. 3. In the black and whita hox test, the
time spent in the white chamber was signifi-
cantly increased in the HGF-irlused wroup,
compared to the controls {a). b No signifi-
cant effect of HGF on the number of white
chamber entries was seen. *p < U3 va
vehicles and HGY-inlused group.

0.05 vs. vehicle- und HGF-inlused group.

Statistical Analysis

The data were presented 23 means *+ SE of the individual values
from each group. Behavioral dara (except for general locomotor
aclivily) were analyecd using the Student £ test for independent saime
ples. The dara of zeneral locomotor activity were subjected 1o a two-
wav ANOV A, Statistical significance was accepted for p< 003,

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) =243 p <
0.031: fig. 1a). 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; fig. 1b}. Noeftect of HGF or the control vehicle
on the number of stretched attend postures in the elevated
plus maze was seen [L(18) = 1.01; Nig. 2a]. The number of

R1i] Neurapsychabialogy 2005,51 34. 38

head dips in the elevated plus maze was significuntly
inereased in the HGF-infused group compared 1o the con-
trol group. The number of head dips was significantly
increased in the HGF-infused group compared to the
vehicle-treated group [((18) = 2,61, p< 0.023: fig, 2b]. In
the black and white box test, the time spent in the white
chamber was significantly decreased in the HGF-infused

[ig. 3a]. No significant effect of HGF on lhe number of
white chamber entrics 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(1¥) = 2.38,
p < (L036: fig. 4]. No significant ditferences between the
two groups were seen in general locomotor activity
(F2 15 =1.30; fig. 3).
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Fig. 4. Level of frzezing induced by condi-
vioned fear was significantly decreased in the
HGF-infused group. compared 1o the con-
rols. *p< 005 vs vehicle- and HGF-in-
tused group.
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Fig. 5. No significant efiect of HGF on general locomotor activity
(number of photobeam breaks) was seen. Data are means + SEM.

Discussion

This study provides the fiest evidence that HGF has an
anviolylic effect on the rat. HGF infusion into a laleral
ventricle decreased anxiety as measured in the elevated
plus maze and black and white box tests,

HGF 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 ot biologi¢al
functions attributed to HGF results from ils inleraction

Anxivlytic Effect of Heputoeyie Growth
Factor ntused 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 apoplosis [20. 21), HGF and ¢-Met
have been found 1o be present in specific sublypes of hip-
pocampal neuroms, cortex, seplum, and cerebellum of
both developing and adult mammalian brains [10, 12],
but faw reports exist concerning the biological activity of
HGF in the CNS. A HGF-activating protease, HGF acti-
vater (HGFA), has recently been identified as a key
enzyme that regulates the activity of HGF in vivo, HGFA
appears to be associated with the cell surlace. The HGFA
antibody stained only astrocyles in the white matter in all
the brain tissues. Expression of the mRNAs of HGF and
HGFA was also 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 [11. 12]. Tsuboi et al. [23] reported that
consistent with the immunohistochemical data, a signili-
cantly higher concentration of HGF in Alzhcimer's dis-
case (AD} CSF was found as compared with controls. A
significant correlation was also seen between CSF HGF
levels 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
ADbrain [23].

Treatment with HGF induced an anxiolytic effect, But
the mechanisia ol action of HGF has not been clucidated.
The ¢-Met receptor has a heterodimerie protein which
contains intracellular lyrosine kinase domains. Binding of
HGF 1o e-Mcl might induce the anxiolylic effeel [24).
HGF hasthe capacity to selectively direct thalamecortical
projections into an intermediate target, the patlidum, 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 30% reduction in neocar-
tical GABAurgic intemeurens al embryonic and perinatal
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.

[n summary, this study reports that HGF intusion into
the brain produced an anxiolvtic eftect in rats, as evaluat-
ed using the elevated plus maze, black and white box tests
and conditioned fear test,
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Abstract

Hepatocyte growth facter (HGF) acts as an organotropic factor for regeneration and protection in various organs and has the
ability to attenuate cerebral ischemia-induced cell death. However, the e ect of HGF on learning and memory function after a
cerebral ischemic event is unknown. We demonstrate here that administration of human recombinant HGF (hrHGF) into the
ventricle reduced the prolongation of the escape latency in the acquisition and retention tests in the water maze task on days 12-28
after microsphere embolism-induced cerebral ischemia. In addition, disruption of the blood-brain barrier at the early stage after
microsphere embolism, which was determined by FITC-albumin leakage, was markedly reduced by treatment with hrHGF. We
demonstrated that this e ect of hrHGF on the blood--brain barrier was associated with protection against the apoptotic death of the
cerebral endothelial cells at the early stage after the ischemia. These results suggest that hrHGF can prevent the learning and
memory dysfunction soon after sustained cerebral ischemia by protecting against injury to the endothelial cells. The use of HGF

may be a potent strategy for the treatment of cerebrovascular diseases, including cerebral infarct and vascular dementia.

2004 Elsevier Inc. All rights reserved.

Keywords: Brain; Cerebral ischemia; Microsphere embolism; Learning and memory; Water maze test; Hepatocyte growth factor;

Blood-brain barrier; Endothelial cells; Apoptosis; bel family

Hepatocyte growth factor (HGF) was initially iden-
tified and cloned as a potent mitogen for hepatocytes
[1,2]. The activation of the HGF receptor c-Met evokes
diverse cellular responses, including mitogenic, moto-
genic, and morphogenic activities in various types of
cells [3,4]. In addition to the physiological roles of HGF
as an organotropic factor for regeneration and protec-
tion in various organs [3-6], HGF has been shown to
attenuate ischemia-induced injuries under pathophysi-
ological conditions, including cardiac ischemia/
reperfusion [7] and hind limb ischemia [8,9] through
anti-apoptotic and angiogenic activities. Previous stud-
ies showed that both HGF and ¢c-Met were expressed in
the brain [10,11]. Recent studies have shown that

'Corresponding author. Fax: +81-426-76-5560.
E-mail address: takeos@ps.toyaku.ac.jp (S. Takeo).
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treatment with exogenous HGF prevented neuronal cell
death in the hippocampal CAl region after transient
global cerebral ischemia in gerbils [12] and reduced the
infarct volume after transient focal cerebral ischemia in
rats [13]. Such e ects might have been mediated
through the anti-apoptotic activity of HGF. However,
not only the mechanisms underlying protective e ects
of HGF, but also the ability of HGF to attenuvate
learning and memory dysfunction caused by sustained
and severe cerebral ischemia, have not yet been clari-
fied. To evaluate protective and therapeutic potencies of
HGF for cerebral ischemic diseases, we examined the
e ect of human recombinant HGF (hrtHGF) on cere-
bral ischemia-induced learning and memory dysfunc-
tion and on injury of cerebral vessels. For this purpose,
we used the microsphere-induced cerebral embolism
model in rats. Microsphere-induced cerebral embolism
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induces widespread formation of small emboli and
multiple infarct areas in the brain [14]. Thus, this model
is considered to mimic focal ischemia-induced human
stroke [15] or multi-infaret dementia [16). Indeed, we
have reported that microsphere-induced cerebral em-
bolism induces severe learning and memory dysfunction
as assessed by the water maze task, active avoidance
task, and passive avoidance task [17,18]

In the present study, we demonstrated that treatment
with htHGF reduced learning and memory dysfunction
in the water maze test and protected the endothelial cells
against apoptotic cell death after sustained cerebral is-
chemia. The protection of cerebral vessel injuries may
retain the integrity of blood-brain barrier after severe
brain ischemia.

Materials and methods

Recombinant HGF. Human recombinant HGF (brHGF) was pu-
rified from the culture media of Chinese hamster ovary cells trans-
fected with an expression vector containing human HGF ¢cDNA as
described [2,19]. The purity of hrHGF was >98%, as determined by
SDS-PAGE.

Microsphere embolism model. Male Wistar rats weighing 180-220¢g
(Chatles River Japan, Atsugi, Japan) were used in the present study.
The animals were maintained in a cage with a 12-h light/12-h dark ¢ycle,
at a temperature of 23 1 C, and a kumidity of 55 5% throughout
the experiment. The animals had free access to food and water ac-
cording to the National Institute of Health Guide for the Care and Use
of Laboratory Animals and the Guideline for Experimental Animal
Care issued by the Prime Minister’s O cs of Japan. All e orts were
made to minimize the animals’ su ering, to reduce the number of ani-
mals used, and to utilize alternatives to in vive techniques, if available.
The study protocol was approved by the Committee of Animal Care
and Welfare of Tokyo University of Pharmacy and Life Science.

Microsphere-induced cerebral embolism was performed by the
method described previously {14]. In bricf, rats were anesthetized in-
traperitoneally with 40 mg/kg sodium pentobarbital. The right external
carotid and pterygo-palatine arteries were temporarily occluded with
strings. A needle connected to a polyethylene catheter (3 French,
Atom, Tokyo) was inserted into the right common carotid artery.
Seven hundred microspheres (47.5 0.5 pm in diameter, Perkin-Elmer
Life Science), suspended in 20% dextran solution, were injected into
the right internal carotid artery through the cannula. After the injec-
tion, the needle was removed, and the puncture wound was then re-
paired with surgical glue. Next, the strings occluding the right external
carotid and pterygo-palatine arteries were released. It took 2-3min to
restart the blood flow to the brain arcas supplied by the right external
carotid and pterygo-palatine arteries. The rats that underwent a sham
operation received the same volume of vehicle without microspheres.

Administration of human recombinant HGF. htHGF was diluted in
physiological saline and infused into the right ventricle using an os-
motic pump (Alzet model 2001, Palo Alto, CA, USA) attached to a 30-
gauge needle implanted 1.5mm lateral and 0.8 mm posterior to the
bregma, and at a depth of 4mm from the cortical surface. To start
infusion just after needle implantation, each osmotic pump was
preincubated in physiological saline at 37 C according to the in-
structions for use of the Alzet. The infusion of hrHGF was begun at
10min after the injection of microspheres at a flow rate of 1.0 p/h and
a dose of 10 or 30 pg/7 days/animal.

Neurological deficits. Fifteen hours after the operation for micro-
sphere-induced cerebral embolism, the behavior of operated rats with

or without administration of hrHGF was scored on the basis of pau-
city of movement, truncal curvature, and forced circling during loco-
motion, which are considered to be typical symptoms of stroke in rats
[20,21). The criteria described previously were used for the scoring [14].
Each item was rated from 3 to 0 {3, very severe; 2, severe; 1, moderate;
and 0, little or none). Rats with a total score of 7-9 points were used in
the present study.

Water maze test. The water maze test was performed according to
the method described previously [18). The acquisition test was started
on day 12 after the operation. Animals were tested in the water maze
by using a 3 trials/day regimen. The water maze apparatus {mode]
TARGET/2; Neuroscience, Tokyo, Japan) consisted of a circular pool
with a diameter of 170 cm, which was filled with water to a 30em
depth. The water temperature was maintained at 23 1 C. A hidden
transparent circular platform with a diameter of 12cm was placed
1.5 cm below the surface of the water and kept in a constant position in
the center of one of the four quadrants of the pool. The animals were
released from three randomly assigned start locations (excluding the
platform-containing quadrant). When a rat mounted the platform, it
was kept there for 30s. Data collection was automated by an online
video-tracking device designed to track an object in a field. Escape
latency (the time to climb onto the platform) was determined for each
trial with a behavioral tracing analyzer (BAT-2; Neuroscience). The
cut-o time for each trial was set at 180s. Each trial was performed
with an intertrial interval of approzimately 1h.

The retention test was performed on days 21 and 28 after the op-
tration to determine whether the animals could retain the spatial
navigation ability in the hidden platform test. The regimen and starting
peint used for this task were the same as those conducted in the
acquisition test on day 14.

Determination of viable area. Coronal brain sections (20 pm thick)
were stained with hematoxylin and eosin for determination of non-
infarct areas. The observed image was incorporated into a personal
computer using a scanner (EPSON TWIN PRO, Japan). Then the
non-infarct area was measured as a percentage of the contralateral
hemisphere using an image analysis software (NIH image 1.63, NIH,
USA).

Measurements of FITC—albumin leakage area. Fluorescein isothio-
cyanate~conjugated albumin (FITC-albumin, Sigma, Tokyo, Japan)
was injected into both carotid arteries for morphological observation
of cerebral blood vessels. Injection of FITC-albumin was conducted
by a modified method of Cavaglia et al. [22]. Rats on day 28 after the
operation were anesthetized with an intraperitoneal injection of 40 mg/
kg sodium pentobarbital (Abbott Laboratories). Bilateral carotid
arteries were exposed and cannufated with a polyethylene tube (SP 31,
Natume, Tokyo, Japan) attached to a 24-gauge needle. FITC-albumin
solution (10mg/ml 0.1 M phosphate-bu ered saline, pH 7.4) was per-
fused through the carotid arteries at a rate of 1 mUmin (10 ml/kg) using
a syringe pump {CFV-2100, Nihon Kohden, Japan). To avoid eleva-
tion of systemic blood pressure, we withdrew the same amount of
blood from the inferior vena cava. Immediately following perfusion,
the rats were decapitated and their brains were isolated. The lag time
between decapitation and immersion fixation never exceeded 2min.
Brains were fixed for 24h in 4% paraformaldehyde and then cryo-
protected in a 10%, 20%, and 30% sucrese solution for 4h for each
concentration. Thereafter, they were embedded in Tissue-Tek O.C.T.
compeound (0.C.T. compound, Sakura, Tokyo, Japan) and frozen in
liquid nitrogen. Coronal brain sections (40 um thick) were cut on a
cryostat (Type 4559; Tissue-Tek, Sakura, Tokyo, Japan} and thaw-
mounted on poly-L-lysinecoated microslide glasses (Muto Pure
Chemicals, Japan). Sections were embedded in 0.1 M phosphate-buf-
fered saline (PBS) for 30min, mounted with DAKO Fluorescent
mounting medium (DAKO, USA), and observed under a fluorescence
microscope (Olympus, BX-52, Tokyo, Japan). Images wete incorpo-
rated into a personal computer using Viewfinder Lite and Studio Lite
software (Pixcera, Los Gatos, CA, USA). Then the area of FITC-
albumin leakage regions (FITC-stained arcas out of the cercbral
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vessels) was measured using an image analysis software (NIH image
1.63, NIH, USA).

TUNEL-positive endothelial cells. Coronal sections (10 pm thick}
were used for detection of terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL)-positive cells. TUNEL-
positive cells were identified by using an in situ Apoptosis Detection
Kit (MK 500, TakaRa Bio, Siga, Japan). After having been washed, the
sections were treated with 1.5% goat serum and then incubated over-
night with polyclonal rabbit anti-vWF (DAKO). Subsequently, they
were incubated with the biotinylated anti-rabbit IgG, and then incu-
bated with streptavidin-biotin-peroxidase solution (Vector Labora-
tories). Color development was performed by using the Nova Red
substrate kit. The number of TUNEL-positive endothelial cells in the
right cercbral hemisphere was counted under 400 magnification
(Olympus BX-52) in four sections per animal. The microscopic ob-
servations were performed by a person unaware of the study group.

Immunoblotting. Animals were sacrificed by decapitation, and their
beads were quickly near-frozen in liquid nitrogen. The cercbral cortex
was dissected and homogenized in the icecold 125mM Tris-HCl, pH
7.4, containing 320 mM sucrose, 2mM sodium orthovanadate, 20 mM
sodium diphosphate decahydrate, 20mM bDL-o-glycerophosphate,
0.1mM phenylmethylsulfonyl flucride, and 5 pg/ml each of antipain,
aprotinin, and leupeptin. Homogenates that had been solubilized by
boiling for Smin in SDS sample bu er (10% glycerol, 5% B-mercap-
toethanol, and 2% SDS, in 62.5mM Tris-HCL, pH 6.8) were scparated
on polyacrylamide gels and transferred to a polyvinylidene diftuoride
membrane. Protein blots were incubated with the appropriate anti-
bodics, and the bound antibody was detected by the enhanced
chemiluminescence method (Amersham Biosciences, Piscataway, NJ,
USA). Quantification was perfotmed using computerized densitometry
and an image analyzer (ATTO, Tokyo, Japan). Care was taken to
ensure that bands to be semiquantificd were in the linear range of re-
sponse. Antibodies nused were anti-Bax, anti-Bel-xL, and anti-Bcl-2
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Statistics. The results were expressed as means SEM. Di erences
between two groups were evaluated statistically by using the unpaired
Student’s ¢ test, Statistical comparison among four groups was eval-
uated by ANOVA followed by Fisher’s protected least significant
di ercnce test. Di erences with a probability of 5% or less were con-
sidered significant (¢ < 0.05).

Results
Operation

In the present study, microspheres were injected into
86 rats. Sixty-four of the surviving rats (74.4%) showed
stroke-like symptoms with a total score of 7-9 points.
Seven (8.1%) and two animals (2.3%) showed the stroke-
like symptoms with score of 4-6 and 2-3 points,
respectively. Thirteen rats (15.1%) died before all
examinations were completed.

Prolonged observations after the microsphere embolism

E ects of hrHGF on the water maze task

To determine the e ect of hrfHGF on learning and
memory function, we first conducted the acquisition test
in the water maze task on days 12-14 after the operation
(Fig. 1A). There was a significant di erence in the escape
Jatency by groups (F 23 = 18.5; p < 0.0001) and by days
(Fy24 = 11.9; p < 0.0001). The group by day interaction
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Fig. 1. Changes in the escape latency of the acquisition (A) and the
retention (B) tests in the water maze task for the sham-operated (open
circle), hrtHGF-untreated ME (closed circle), and 10 (open triangle) or
30 (open squares) pgf/7 days/animal hrHGF-treated ME rats, The es-
cape latency was determined on days 12-14 after the operation. Each
value represents the mean SEM of eight animals. The symbol *
represents  significant di erence from the sham-operated group
{p < 0.05%; The symbol # represents significant di erence from the
hrHGF-untreated ME group {p < 0.05).

was significant (p < 0.05). The escape latency of the
sham-operated rats was shortened along with the trial
number, whereas that of the ME rats was markedly
prolonged compared with that of the sham-operated
rats. Analysis by Fisher’s PLSD test showed that the
escape Iatency of the ME rats was significantly length-
ened compared with that of the sham-operated rats from
the third trial of day 12 to the third trial of day 14
(p < 0.05). Treatment with hrHGF dose-dependently
attenuated the prolonged escape latency of the hrHGF-
untreated ME rats. Treatment with 10 pg/7 days/animal
hrHGF reduced the prolongation at the third trials of
days 12, 13, and 14 (p < 0.05), whereas the prolongation
of the escape latency in the 30 1g/7 daysfanimal hrHGF-
treated rats was attenuated from the second trial of day
13 to the third trial of 14 day {p < 0.05). Furthermore,
the retention test was performed on days 21 and 28 to
determine the retention of the spatial navigation ability
by using the same regimen as applied for the acquisition
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test on day 14 (Fig. 1B). On day 21, there was a sig-
nificant di erence in the escape latency by groups
(F23=14.6; p<0.0001) and by days (F s =6.0;
p < 0.0001). The group by day interaction was signifi-
cant (p < 0.01}. On day 28, there was a significant dif-
ference in the escape latency by groups (Fiss =9.3;
p < 0.001), but not by days (Fp56 =0.4; p=0.7). The
group by day interaction was not significant (p = 0.9).
Fisher's PLSD test revealed that the escape latency of
the ME rat from the first to third trials in the retention
test was significantly lengthened compared with that of
the sham-operated rats on days 21 and 28 (p < 0.05;
Fig. 1B). The escape latency of 30pg/7 daysfanimal
hrHGF-treated ME rats was significantly attenuated
compared with that of the hfHGF-untreated ME rats
from the first to the third trials on days 21 and 28
(r < 0.05; Fig. IB).

Histological analysis

We next determined the viable area by examining
coronal sections on day 28 after the operation. Micro-
sphere embolism caused a marked decrease in the viable
area of the ipsilateral hemisphere, and this decrease was
dose-dependently lessened by treatment with hrHGF
(Fig. 2).

Observations at the early period after the microsphere
embolism

E ect of hr HGF on blood-brain barrier leakage

Brain ischemia would induce disruption of blood-
brain barrier (BBB), and this disruption could initiate
the development of brain injuries after ischemia. So we
next examined BBB leakage after the ME by injecting
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Fig. 2. E ect of heHGF on viable areas of the sham-operated (Sham),
brHGF-untreated ME (ME28), and 10 (HGF10} or 30 (HGF30) pg/7
days/anima! htHGF-treated rats on day 28 after the operation. Viable
areas were estimated by measuring hematoxylin and cosin-stained ar-
eas of brain sections. Each value represents the mean percentage of
that for the corresponding contralateral hemisphere SEM (n = 5-8).
The symbol * represents significant di erence from the sham-operated
rats (p < 0.05); The symbol # represents significant di erence from the
hrHGF-untreated ME rats (p < 0.05),
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Fig. 3. E ect of htHGF on the FITC-albumin leakage after the em-
bolism. (A) Time course of changes in FITC-albumin leakage of the
narve control {(Cont) and hrHGF-untreated ME rat on days 1, 3, §, 7,
14, and 28 afier the operation, Bar, 50 pm. (B) E ect of h'HGF on the
FITC-albumin leakage in the hrHGF-untreated (ME7) and 30 pg/7
days/animal hrtHGF-treated ME (HGF30) rats on day 7 after the
operation. Left panels are typical microphotographs of FITC-albumin
leakage of the sham-operated (Sham), hrHGF-untreated ME (ME?),
and hrHGF-treated ME (HGF30) rats. Bar, 50 pm. Each value for
area of FITC-albumin leakage represents the mean percentage of totat
area of the ipsilateral hemisphere SEM (n = 4 each). The symbol *
represents significant di erence from the hrHGF.untreated ME rats
(» < 0.05).

FITC-albumin into the carotid arteries. Fig. 3A shows
the time course of changes in FITC-albumin leakage in
the ipsilateral cortex after the embolism. FITC-albumin
leakage started on day 1 and lasted up to day 7 after the
embolism. On the basis of this result, we next deter-
mined the ¢ ect of treatment with hrHGF on FITC-
albumin leakage on day 7 (Fig. 3B). In the ME rats,
FITC-albumin leakage was seen in approximately 23%
of the ipsilateral cerebral hemisphere, and treatment
with brHGF almost completely protected against it
(Fig. 3B).

E ect of hrHGF on the number of TUNEL-positive
vascular endothelial cells

To determine whether treatment with hrHGF pro-
tects the brain against injury to the endothelial cells after
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the embolism, we next examined the e ect of hrHGF on
the number of TUNEL-positive vascular endothelial
cells in the ipsilateral cortex (Figs. 4A and B). The
number of TUNEL-positive vascular endothelial cells
was increased on day 3 after the embolism (Fig. 4A),
and this increased number was significantly reduced by
treatment with hrHGF (Figs. 4B and C),

E ect of hrHGF on the level of Bax, Bcl-xL, and Bel-2
Finally, we determined the levels of apoptotic protein
Bax and anti-apoptotic proteins Bcl-xL and Bel-2 in the
cerebral cortex on day 3 after the operation using im-
munoblotting analysis (Figs. 4D-F). The level of Bax
protein in the cortex was not a ected by the embolism
regardless of treatment or not with ht HGF (Fig. 4D). In
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Fig. 4. E ect of hrHGF on the number of TUNEL-positive vascular
endothelial cells after the embolisma. (A,B) Photomicrographs of
double staining for apoptotic cells (TUNEL; black, arrowheads) and
von Willebrand factor (red) in the ipsilateral cortex of the hrHGF-
untreated ME (ME3) and brHGF-treated ME (HGF30) rats on day 3
after the operation. Bar, 50 um. (C) The number of TUNEL-positive
endothelial cells was counted in the ipsilateral cortex. Each value
represents the mean SEM (n =4 each). The symbol * represents
significant di erence from the hrHGF-untreated ME rats (p < 0.05).
E ect of hrHGF on the levels of Bax, Bel-xL, and Bel-2 in the cerebral
cortex after the embolism. Representative immunoblots and their
quantified data for Bax (D), Bel-xL (E), and Bcl-2 (F) of the sham-
operated (Sham), hrHGF-untreated ME (ME), and htHGF-treated
ME {HGF30) rats on day 3 after the operation are shown. Each value
represents the mean percentage of the naive control SEM (n=3
each). The symbol * represents significant di erence from the sham-
operated rats (p < 0.05); The symbol # represents significant di erence
from the hrHGF-untreated ME rats {# < 0.05).

contrast, the levels of Bel-xL and Bel-2 proteins were
significantly decreased in the ME rats (Figs. 4E and F),
and treatment with hrHGF attenuated the decrease in
the level of Bcl-2 (Fig. 4F), but not that in the level of
Bcl-xL protein (Fig. 4E).

Discussion

Microsphere embolism-induced sustained cerebral
ischemia caused a spatial learning dysfunction. Cerebral
ischemia induced by four-vessel occlusion [23,24] or
middle cerebral artery occlusion [25,26] in rodents has
been shown to induce learning and memory dysfunction
in the water maze test. Although the degree of severity in
learning and memory dysfunction that we observed
would not compare simply with that of other models,
the failure of spatial memory function of the ME ani-
mals seems to be more long-lasting than that in the other
models described above. This di erence could be possi-
bly due to the severity of the microsphere embolism
model, for it involves irreversible, widespread, and small
embolic multi-infarcts, especially in the cerebral cortex
and hippocampus [14]. We demonstrated that treatment
with hrHGF dose-dependently improved acquisition of
spatial learning and memory impaired by sustained ce-
rebral ischemia. To further examine the e ect of HGF
on the spatial navigation ability, we conducted the re-
tention test on days 21 and 28 after the operation. It is
noteworthy that hrHGF-treated ME animals revealed
significant shortening of the escape latency in the re-
tention test. These findings are the first evidence to
demonstrate that HGF has the ability to exert a per-
sistent e ect on the learning and memory function of
animals with sustained cerebral ischemia.

The question arises as to the nature of the mechanism
underlying the HGF-mediated improvement of learning
and memory function after sustained cerebral ischemia,
In the ischemic brain, the most important pathological
event that contributes to the impairment of brain func-
tion is the shortage of glucose and oxygen supply for the
brain tissue. Therefore, ¢ cient vascular supply of
blood is capable of preventing the progression of
ischemic pathogenesis, including cerebral infarction and
tissue degeneration, and may correlate with functional
recovery after cerebral ischemia. Treatment with
hrHGF significantly prevented the tissue degeneration.
Therefore, HGF may prevent injury to plasma-perfused
vessels, consequently maintaining glucose and oxygen
supply to brain tissue, possibly to the penumbra. In
addition to the e ect of HGF on the cerebral vessels,
HGF might directly attenuate ischemia-induced neuro-
nal cell death. In this sense, it has previously been shown
that HGF reduced infarct volume by preventing apop-
totic neuronal cell death of transiently middle cerebral
artery-occluded rats [13).
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To further elucidate the mechanisms for the protec-
tivee ects of HGF on leaning and memory function, we
focused on the events at the early period after the em-
bolism. After a stroke, disruption of the BBB appears to
occur acutely [27,28]. The majority of brain injuries after
a stroke are associated with disruption of the BBB,
leading to secondary damage to neurons [29,30]. Indeed,
disturbance of BBB permeability exacerbates cell dam-
age after focal cerebral ischemia [28,31]. We demon-
strated that FITC-albumin leakage started on day 1 and
lasted up to day 7 after the embolism, This result was
comparable to the finding that a significant increase in
the BBB permeability occurred 48-72h after middle
cercbral artery occlusion [27,28]. Our findings led us to
examine the ¢ ects of htHGF on the BBB leakage after
the microsphere embolism. As a result, treatment with
hrHGF almost completely protected against FITC-al-
bumin leakage. As the structure of the BBB is a barrier
comprising tight junctions localized in blood capillaries
[32,33], it is possible that HGF attenuated ischemia-in-
duced injury to the endothelial cell thereby resulting in
prevention of BBB leakage.

To achieve further insight into the ¢ ects of HGF on
cerebral vessels after the embolism, we next performed
immunohistochemical analysis of the cerebral endothe-
lial cells. Qur data demonstrated that the microsphere
embolism-induced increase in the number of TUNEL-
positive endothelial cells was attenuated by treatment
with hfHGF. The result suggests that HGF acts on the
endothelial cells and prevents apoptotic cell death,
which leads to preservation of BBB integrity after mi-
crosphere embolism. With respect to this suggestion, we
further demonstrated that treatment with hrHGF less-
ened the drop in the level of anti-apoptotic protein Bel-2
without changing the amount of the apoptotic protein
Bax. Thus, HGF may prevent injury to endothelial cells
by anti-apoptotic action, although we cannot fully
exclude the possibility that HGF might change the
localization of Bax protein in the cells as seen in high
D-glucose- and hypoxia/reoxygenation-induced endo-
thelial cell apoptosis [34,35]. Since HGF also stimulates
the migration of vascular smooth muscle cells, there
remains the possibility that the protective ¢ ect of HGF
on the BBB contributes to HGF-induced simultaneous
stimufation of the migration of both endothelial and
vascular smooth muscle cells.

In conclusion, we demonstrated for the first time that
HGEF has the ability to prevent learning and memory
dysfunction after sustained cerebral ischemia. The ef-
fects of HGF on perfused vessels and BBB appear to be
mediated by prevention of endothelial cell injury, which
possibly elicits a persistent supply of blood flow to the
peoumbra. As HGF has a potent cerebroprotective ef-
fect, it should be evaluated as a prospective agent for the
therapy against ischemic brain injuries, including cere-
bral infarction and vascular dementia.
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