among patients with various renal diseases, those with
ANCA-GN or HSPN showed a significantly higher ten-
dency to be positive for HMGBL. In contrast, no signifi-
cant relationship was found for the presence of anti-
HMGBI antibodies in the sera among patients with bi-
opsy-proven renal diseases.

Logistic regression analysis showed that pathological
diagnoses of ANCA-GN and HSPN were the factors as-
sociated with positive serum HMGBI. Even among pa-
tients undergoing renal biopsies — the population more
likely to be serum HMGBI positive than controls -, pa-
tients with ANCA-GN or HSPN are more likely to show
positive serum HMGBL. In contrast, lupus nephritis did
not show a tendency to be positive for serum HMGBI1. Of
interest was the fact that no significant association was
observed between the presence of serum HMGBI and
other inflammatory parameters, including CRP, IL-13,
11.-6, and TNF-a [24]. The data in the present study sug-
gest thatin patients with renal disease HMGB1 is not sim-
ply a marker of inflammation in general but rather a
marker of a more specific condition, such as vasculitis.

When patients with IgAN were further analyzed,
glomerular crescent formation was associated with pos-
itive serum HMGBI. Since crescent formation is a well-
known indicator of disease activity, HMGB1 may be re-
lated to the activity of IgAN. In addition, because IgAN
is considered to be one form of vasculitis [26], the results
also suggest that those who showed positive serum
HMGB1 were more likely to bave renal vasculitis, in-
cluding ANCA-GN, HSPN, or active IgAN. For the pur-
pose of comparison, we studied the expression of
HMGBI in the sera of patients with other nonrenal dis-
eases. Four out of 5 patients with nonrenal vasculitis
showed positive serum HMGB1 [unpubl. data]. Al-
though the number of patients examined was too small
to show any definite relationship, these data may sup-
port our current hypothesis that the presence or absence
of serum HMGB] is a key factor in understanding the
pathology of vasculitis.
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Delayed Postischemic Treatment With Fluvastatin Improved
Cognitive Impairment After Stroke in Rats

Munechisa Shimamura, MD, PhD; Naoyuki Sato, MD, PhD; Masataka Sata, MD, PhD;
Hitomi Kurinami, MD; Daisuke Takeuchi, MD; Kouji Wakayama, MD; Takuya Hayashi, MD, PhD;
Hidehiro lida, MD, PhD; Ryuichi Morishita, MD, PhD

Background and Purposes—Recent clinical evidences indicate that statins may have bencficial effects on the functional
recovery after ischemic stroke. However, the effect of delayed postischemic treatment with statins is stitl unclear, In the
present study, we evaluated the effects of fluvastatin in the chronic stage of cerebral infarction in a rat model.

Methods—Rats exposed to permanent middle cerebral artery occlusion were treated for 3 months with fluvastatin
beginning from 7 days after stroke. MRI, behavioral analysis, and immunohistochemistry were performed.

Results—Two months of treatment with fluvastatin showed the significant recovery in spatial learning without the decrease
in serum total cholesterol level and worsening of infarction. Microangiography showed a significant increase in capillary
density in the peri-infarct region in fluvastatin-treated rats after 3 months of treatment. Consistently, BrdU/CD31-
positive cells were significantly increased in fluvastatin-treated rats after 7 days of reatment. MAP1B-positive neurites
were also increased in the peri-infarct region in fluvastatin-treated rats. In addition, rats treated with fluvastatin showed
the reduction of superoxide anion after 7 days of treatment and the reduction of Af deposits in the thalamic nuclei after

3 months of treatment.

Conclusions—Thus, delayed postischemic administration of fluvastatin had beneficial effects on the recovery of cognitive
function without affecting the infarction size after ischemic stroke. Pleiotropic effects of fluvastatin, such as
angiogenesis, neurilogenesis.’and inhibition of superoxide production and AB deposition, might be associated with a

favorable outcome, (Stroke. 2007;38:3251-3258.)

Key Words: angiogenesis m cerebral infarct m microcirculation s statins

D espite conflicting data correlating cholesterol level with
stroke, 2 early trials of HMG-CoA reductase inhibitors
(statins) in patients after myocardial infarction patients
showed a reduction in stroke risk as a secondary end point.!
A meta-analysis of 9 statin intervention trials, which enrolled
patients with coronary artery disease or those at high risk for
coronary disease, demonstrated a 21% relative risk reduction
for swoke after 5 years of treatment.? Another clinical
evidence suggests that the commencement of statins within 4
weeks of a stroke results in a favorable 90-day outcome. To
clarify the effects of postischemic statin treatment, previous
studies in which atorvastatin was started 1 day after stroke in
rodents showed improvement of sensory motor deficit
through induction of angiogenesis, neurogenesis, and synap-
togenesis.*S These pleiotropic effects of statins were shown
to be the result of induction of vascular endothelial growth
factor or brain-derived neurouophic factor.* Additionally, the
microvascular dysfunction in the postireatment of stroke with
recombinant human tissue-type plasminogen activator could

be reduced by statins in rodent model.¢ However, the effect of
delayed treatment with statins after ischemic stroke is still
unknown. From this viewpoint, we investigated whether
chronic statin treatment beginning 7 days after ischemic
stroke had influences on neurological deficits and pathophys-
iology after the permanent middle cerebral artery occlusion
(MCAo) model in rats.

Materials and Methods

Surgical Procedure

Male Wistar rats (270 to 300 grams; Charles River; Kanagawa,
Japan) were used in this study. The right MCA was occluded by
placement of poly-L-lysine—coated 4-0 nylon, as described
previously.?

Protocol for Treatment and Behavioral Tests

Ten rats were only anesthetized (sham operation) and 32 rats were
subjected to MCAo (day 1). Based on neuromuscular function on
day 7, the rats were divided equally into saline-treated (n=16) or
fluvastatin-treated (n=16) groups. Fluvastatin (5 mg/kg per day;
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provided by Novartis Pharma) or saline was given by gavage from
day 7 to 100. We chose the dose (5 mg/kg per day), because a
previous report showed that this dose could effectively induce
angiogenesis in ischemic limb.8 On day 55, neuromuscular function
and locomotor activity were evaluated in the surviving rats. Then,
cognitive function was examined by Morris water maze from day 56
to 63, because the effects of neuronal regeneration could be detected
not in the early stage but in the chronic stage of ischemic brain such
as 49 to 53 days after the insult.? On day 96, MRI was performed. On
day 100, microangiography was performed.

MRI

High-resolution T1-weighted fast spin echo scquence images (repe-
tition time [TR]=1500 ms; echo tume {TE|=10.3 ms; field of view
[FOV]=4X 3 cm; matrix=256X192; slice thickness=1.5 mm; slice
gap=0.5 mm; number of slices=16; number of excitation=10; total
time=9.39 min) were obtained using a 3-T MRI scanner (Signa LX
VAH/I; GE).

Sensory Motor Deficit and Locomeotor Activity
Although there are various batteries for (esting sensory motor deficit,
we used a simple protocol.!” For forelimb flexion, rats were held by
the tail on a flat surface. Paralysis of the forelimbs was evaluated by
the degree of left forelimb flexion. For torso twisting, rats were held
by the tail on a flat swface. The degree of body rotation was checked.
For lateral push, rats were pushed either left or right. Rats with right
MCA occlusion showed weak or no resistance against a left push.
For hind limb placement, one hind limb was removed from the
surface. Rats with right MCA occlusion showed delayed or no
replacement of the hind limb when it was removed from the surface.

Spontaneous activity was measured via the open field (0.69 m?).
We set the sensor, which also put beams on the field, at 30 cm above
the field. The number of count, which is when the animal crosses the
beam, was measured for 30 minutes.

Morris Water Maze Task

A cylindrical tank 1.5 m in diameter was filled with water (25°C),
and a transparent platform 15 cm in diameter was placed at a fixed
position in the center of 1 of the 4 quadrants (O'Hara & Co, Ltd). In
the hidden platform trials, we performed the tests 4 times per day for
4 days. When the rat could not reach the platform, the latency was set
at 60 sec. In the visible platform trials, the tests were performed 4
times per day for 4 days. The acquired data were averaged per day.

Evaluation of Capillary Density

Using a recently developed microangiographic technique,! capillary
density and blood-brain barrier leakage were evaluated in the
cerebral cortex after MCA occlusion. The area or length of vessels
was analyzed with an angiogenesis image analyzer (version 1.0;
Kurabo).

Immunehistochemical Study:

Bromodeoxyuridine Labeling

To identify newly formed DNA, saline-treated (n=5) and fluvasta-
fin-treated (n=35) rats received injections of bromodeoxyuridine
(BrdU, 50 mg/kg; Sigma-Aldrich, Saint Louis, Mo) intraperitoneally
starting on day 7 wwice per day until day 13. Rats were euthanized on
day 14. After the sections (8-pm thickness) was fixed in 10%
formaldehyde/MeOH neutral buffer solution and blocked, they were
incubated with mouse monoclonal anti-rat CD3! antibody (1:100;
BD Biosciences; San Jose, Calif), goat polyclonal anti-doublecortin
(anti-DCX; Santa Cruz) antibody (1:100; Santa Cruz, Calif), mouse
monoclonal ant-NeuN antibody (1:1000: Chemicon. Temecula,
Calif), or mouse monoclonal anti-MAPLB antibody (1:100; Sigma-
Aldrich), followed by anti-mouse goat fluorescent antibody (1:1000
for NeuN and MAPIB, 1:400 for CD31, Alexa Flour 546, Molecular
Probes; Eugene, Ore) or anti-goat donkey fluorcscent antibody
(1:1000 for DCX Alexa Fluor 546). For double immunostaining,
these sections were fixed again and incubated in 2 N HCI at 37°C for
30 minutes. After blocking, they were incubated with rat monoclonal

Table. Infarction Volume Calculated by MRI, Blaod Pressure,
and Serum Tota! Gholesterol

Sham MCAo +S MCAo+F P
283.8x239 278.4*264 0.851

Infarction volume in
total rats (mm?)

Type of infarction in 0.828
Figure 1a {N of rats)

A v 12 11

B . 3 3

C ves 1 2

Infarction volume 322.8+15.0 327.0+18.8 0.758

(mm?) in type A rats

Systolic blood pressure
{mm Hg) in type A rats

Day 7 116.1=5.4 123.7=6.0
Day 56 146.5+4.7 148.3:27
85.9+56 75.3=3.5

1155273  0.654
136.1:£5.2  0.132

Serum total cholesterol 73.5*x27 0.949
(ma/dl) in type A rats

on day 56

Type A, low-intensity area seen in the dorsolateral and lateral portions of the
neocortex and the entire caudate putamen; type B, low-intensity area seen in
the dorsolateral and lateral portions of the neocortex and in part of the caudate
putamen; type C, low-intensity area seen in part of the lateral neocortex and
caudate putamen. MCAo+S, saline-treated rats after MCAo; MCAo-+F, fluva-
statin-treated rats after MCAo.

P, saline vs fluvastatin.

anti-BrdU antibody (1:200: Abcam, Cambridge. UK) followed by
anti-rat goat fluorescent antibody (1:1000, Alexa Fluor 488). For
immunohistochemical staining for AB. sections were pretreated for
30 minutes with hot (85°C) citrate buffer as described before.!?
Confocal images were acquired using an FV-300 (Olympus).

Quantitative Histological Analysis
To quanufy the inununorcactivity for MAPIB and A, the acquired
image was analyzed by Image J (version 1.32; NIH).

Detection of Superoxide Anion in Brain Sections
Superoxide anion was detected on day 14 as described previously.'?
Because intact cortex showed red fluorescence, we calculated the
rutio of fluorescence as follows: ratio of fluorescence = [fluorescence
intensity in ischemic core or peri-infarct region)/[fluorescence inten-
sity in intact region).

Statistical Analysis

All values are expressed as meanzSEM. To analyze the differences
in the type of cerebral infarction. x* test was performed. The latency,
path length. and mean speed in Morris water maze and sensory motor
deficits were analyzed by a 2-Tactor repeated-measure ANOVA. Post
hoc analyses were perfonned, and the Scheffe test was applied to
vontrol the wiflation i type 1 error. The value of the serum total
cholesterol, the blood pressure, and the spontancous activity was
analyzed by Schefie rules. The differences in the immunohistochem-
istry and the volume of infurction were assessed by Mann—~Whimey
I/ analyscs. In all cases, P<<0.05 was considered significant.

Results

Effects of Fluvastatin on Cognitive Impairment

To confirm the severily of cerebral infarction, all rats were
examined by Tl-weighted MRI after 89 days of treatment.
Although the total volume of infurction calculated in T1-
weighted images was not different between rats treated with

—241-



Shimamura et al

Statin Treatment Improved Cognitive Impairinent

3253

b c
3 10000 "
e 9000 3
25
8 8000 | | = M
5 2 £ 7000 ¢
= €
S 45 BMCAo+S o 6000 |
I TIMCAo+F 5000
S 1 5 4000 ¢
? O 3000 |
205 2000 |
-4
1000 |
’ 7 31 56 0 ‘ ‘
'bé\ x% XQ
Day & & &
&8
d e f
60 . 1600 40
50 | v 21400 s BT
= 40 E1200 | g3y ~e—Sham
< ‘| £1000 o =25
2 “ B 3
£30 - § 80O | . g 20 —#— MCA0+S
S20 | ]' E 600 | ]‘ 215
& a00 | g 10 —— MCAO+F
10 200 | 5
0 ot 0 s o B
1 2 3 4 12 3 4 1 2 3 4
Day Day Day
g h i
60 . 1600 - 40
so | 1400 | 351
T 1200 T30} —4— Sham
Z 40 F ;5"" 1000 S 2
e
g 30 © 2 800 g 20 —8— MCA0+S
8 20 ! 3 600 | A 15 |
ol & 400 ¢ g0y —¥%— MCAo+F
200 5|
o J SO P IR NI 0 ottt 3 [0 T
1 2 3 a4 12 3 4 12 3 4
Day Day Day

Figure 1. Typica! T1-weighted image of coronal section of rat brain (a). The images were divided into 3 groups. Type A, low-intensity
area seen in the dorsolateral and lateral portions of neocortex and the entire caudoputamen; type B, low-intensity area seen in the dor-
solateral and lateral portions of neocortex and in part of the caudatoputamen; and type C, high-intensity area seen in part of the lateral
neocortex and caudatoputamen. Sensory motor deficit (b). Spontaneous locomotor activity (c). Hidden platform test in Morris water
maze. Each figure showed latency (d), path length (e}, and mean speed (f). Days 1 to 4 indicate the trial day in the hidden platform test
(66 to 59 days after middie cerebral artery occlusion). Visible platform test in Morris water maze. Each figure showed latency (g), path
length (h), and mean speed (j). Days 1 to 4 indicate the day in the visible platform test (60 to 63 days after middle cerebra! artery occlu-
sion). MCAo-+ S indicates rats treated with saline after middle cerebral artery occlusion; MCAo +F, rats treated with fluvastatin after

middle cerebral artery occlusion.

saline and fluvastatin (Table), the pattern of cerebral infarc-
tion was divided into 3 groups: type A, low-intensity area
seen in the dorsolateral and lateral portions of the neocortex
and the entire caudate putamen; type B, low-intensity area
seen in the dorsolateral and lateral portions of the neocortex
and in part of the caudate putamen; type C, low-intensity area
seen in part of the lateral neocortex and caudate putamen
(Figure 1a). In type C, most of the lateral neocortex was
intact. To exclude the influence of the pattern of cercbral
infarction on cognitive function, we focused on type A rats in
the present study. The volume of cerebral infarction in type A

rats was not different between the groups (Table). Blood
pressure and serum total cholesterol also showed no differ-
ence among the groups (Table).

Sensory motor deficit had spontaneously recovered to
some extent by 8 weeks in both groups, and there was no
difference (Figure 1b). Locomotor activity in rats subjected to
MC Ao was increased as compared with that in sham-operated
rats, as described before.!* but there was no significant
difference between fluvastatin-treated and saline-trcated rats
(Figure 1c¢). In Morris water maze (Figure 1d-i), which
examines spatial learning, there were significant differences
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Figure 2. Representative images of immunohistochemical staining on day 14. Rats treated with fluvastatin (a through c), rats treated
with saline (d). Although BrdU-positive cells were observed in the peri-infarct cortex (a), peri-infarct basal ganglia, and subventricular
zone, these cells did not express NeuN (a), but expressed DCX in the subventricular zone (b). Fluvastatin-treated rats showed some
BrdU/CD31-positive cells (arrows, ¢), although most BrdU-positive cells were negative for CD31 in saline-treated rats (d). The number
of BrdU-positive cells (e), NeuN-positive cells (f), BrdU/DCX-positive cells (h), DCX-positive cells (i), and BrdU/CD31-positive cells ();
the percentage of BrdU/DCX-positive cells (g) or BrdU/CD31 cells (k) in total BréU-positive cells. PC indicates peri-infarct cortex; PBG,
peri-infarct basal ganglia; IC, infarcted cortex; IBG, ischemic basal ganglia; ISVZ, subventricular zone on infarcted side; GC, contralat-
eral cortex, CSVZ, subventricular zone on contralateral side; CBG, contralateral basal ganglia (n=5 in each group, *P<0.05,

bar=100 um).

in the latency and path length in hidden platform test among
the groups (supplemental Table 1, available online at hup://
stroke.ahajournals.org). A significant difference was ob-
served on day 4 between fluvastatin-treated and saline-treated
rats (supplemental Table T). Also. there was a significant
difference between sham and saline-treated rats (supplemen-
tal Table T). There was no significant difference both in
swimming speed and visible platform test, which excluded
the possible influence of visual loss, sensory motor deficit,
and motivation on the results.'® These data suggest that
impaired spatial learning was improved by {luvastatin.

Histological Changes by Fluvastatin

Next, we studied whether fluvastatin had some influences on
the histology. Initially, we focused on neurogenesis and
angiogenesis. To examine neurogenesis, we measured BrdU-
incorporated cells after injecting BrdU from day 7 to day 13.
Although BrdU-positive cells were observed in the subven-
tricular zone and peri-infarct region (Figure 2a to 2d), the
total number did not differ between the groups (Figure 2e).
Similarly, the density of NeuN-positive cells, as a marker of
adult neurons, also did not differ between the groups (Figure
2t), whereas there were no BrdU/NeuN-positive cells in the
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peri-infarct cortex and subventricular zone (Figure 2a). Al-
though some BrdU-positive cells expressing DCX, a marker
for migrating neuroblasts, could be detected in subventricular
zone (Figure 2b), the percentage in total BrdU-positive cells
(Figure 2g) and the number (Figure 2h) did not differ between
the groups. Also. the number of DCX-positive cells was same
in the both groups (Figure 2i). There were no BrdU-positive
cells expressing DCX in the cerebral cortex. Unexpectedly,
these data suggest that neurogenesis was not enhanced by
fluvastatin,

Thus, we fturther examined whether angiogenesis was
atfected by fluvastatin. In the peri-infarct cortex and basal
ganglia, BrdU-positive cells that were positive for CD31 as a
marker of endothelial cells could be detected (Figure 2c¢,2d).
The aumber of BrdU/CD31-double-positive cells was sigmif-
icantly increased in fluvastatin-treated rats (Figure 2j). The
percentage of BrdU/CD31-double-positive cells in total
BrdU-positive cells was also increased in fluvastatin-treated
rats (Figure 2k). Consistently. microangiography using FITC-
conjugated albumin'! also showed that microvessels were
significantly increased in fluvastatin-treated rats only in the
peri-infarct cortex and basal ganglia, without destruction of
the blood-brain (Figure 3a to 3h). Quuntitative analysis
showed that the length and area of microvessels were also
increased in the peri-infarct region, but not in the contralateral

PC CBG
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Figure 3. Microangiographic images
using albumin-fluorescence isothiocya-
nate on day 100: (a and b) peri-infarct
cortex; (c and d) contralateral cortex; (e
and f) peri-infarct basal ganglia; (g and h)
contralateral basal ganglia (bar=100 pm).
Quantitative analysis (i and j) of microan-
giography. Rats treated with fluvastatin
showed increased microvessels in the
peri-infarct region (n=4 in each group,
*P<0.05, **P<0.01).

BHMCAo+S
~IMCAo+F

PBG

cortex and contralateral basal ganglia, in rats treated with
fluvastatin, at 3 months after stroke (Figure 3i.)).

Because recent reports showed that neurite outgrowth was
observed in the peri-infarct region from 7 to 14 duays after
cerebral infarction,'¢!7 we next examined the effect of fluva-
statin on neurite outgrowth. Immunohistochemical staining
showed that treatment with fluvastatin significantly increased
the immunoreactivity of MAP1B. a marker of neurite out-
growth, in neurites's's (Figure 4), although the number of
MAPI1B-positive cells was the same in both groups. These
data implied that the fluvastatin might promote angiogenesis,
resulting in improvement of the microcirculation, and neurite
outgrowth.

One possible explanation for the enhanced angiogenesis
and neurite outgrowth is a decrease in oxidative swress by
fluvastatin. To assess oxidative stress, we evaluated superox-
ide production using dihydroethidium staining (Figure 5a lo
5¢). Superoxide anion was increased in the ischemic core as
compared with the contralateral region at 2 weeks after MCA
occlusion (Figure 5a,5¢). However, rats treated with fluva-
statin showed a significant reduction in superoxide anion
especially in the ischemic core region, but not in the peri-
infarct cortex and basal ganglia (Figure 5b,5d,5¢e).

Finally, we examined A B deposition in the thalamic nuclei,
because previous reports showed that A deposits in the
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thalamic nuclei persisted as long as 9 months after focal
cerebral ischemia.'? Although immunohistochemical staining
showed marked deposition of AB in the ventrolateral and
ventcomedial thalamic nuclei at 3 months after stroke, the
area of A deposits was significantly decreased in fluvasta-
un-treated rats (Figure 5f to Sh). In other regions, such as
cortex or basal ganglia, there was no AB deposits in both
groups as reported before. 2

Discussion

Although several laboratories have shown that long-term
pretreatment with a statin reduces infarct size in rodents,'? no
articles have reported the effects of delayed postischemic
reatment with statins. The present study demonstrated that
statin treatment beginning 7 days after ischemic stroke
resulted in significant improvement of spatial learning at 8
weceks after stroke. without any change in the plasma choles-
terol level and infarct size.

Contralateral cortex

L]

Figure 4. Typical images of immunohis-
tochemical staining for MAP1B in peri-
infarct cortex (a and c) and contralateral
cortex (b and d) on day 14 (bar=100 um).
Although the number of MAP1B-positive
cells was the same in both groups (e),
immunoreactivity was higher in the peri-
infarct region in fluvastatin-treated rats
{f) (n=4 in each group, *P<0.05).

EMCA0+S
IMCAo+F

Fluvastatin-treated rats showed a significant increase of
MAPIB in neurites in the peri-infarct region. Considering
that MAPIB is especially prominent in extending neurites?
and related to functional recovery after ischemic stroke.!? one
of the possible effects of fluvastatin is to enhance neurite
outgrowth, “neuritogenesis,” in the early stage of treatment.
This speculation might be supported by the recent study
demonstrating that neurite outgrowth is accelerated by pra-
vastatin via inhibiting the activity of geranylgeranylated
proteins such as RhoA.3!

As BrdU/CD31-positive cells were increased 14 days after
MCAo and microvessels were also increased in the peri-
infarct region 100 days after MCAo, fluvastatin enhanced
angiogenesis and resulted in improvement of microcircula-
tion in the peri-infarct region. Although the refationship
between the improved microcirculation and behavior is still
unclear, a recent report demonstrated that the restoration of
perfusion by collateral growth and new capillaries in the
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Figure 5. a through e, Superoxide anion
detected by dihydroethidium staining on
day 14. Red spots show the existence of

EIMCA0+S superoxide anion. Fluorescence intensity
TIMCAO+F was higher in the infarcted cortex (a)

1.00 compared with the contralateral cortex
(c). Fluvastatin-treated rats showed
decreased fluorescence intensity in the

0.50 infarcted cortex (b}, although there was
no difference in the peri-infarct cortex

0.00 and basal ganglia (e) (=4 in each group,

Contralatera *P<0.05, bar=100 um). Deposition of
Ag in thalamus on day 100 after middle
cerebral artery occlusion. Although depo-

o 70% - sition of AB was observed in the thalamic
nuclei {f and g), there was no deposition

— 6.0% in other regions such as the cortex and
§ 5.0% basal ganglia. Quantitative analysis

’ showed decreased Ag deposition in flu-
c 4.0% vastatin-treated rats (h) (n=6 in each
2 group, “P<0.01, bar=200 um).
2 3.0%
g
© 2.0%
<2
< 1.0%

0.0%
MCAo+S MCAo+F

ischemic border zone around a cortical infarct supported
long-term functional recovery in rats.®? Additionally, others
reported that some patients who received tissue plasminogen
activator therapy with no immediate clinical improvement
despite early recanalization showed delayed clinical improve-
ment.2’ From these viewpoints, it is likely that the improve-
ment of microcirculation is an important factor for the
functional recovery.

Of importance, fluvastatin reduced deposition of Ag in the
ventrolateral-ventromedial thalamic nuclei in the chronic
stage of ischeniic stroke, although rats subjected to focal
cerebral ischemia develop deposition of A in the ventropos-
terior lateral and ventroposterior medial nuclei for as long as
9 months.'? This might be simmlar with precious reports
showing that statins reduced the production of A in Alzhei-
mer disease.® The mechanism of the teduction of AS by
fluvastatin should be further investigated.

Thus, the rats treated with fluvastatin showed enhancement
of angiogenesis and neurite outgrowth in the peri-infarct
cortex and reduced deposition of AB in the ventrolateral—
ventromedial thalamic nuclei. Because those regions are
important sites for spatial learning,?s-26 we speculate that the
enhancement of functional recovery by fluvastatin might be
dependent on those regions.

The other histological difference was the reduction of
superoxide anion in the ischemic core in fluvastatin-treated
rats. Because cerebral blood flow in the ischemic cortex
remained (0 be reduced for 48 hours and restored to some
extent 9 days after permanent MCAo,”” we speculate that
fluvastatin could reach the ischemic core and show the
antioxidative effects. On the contrary, in the peri-infarct

region, superoxide anion was not detected even in the control
group and no effect of fluvastatin might be observed. This
effect of statin is similar with the previous report showing
that cerivastatin prevented the production of superoxide anion
in the cercbral parenchyma in stroke-prone spontaneously
hypertensive rats.2® Also, fluvastatin is reported (o possess
antioxidative properties in other cells.+¥3¢

The association of neurogenesis is also the center of
interest, because previous reports showed an increase in
neurogenesis after atorvastatin treatment beginning at 1 day
atter stroke.” However, we speculate that neurogenesis might
not have contributed to the favorable outcome in the present
study, because the volume of infarction was not decreased by
fluvastatin, and the density of mature neurons (NeuN-positive
cells) and proliferative immature neurons (BrdU/DCX-
positive cells) was the same in both groups. From the
viewpoints, the timing of treatment seems important for the
enhancement of neurogenesis and the beginning of statin 7
days after MCAo might be too late to enhance neurogenesis.

The limitation of the present study is that there is no data
demonstrating that fluvastatin crossed over the blood-brain
barrier and acted on neurons directly. Blood—brain barrier
permeability difters among statins and correlates in part with
their respective lipophilicity.3* Considering that pretreatment
with pravastatin and rosuvastatin, whose lipophilicity is 0.84
and 0.33, respectively, shows significant effects on reducing
infarction volume,?! {luvastatin, whose lipophilicity is 1.27.
might penetrate blood—brain barrier and have some direct
effects on neurons. Otherwise, fluvastatin could penetrate the
brain because of the disruption of blood—brain barrier after
MCAo. One of other limitations in the present study is no
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examination of the characteristics of BrdU positve-cells
other than CD31, DCX, or NeuN. In addition, how these
histological changes in fluvastaun-treated rats were mecha-
nistically linked to improved outcome was not clarified.
Further study is necessary to clarify these points.

Summary

Overall, delayed postischemic chronic fluvastatin treaument
showed beneficial effects on the recovery of cognitive im-
pairment after stroke by enhancement of neuritogenesis and
of angiogenesis and a decrcase in AB deposition and super-
oxide anion production. Further studies might show potential
clinical utility to treat cognitive impairment in patients with
ischemic stroke.
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Intravenous Infusion of Dihydroginsenoside Rbl Prevents
Compressive Spinal Cord Injury and Ischemic Brain Damage
through Upregulation of VEGF and Bcl-xp

MASAHIRO SAKANAKA,! PENGXIANG ZHU,! BO ZHANG,'! TONG-CHUN WEN,!
FANG CAOQ,' YONG-JIE MA,! KEIICHI SAMUKAWA,! NORTAKI MITSUDA,2
JUNYA TANAKA,> MAKOTO KURAMOTO,* HIDEMITSU UNO,* and RYUJI HATA!

- ABSTRACT

Red ginseng root (Panax Ginseng CA Meyer) has been used clinically by many Asian people for
thousands of years without any detrimental effects. One of the major components of Red ginseng
root is ginsenoside Rb; (gRb1). Previously, we showed that intravenous infusion of gRb1 amelio-
rated ischemic brain damage through upregulation of an anti-apoptetic factor, Bel-xg, and that top-
ical application of gRb1 to burn wound lesion facilitated wound healing through upregulation of
vascular endothelial growth factor (VEGF). In the present study, we produced dihydroginsenoside
Rb1 (dgRb1), a stable chemical derivative of gRb1, and showed that intravenous infusion of dgRbl
improved spinal cord injury (SCI) as well as ischemic brain damage. As we expected, the effective
dose of dgRb1 was ten times lower than that of gRbl. Intravenous infusion of dgRb1 at this effec-
tive dose did not affect brain temperature, blood pressure or cerebral blood flow, suggesting that
dgRb1 rescued damaged neurons without affecting systemic parameters. In subsequent in vitro stud-
ies that focused on dgRbl-induced expression of gene products responsible for neuronal death or
survival, we showed that dgRb1 could upregulate the expression of not only B¢cl-xp, but alse a po-
tent angiogenic and neuretrophic factor, VEGF. We also showed that dgRb1-induced expression of
bel-xr, and VEGF mRNA was HRE (hypoxia response element) and STRE (signal transducers and
activators of transcription 5 (Stat5) response element) dependent, respectively.

Key words: Bcl-xp; cerebral ischemia; ginsenoside Rbl; spinal cord injury; VEGF

INTRODUCTION cidents, sports and recreational activities, work-related

accidents and falls at home. More importantly, the ma-

HE ANNUAL INCIDENCE of spinal cord injury (SCI) has  jonity of SCI victims are young and otherwise healthy,
been estimated to be approximately 20-40 persons and suffer the burden of life-long disability. At present,

per 1 million in the world (Profyris et al,, 2004). The there is no universally accepted treatment for this patho-
main causes of trauma to the cord are motor-vehicle ac-  logical condition. Administration of methyiprednisolone,
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Graduate School of Medicine, Shitukawa, Toon, Ehime, Japan.

“Division of Synthesis and Analysis, Department of Moleculur Science, Integrated Center for Sciences (INCS), Ehime
University, Matsuyama, Japan.
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surgical decompression of the spinal cord, and stabiliza-
tion of the vertebrae of the spine are performed to pre-
vent further injury. However, recovery from functional
loss is limited (Enomoto et al., 2004).

Over the past several decades, researchers have been
making desperate efforts, without any greal success,
searching for intravenously infusible neuroprotective
agents for SCI. At present, only methylprednisolone is
clinically available. However this agent, even though al-
leviating SCI, frequently causes scrious adverse effects
in humans by modulating inflammatory responses in an
adverse manner (Sayer et al., 2006). Finding an intra-
venously infusible neuroprotective agent that acts safely
and favorably on the damaged spinal cord tissue without
an increased risk of infection or avascular necrosis of the
femoral heud appears to be u prerequisite for the treat-
ment of SCI. We speculate that development of an in-
travenously infusible agent with a potent neuroprotective
action would be of great value from the clinical point of
view, because such an effective agent would greatly con-
tribute to clucidation of the molecular mechanisms un-
derlying the SCI for which the agentis applied, and would
facilitate the development of other innovative treatment
protocols and drugs.

Red ginseng root (Panax ginseng CA Meyer) is used
clinically in Asian counuies for various diseases, in-
cluding atherosclerosis, liver dystunclion, cerebrovascu-
lar disease, hypertension and post-menopausal disorders
(Kimura et al., 2006). Giaseng root consists of two ma-
Jor ingredients: crude ginseng saponin and crude ginseng
non-saponin fractions. To date, more than 20 saponins
have been isolated from ginseng root and identified
chemically. They can be classified into three major
groups according to their chemical structure: pro-
topanaxadiol, protopanaxatriol and oleanolic acid
saponins, of which ginsenoside Rb, (gRb1), ginsenoside
Rg and ginsenoside Ry are respective representative sub-
stances (Shibatu et al,, 1994).

In our previous study, we showed that postischemic
intravenous infusion of gRb1 ameliorated cortical infarct
size, place navigation disability and secondary thalamic
degeneration after permanent occlusion of the middle
cerebral artery (MCA) in stroke-prone spontancously hy-
pertensive rats (SHR-SP), and demonstrated that gRbl
upregulated neuronal Bel-x(, protein expression and pre-
vented neuronal apoptosis in vitro and in vivo (Zhang et
al., 2006). We also showed that topical application of
gRb1 to burn wound ameliorated healing process through
upregulation of the kerationocyte-derived vascular en-
dothelial growth factor (VEGF) production in vive and
in vitro (Kimura et al.. 2006). In the present study, we
dehydrogenated gRb! and produced dihydroginsenoside
Rbl1 (dgRbl!, a stable chemical derivative of gRbl). We

showed that intravenous infusion of dgRb1{ improved SCI
in rats, as well as ischemic brain damage in MCA-oc-
cluded rats. In subsequent in vitro experiments that fo-
cused on dgRbl-induced expression of gene products re-
sponsible for neuronal death or survival, we demonstrated
that dgRb1 upregulated VEGF and Bcl-x_expression and
facilitated neuronal survival through hypoxia response el-
ement (HRE) and signal transducers and activators of
transcription 5 response element (STRE), respectively.

METHODS

All experiments were approved by the Ethics Com-
mittee at Ehime University School of Medicine and were
conducted according to the Guidelines for Animal Ex-
perimentation at Ehime University School of Medicine,
Animals were housed in an animal room with a temper-
ature range of 21-23°C and a 12-h light/dark cycle (light
on: 7 am. to 7 p.m.). Animals were allowed access to
food and water ad libitum until the end of the experiment.

Production and Purification
of Dihvdroginsenoside Rbl

Ginsenoside Rbl (gRbl) was isolated and purified
from the crude saponin fraction of the rhizome of Panax
Ginseng C.A. Meyer (Zhang et al., 2006). Dihydrogin-
senoside Rb1 (dgRbl) was produced by the following
method. First, 10% palladium charcoal (Pd/C) 10.2 mg
was weighed, and placed in a two-necked flask with
stop cocks. It was suspended by addition of methanol
(GR) (I mL). A hyvdrogen balloon (approximately 1.1
atom) was attached to the flask via one stop cock, and
the other cock was connected to a vacuum pump. The
catalyst (Pd/C) was activated at 0°C by several cycles
of evacuation and agitation under hydrogen. After stir-
ring for 30 min under hydrogen, ginsenoside Rb1 (19.9
mg) dissolved in methanol (I ml) was injected into the
flask through a syringe. The mixwre was vigorously
stitred at 0°C for 19.5 h using a magnetic stirrer. The
reaction mixture was filtered through a filter paper and
then 4 membrane filter with pores 0.45 um in diame-
ter. The product was dissolved in pure water (10 mL)
and freeze-dried to obtain 19.1 mg dgRbl (yield: 97%)
as white powder. Then the product was purified by
repeated column chromatography on silica gel with
CHCl13-MeOH-H,0 (65:35:10) and on ODS (octa-
decylsilyl) silica gel with MeOH-H.O (1:1-7:3)
(Samukawa et al., 1995). After purification, dihydro-
genation of gRbl was confirmed by 'H-NMR. NMR
spectra were obtained with a INM-400 spectrometer,
and 'H chemical shifts were referenced to internal
tetramethylsilane (0 ppm).
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Osmotic Minipump Implantation

An osmotic minipump (model 2004 or 2001; Alza
Cotp., Palo Alto, CA) filled with either dgRb! solution
or vehicle (saline) was implanted subcutaneously in the
back of each animal before ischemic or traumatic insult,
and a fine silicon tube connected to the minipump was
inserted into the left femoral vein after ischemic or trau-
matic insult.

Spinal Cord Injury in Wistar Rat

Adult male Wistar rats, aged 12-14 weeks, weighing
250-300 g, were used. Rats were anesthetized with 1.5%
halothane in a 4:3 mixtwre of nitrous oxide and oxygen,
and body temperature was kept at 37.0 = 0.2°C during
surgery. Spinal cord injury (SCI) was induced as de-
scribed elsewhere (Morino et al., 2003). In brief, the back
of the rat was shaved and disinfected. A longitudinal in-
cision was made from the mid to low thoracic vertebrae,
The dorsal surface of the spinal cord was exposed by
laminectomy of the Jower thoracic cord (Th12) vertebrae,
and the dura was left intact. The exposed Th12 was com-
pressed extradurally with a 20-g weight for 20 min. The
muscles and skin were sutured with 4-0 silk. This method
induces temporary paralysis of the lower extremities in
a reproducible manner (Naruo et al., 2003). Thirty min-
utes later, a total of 60 ul. of dgRb! solution (1.2 or 6
ng/60 pL in saline) or the same volume of vehicle
(saline) was infused once into the left femoral vein. Sub-
séquently, continuous intravenous administration of
dgRbl was performed for 7 days using an osmotic
minipump (1.2 or 6 pg/day). Control animals and sham-
operated animals were administered with the same vol-
ume of physiological saline (vehicle).

Behavioral Evaluation after Spinal Cord Injury

As an open field test, a transparent acrylic box (30 X
30 X 30 cm) covered with a sound-attenuating shell
(BOF-102; Biomedica, Osaka, Japan) was used. Inside
the open field, an overhead incandescent bulb provided
room lighting (approximately 110 lux), and a fan attached
to the upper part of the box provided a masking noise of
45 dB. Animals were allowed to move freely in the open
field for 20 min in the light condition. On each X and Y
bank of the open field, infraved beams were attached 2
cm above the floor at 10-cm intervals, making a flip-flop
circuil between the beams. The total number of circuit
breaks was counted as the locomotor activity. On the X
bank, 11 infrared beams were attached 12 cm above the
floor at 2.5-cm intervals, and the total number of beam
crossings was counted as the rearing activity. The open
field locomotor scores (locomotor activity, rearing activ-
ity and BBB scores (Basso et al., 1995)) were measured

before the loading of spinal cord injury, just after the
loading of SCI, and from the 1% day to the 7' day after
SCI, as indices of motor function. BBB scores of the
sham-operated rats were 20-21.

Histological Observation and Quantitative
Analysis of Spinal Cord Injury Damage

After evaluating behavioral performance, animals were
anesthetized with an intraperitoneal injection of chlorat
hydrate (300 mg/kg) at 7 days after SCI and perfused
transcardially with 0.1 M phosphate-buffered saline (pH
7.4) followed by perfusion with 500 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
The damaged spinal cords (1 cmin length) were dissected
out. After fixation with the same fixative for overnight,
each tissue sample was dehydrated, embedded in paraf-
fin and sectioned in 5-pm increments. Each deparaf-
finized tissue section was treated with 10% non-immu-
nized goat serum and incubated with a monoclonal
antibody against microtubule-associated protein 2
(MAP2, SMI 52; Sternberger Monoclonals Inc.,
Lutherville, MD) for overnight at 4°C. After incubation
with biotinylated anti-mouse IgG and peroxidase-conju-
gated streptavidin (DAKO A/S, Glostrup, Denmark),
staining was visualized with 0.05% 3,3'-diaminobenzi-
dine tetrahydrochloride and 0.01% hydrogen peroxide.

The separate animals (n = 5 in each group) were anes-
thetized with an intraperitoneal injection of chloral hy-
drate (300 mg/kg) at 7 days after SCI. The damaged
spinal cords (1 cm in length) were dissected out. The sam-
ples were homogenized on ice with lysis buffer (0.5%
SDS, 0.5% Triton-X, 100 uM phenylmethane sulfonyl
fluoride, 20 M Tris-HC), pH 8.0). Then the samples
were sonicated and centrifuged at 13,000 rpm for 10 min
at 4°C. The protein content in the supernatant was de-
termined using a BCA protein assay kit (Pierce, Rock-
land, IL.). The supernatant was mixed with sample buffer
(62.5mM Tris-HCl, pH 6.8, 2% sodium dodecylsulfate,
10% glycerol, and 0.001% bromophenol blue) to a final
protein concentration of 1 mg/mL.. Equal amounts of pro-
tein (15 ug) from the homogenates were electrophoresed
and processed for immunoblot analysis using a mono-
clonal antibody against MAP2 (SMI 52, Sternberger
Monoclonals Inc.). For semi-quantitative evaluation, the
immunoreactive bands were subjected to densitometric
analysis using a NIH Image program (National Institutes
of Health, Bethesda, MD).

Middle Cerebral Artery Occlusion
in Stroke-Prone Spontaneously Hypertensive Rats

Adult male SHR-SP rats, aged 12-14 weeks, weigh-
ing 250-300 g, were used. Rats were anesthetized with
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1.5% halothane in a 4:3 mixuwre of nitrous oxide and oxy-
gen, and brain temperature was maintained at 37.0 +
0.2°C during surgery. The left MCA above the rhinal fis-
sure and distal to the striate branches was coagulated and
cut (Zhang et al., 2004).

Intravenous Infusion of dgRbl after MCAO

DgRb1 was dissolved in isotonic saline. Then, 60 uL
of dgRbl solution (0.6 or 6 pg/60 uL) or the same vol-
ume of vehicle (saline) was injected into the left femoral
vein of rats immediately after MCA occlusion, and then
dgRbl at a comresponding dose (0.6 or 6 pg/day, re-
spectively) was continuously infused using an Alza os-
motic minipump. MCA-occluded animals infused with
saline were used as a control. The rate of continuous fluid
infusion was 0.25 puL/h in all groups.

Measurement of Brain Temperature
and Blood Pressure after MCAQ

The brain temperature of rats with or without dgRbi
treatment was monitored by a combination of a tempera-
ture probe (XM-FH-BP 5 mm; Mini-Mitter Co., Sunriver,
OR) inserted into the right cerebral hemisphere (1 mm an-
terior to the bregma, 1.5 mm lateral to the midline) and a
telemetry system receiving signals from the probe (Data-
Science Int., St. Paul, MN). The ruts had free access o food
and water except during the periods of minipump implan-
tation and MCA occlusion (MCAO). The brain tempera-
ture was continuously monitored until the end of the ex-
periment. The mean arterial blood pressure (MABP) in each
animal was measured using a rat tail manometer-tachome-
ter system (MK-1030, Muromachi Co., Tokyo, Japan).

TTC Staining 1 Day after MCAO

One day after MCAQ, some animals were killed with an
overdose ot pentobarbital (50 mg/mL, 0.5 mL/animal) and
decapitated. The brains were removed and sectioned coro-
nally into [-mm slices using a rat brain matrix (BRM-
4000C; Activational System Inc., MI). Slices were imme-
diately stained with 2% 2,3,5-triphenyltetrazolium chloride
(TTC: Sigma, St. Louis, MO) and incubated at 37°C for 30
min, The border between infarcted and non-infarcted tis-
sue was outlined with an image analysis system, and the
area of infarction was measured by subtracting the area of
the non-lesioned ipsilateral hemisphere from that of the
contralateral hemisphere (Swanson et al., 1990). The vol-
ume of infarction was calculated by integration of the le-
sion areas at all equidistant levels of the forebrain.

Water Maze Test up to 4 Weeks afier MCAO

The other MCA-occluded rats were subjected to re-
peated Morris water maze tests at 2 and 4 weeks after

MCAO. Each test included three trials per day for 4 con-
secutive days. The rats were allowed 1o swim until they
reached the submerged platform and to stay there for at
least 10 sec. In the case that rats could not escape onto
the plattorm within 90 sec, they were placed by hand onto
the platform for 15 sec, and their escape latency was
recorded as 90 sec. The mean latency of finding the in-
visible platform was measured for individual animals on
each day.

Pathological Evaluation 4 Weeks after MCAO

After water maze tests, the animals were deeply anes-
thetized intraperitoneally with a lethal dose of sodium
pentobarbital (50 mg/mL, 0.5 mL/animal), and pertused
transcardiatly with 0.1 M phosphate-buffered saline (pH
7.4), followed by perfusion with 4% paraformaldehyde
in 0.IM phosphate buffer (pH 7.4). The brain was dis-
sected out and fixed in the same fixative. After taking a
photograph of each brain, the infurcted region was traced
on a sheet. Then the areas of the infarcted region and the
left hemisphere of the brain were measured using a com-
puterized processing system. The ratio of the infarcted
area to the left hemispheric area was calculated.

Cortical Neuron Cultures

The cerebral cortices of |7-day-old rat embryos were
aseptically dissected out. Cortical neurons were dissoci-
ated from the tissues as described clsewhere (Zhang et
al., 2006). The dissociated cells were seeded on 24-well
plastic plates (Corning, New York, NY) coated with poly-
L-lysine, at a density of 5.0 X 10 cells/well.

SNP Treatment of Cultured Cortical Neurons

To induce apoptotic cell death, rat cortical neurons
were exposed to 100 uM sodium nitroprusside (SNP, NO
donor; Wako, Osaka, Japan) for 10 min. NO-induced neu-
ronal death is characterized by nuclear fragmentation un-
der electron microscopy and by DNA fragmentation as
described elsewhere (Toku et al., 1998). Cortical neurons
were cultured for 3 or 4 days in vitro, and then further
cultured in the presence of (0-10° fg/ml dgRbl for 24 h,
followed by SNP treatment for (0 min. After treatment,
neurons were cultured for 16 h in Eagle’s minimum es-
sential medium (EMEM; Sigma) containing 1 mg/mL
bovine serum albumin (BSA; Sigma) and 10mM HEPES
(pH. 7.3; Tnvitrogen, Carlsbad, CA) with 0-10° fg/mlL.
dgRbl. Then, the neurons were homogenized and solu-
bilized in Laemmli's sample solution containing 2%
sodium dodecyl sulfate (Laemmli, 1970). An equal
amount of protein (15 pg) from the homogenates was
electrophoresed and processed for immunoblot analysis
using a monoclonal antibody against MAP2 (SMI 52;
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Stermberger Monoclonals Inc.). For semi-quantitative
evaluation, the immunoreactive bands were subjected to
densitometric analysis.

Analysis of VEGF and bel-xp mRNA Expression

Total RNA was extracted from cortical neurons cul-
tured for 24 b with 0, 1, or 102 fg/ml dgRbl, using [so-
gen (Nippon Gene, Tokyo, Japan). Tt was then treated
with DNase. Oligo dT primers together with 3 ug of
DNase-treated total RNA and Moloney murine leukemia
virus reverse transcriptase (Invitrogen, Carlsbad, CA)
were used 1o obtain single strand DNA. PCR was con-
ducted with the use of Takara EX Taq polymerase
(Takara, Tokyo, Japan). The following conditions were
used for PCR amplification: cDNA products of the re-
verse transcription reaction were denatred for 2 min at
94°C hefore 20 cycles (for B-actin), 35 cycles (for VEGF)
or 25 cycles (for bel-xy) at 94°C for 1.5 min, 55°C for
1.5 min, and 72°C for 2 min. The RT-PCR products were
separated on 3% agarose gel and visuvalized by ethidium
bromide staining. The following pairs of oligonucleotides
corresponding to certain sequences within the coding re-
gions of the B-actin, VEGF and bcl-x;, genes were used
as primers: rat B-actin primers; 5° primer (5'-AGAA-
GAGCTATGAGCTGCCTGACG-3"), 3' primer (5'-
TACTTGCGCTCAGGAGGAGCAATG-3"); rat VEGF
primers, 5" primer (5'-CCATGAACTTTCTGCTCTC-
TTG-3'), 3' primer (5'-GGTGAGAGGTCTAGTTCC-
CGA-3'); rat bel-xy. primers, 5’ primer (5'-GTAGT-
GAATGAACTCTTTCGGGAT-3"). ¥ primer (5'-CCA-
GCCGCCGTTCTCCTGGATCCA-3').

Analysis of VEGF and Bcl-x;, Protein Expression

Homogenates were obtained from cortical neurons cul-
wured for 48 h with 0-10% fg/ml. dgRbl. Homogenates
were solubilized in Laemmli’s sample solution contain-
ing 2% sodium dodecyl sulfate (Laemmli, 1970). An
equal amount of protein (15 pg) from the homogenates
was electrophoresed and processed for immunoblot
analysis using mouse monoclonal antibodies against
VEGF protein (Santa Cruz Biotech., Santa Cruz, CA) and
Bcl-xg. protein (Transduction Laboratories Inc., Lexing-
ton, KY). For quantitative evaluation, the immunoreac-
tve bands were subjected to densitometric analysis with
NIH image software (National Institutes of Health,
Bethesda, MD).

Construction of VEGF and Bcl-X
Promoter Plasmids
The murine VEGF promoter fragment between posi-

tions — 1106 and +113 relative to the transcription start
site, was prepared by PCR with primers 5'-CCACGC-

TAGCGGGTAGGTTTGAATCACCATGCC-3' and 5°-
CCACAAGCTTAGTCCGCTGATAGTCTGCCTTG-
3’. This segment, which contains the hypoxia response
element (HRE), was insened between the Nhel and
Hindlll sites of the pGL.2-basic vector (Promega, Madi-
son, W1) to make the VEGF-wt plasmid. Mutation of the
HRE element was generated by PCR using a sense primer
(5'-TGCATACTCTGGTTTCCACAGGTCGTC-3’) and
an antisense primer (3'-AAACCAGAGTATGCACTGT-
GTAGTCTGG-3') carrying mutations, to make the
VEGF-mut plasmid. The shorter promoter fragment be-
tween positions —755 and + 113, which does not contain
HRE, was also prepared by PCR with primers 5'-CC-
ACGCTAGCAGATCAGACAAGGGCTCAGATAAG-
3' and 5'-CCACAAGCTTAGTCCGCTGATAGTCTG-
CCTTG-3' and inserted between the Nhel and HindIIl
sites of the pGL2-basic vector to make the VEGF-short
plasmid.

The murine Bel-X promoter fragment between posi-
tions -638 und -95 relative to the trunslation start site was
prepared by PCR with primers 5'-CCACGAGCTC-
GATCTGGTCGATGGAGGAAC-3' and 5'-AAACAC-
CTGCTCACTTACTGGGTC-3'. This segment, which
contains the StatS response element (STRE), was di-
gested by Sacl and BamHI, and inserted between the Sacl
and BamHI sites of the pGL2-basic vector to make the
bcl-x-wt plasmid. Mutation in STRE was generated by
PCR using a sense primer (5'-AGGCATTGAGGA-
TAAAAGGG-3’) and an antisense primer (5°-CCCTTT-
TATCCTCAATGCCT-3") carrying mutations, to make
the bcl-x-mut plasmid. Another promoter fragment be-
tween positions -1217 and -592, which does not contain
STRE, was also prepared by PCR with primers 5'-CG-
GCCCTCGAGCCCTGCAGGGGGCT-3' and 5'-AAT-
TGCGAAGCTTAGGAACCTGCC-3’, and inserted be-
tween the Xhol and HindIll sites of the pGL2-basic
vector to make the bel-x-0.6L plasmid (Silva et al., 1999).

Transient Transfection and Promoter Assays

Primary cultured neurons were seeded on 24-well
PLL-coated plastic plates (5.0 X 103 cells/well). On the
third day of culwre, the cells were co-transfected with
0.4 pg of reporter plasmid and 0.1 pug of pRL-TK
(Promega) internal control plasmid using Lipofectamine
Plus Reagent (Invitrogen) according to the manufac-
turer’s protocol. After transfection, the cells were incu-
bated a1 37°C. One day later, dgRbl was added to the
medium at a concentration of 100 fg/mi, and neurons
were incubated for a further 24 h. The activities of fire-
fly luciferasc from promoter-luciferase plasmmds and
renilla luciferase from pRL-TK plasmid in the cell ex-
tracts were evaluated using a Dual-luciferase assay kit
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(Promega) with a luminometer (TD-20/20; Turner De-
signs Inc., Sunnyvale, CA) according (o the manufac-
turer’s protocol.

Statistical Analysis

All values are presented as mean value * SD. Suatis-
tical significance was tested by one-way analysis of vari-
ance (ANOVA) followed by Bonferroni's multiple com-
parison test. A p value less than 0.05 was considered to
be statistically significant.

RESULTS

Characterization and Purity of dgRbl

The produced dgRbl was confirmed to have purity of
99.999% or more as determined by high performance lig-
uid chromatography (Fig. 1). After purification, dihydro-
genation of gRbl was confirmed by 'H-NMR. The NMR
charts of gRbl and dgRbl are shown in Figure 2. When
we measured the NMR spectrum of gRb1, the vinylic pro-
ton appeared at 5.{3 ppm as a broad triplet-like signal. Al-
lylic methyl protons appeared at 1.62 and 1.68 ppm as two
singlet signals. and the sugar C1 hemiacetal protons also
appeared at 4.34, 442, 4.57, and 4.66 ppm as four doublet
signuls. On the other hand, when we meusured the NMR
spectrum of dgRbl, the vinylic proton signal disappeared
and the methyl absorption shifted upward at 0.94 and .95
ppm as two doublet signals, because of disappearance of
the double bond in the side chain by hydrogenation. The
melting point of dgRb1 is 192-195°C, whereas that of gRb1
is 197-198°C (reference value).

Intravenous Infusion of dgRbl Ameliorates Motor
Deficit and Behavioral Abnormalities dafter Spinal
Cord Injury in Rat

We first investigated the effects of intravenous infu-
sion of dgRbl on locomotor activity, rearing activity and

A;@:@ B

0 0.

FIG. 1.

104

BBB score in rats. All animals survived until the end of
the experiment and exhibited motor deficit and behav-
ioral abnormalities after SCI. Compared with the vehi-
cle-treated group, the dgRbl-treated groups showed sig-
nificant improvement of motor activity and behavioral
abnormalities with respect to locomotor activity, rearing
activity and BBB score in a dose dependent manner af-
ter SCI (Figs. 3A-C: n = § in each group).

Intravenous Infusion of dgRbI Ameliorates
Morphological Damage of the Spinal Cord
after SCI in Rats

To evaluawe morphological damage after SCI, we per-
formed immuno-staining for MAP2. In the normal rat spinal
cord, MAP2 immunoreactivity was localized predominantly
in dendrites within the gray matter and white matter of the
spinal cord (Fig. 4A). In the anterior horn of the damaged
spinal cord at 7 days after SCI (Fig. 4B,C,D), chromatolytic
neurons (Fig. 4F H, amrowheads) and pigmented neurons
(Fig. 4G.H, arrows) were detected while no such neurons
were detected in the sham-operated control (Fig. 4E).

For quantitative analysis of SCI dumage, we conducted
western blot using an antibody against MAP2 protein. Com-
pared with the saline-treated group, MAP2 protein expres-
sions were clearly up-regulated in the spinal cords from the
dgRbl-treated groups (Fig. 5A). Experiments were inde-
pendentdy performed five times. Densitometric analysis of
the immunoreactive bands revealed that compared with the
saline-treated control, reatment with dgRbl ai the doses of
1.2 and 6.0 pg/day caused 2.0-fold and 2.2-fold increases
in MAP2 protein expression in the rat damaged spinal
cords, tespectively (Fig. 5B).

Intravenous Infusion of dgRbl Ameliorates
Cortical Infarct Size and Place Navigation
Disubility in MCA-Occluded SHR-SP

We next investigated the effects of postschemic inwa-
venous single infusion of dgRbl on cortical infarct size in

l | i
60 (min)

(A) Chemical structure of dgRby. (B) HPLC purification of dgRb,.
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FIG. 2. 400-MHz 'H-NMR spectra of ginsenoside Rb1(gRb1) and dihydroginsenoside Rb1(dgRb1) in CD;0D. (A) 400-MHz
'H-NMR specirum of gRbl: the following characteristic signals were observed: a broad triplet-like signal due to the vinylic pro-
ton at 5.13 ppm, two singlet signals due to allylic methy! protons at 1.62 and 1.68 ppm, and four doublet signals due to the sugar
C1 hemiaceud protons at 4.34, 442, 4.57, and 4.66 ppm. (B) 400-MHz 'H-NMR spectrum of dgRb1: the vinylic proton signal
has disappeared and the methyl absorptions have shifted upward at 0.94 and 0.95 ppm as two doublet signals due to disappear-
ance of the double bond in the side chain by hydrozenadon. The sugur parts are intact, since four sugar Cl henuacetal protons

are clearly observed at 4.38, 4.47, 4.62, and 4.71 ppm.

SHR-SP with permanent MCAO. All animals survived un-
ul the end of the experiment and exhibited cerebral in-
farction. TTC staining revealed significant reductions in
total infarct volume and infarct area one day after middle

cerebral artery occlusion (MCAO) (Fig. 6A,B). As shown
in Figure 6B, total infarct volume in the dgRbl-treated
groups (0.6 or 6 ug/day) became less than half that in the
vehicle-treated group (saline; n = 6 in each group).
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To confirm that the neuroprotective effects of dgRbl
lasted more than 4 weeks, we investigated the effects of
postischemic continuous intravenous infusion of dgRbi
on cortical infarct size and place-navigation disability in
SHR-SP at 4 weeks afier permanent MCAO. When 0.6
or 6 pg/day of dgRbl was intravenously infused after
permanent MCAO for 4 weeks, the infarct area was
markedly reduced in size (Fig. 7A,B). The proportion of
infarct size in the groups treated with dgRbl (0.6 or 6
ugl/day) was significantdy smaller than that in the vehi-
cle-treated group (Fig. 7C; n = 6 in each group). Fur-
thermore, postischemic intravenous infusion of dgRb1 at
a dose of 0.6 or 6 ug/day significantly decreased the es-
cape latency on repeated trials of the Mormris water maze
test, especially on the fourth trial day at 2 weeks after
MCA occlusion (Fig. 7D) and on all 4 wial days at 4
weeks after MCA occlusion (Fig. 7E). There was no sig-
nificant difference in swimming speed among the exper-
imental groups (data not shown).

In addition, intravenous dgRb, infusion did not affect
cerebral blood flow as monitored by laser Doppler
tlowmetry (Omega flow FLO-N1, Neuroscience Inc.,
Tokyo, Japan) (data not shown). Moreover, as shown in
Table 1, there were no significant differences in MABP
and brain temperature between the vehicle-treated group
and dgRbl-treated group (6 pg/day; n= 6 in cach
aroup). These duta suggest that the protective effect of
dgRbl on ischemic brain damage lasts at least 4 weeks
and that intravenous infusion of dgRbl has no noticeable
systemic eftect.

dgRbl Prevents Apoptotic Neuron Death

To evaluate whether dgRbl, like gRb1, shows the anti-
apoptotic action in vitro, we induced neuronal apoptosis
by 10-min exposure of cultured neurons to the NO donor,
sodium nivoprusside (SNP; 100 pM) with or without
dgRbl treatment (Zhang et al. 2006). The experiments
were carried out independently five times. When cortical
neurons were exposed to 100 uM SNP for 10 min, many
of them underwent apoptosis within 16 h (Fig. 8A,B). On
the other hand, when cortical neurons were incubated
with 1, 100 or 10,000 fg/mL dgRbl before, during and
after SNP wreatment, cell viability was maintained at a
level close to that of control cortical neurons not exposed

-l
-

FIG. 3. Intravenous infusion of dihydroginsenoside Rbl
(dgRb!) improved locomotor activity, rearing activity and BBB
score after spinal cord injury (SCI) in Wistar ruts. Note the sig-
nificant improvement of locomotor activity, rearing activity and
BBB score in dgRb]--treated rats (n = 8 in each group). ***Sig-
nificandy higher (p < 0.05, p < 0.0}, respectively) than saline-
treated control.
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FIG. 4. Intravenous infusion of dihydroginsenoside Rbl (dgRbl) ameliorates morphological damage of the spinal cord after
spinal cord injury (SCI) in Wistar rats. (A-D) Representative photomicrographs of immuno-staining for MAP2 from the rat spinal
cord at 7 days ufter SCI (A, sham; B, dgRb1(6.0 pg/day)-teated; C, dgRb1(1.2 pef/duay)-treated; D, suline-weated). (E-G) Rep-
resentative pholomicrographs ot immuno-stuining for MAP2 in the anterior gray horn from the rat spinal cord at 7 days after SCI
(E, sham; F, dgRb1(6.0 ug/day)-treated; G, dgRb1(1.2 pg/day)-treated; H, saline-treated). Scale bar = 1.0 mm (A-D), 50 pm
(E-H). Note chiromatolytic neurons (F,H, arrowheads) and pigmented neurons (G,H, arrows).

1045

—256 -



SAKANAKA ET AL.

MAP2 ——— w—

Sham Saline 1.2 6.0
dgRb1( pg/day)
B 1sog

T

[+

£

7

G 100}

2 *k k%

c

°

7]

g so0f I

=8

»

* .

*

0 A A A
Sham Sallne 1.2 6.0
dgRb1( pyg/day)

FIG. 5. Quantitative analysis of spinal cord injury (SCT) in
Wistar rats. (A) Immunoblot analysis of MAP2 protein expres-
sion in the damaged spinal cords 7 days after SCIL. (B) Densic-
ometric analysis of MAP2-immunoreactive bands revealed that
MAP2 protein expression in the damaged spinal cords from di-
hydroginsenoside Rbl (dgRbl)-treated rats was significantly
improved, compared with saline-treated control. Data were ob-
tained from five independent experiments. **Significantly
higher (p < 0.01) than saline-treuted control.

to SNP (Fig. 8A,B). The anti-apoptotic action of dgRbl
implies that dgRbl activates intracellular signaling to
promote neuronal survival.

dgRbl Upregulates Expression of Bel-xy
and VEGF in Neurons

To guin un insight into the molecular mechunisms un-
derlying dgRbl-mediated neuronal survival, we investi-
gated dgRb1-induced changes in the expression of VEGF
and bel-xp mRNA in neurons, using RT-PCR. RT-PCR
using specific primers that amplify 496- and 628-bp frag-
ments of rat VEGF mRNA and a 189-bp fragment of rat
bel-x;, mRNA detected PCR products of the expected
sizes. Data were obtained from five independent experi-
ments. As shown in Figure 9A B, VEGF mRNA expres-
sion was upregulated significandy by weatment with
dgRbl at a concentration of 1 fg/ml. for 24 h. Further-
more, bel-x, mRNA expression was also upregulated sig-
nificantly by treatment with dgRbl at concentrations of
1-100 fg/mL for 24 h (Fig. 9A,C).

In addition, we conducted western blot using an anti-
body against VEGF or Bel-xp_protein. VEGF and Bcel-x;_
proteins with molecular masses of approximately 26 and
29 kD, respectively were constitutively expressed in cul-
tured neurons (Fig. 10A). Consistent with the increase in
VEGF and bcl-x;, mRNA expression, both VEGF and
Bel-x1. protein expression were clearly upregulated in
neurons cultured for 48 h in the presence of 1 or 100
fg/ml. dgRbl (Fig. 10A). Experiments were indepen-
dently performed five times. Densitometric analysis of
the immunoreactive bands revealed that treatment with
dgRbl at a concentration ot 100 fg/ml. caused a 2.1-fold
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FIG. 6.

Intravenous infusion of dihydroginsenoside Rb1(dgRbl) reduced cortical infarce size 24 h atter permanent middle cere-

bral artery occlusion (MCAOQ) in swoke-prone spontancously hypertensive rats (SHR-SP). Note that dgRb1 at doses of 0.6 and
6.0 pg/day significantly reduced the total infarct volume (n = 6 in each group). ***Significantly lower (p < 0.05, p < (.01, re-

spectively) than saline-treated controt.
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