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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 (), 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 BrdU-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; CC, contralat-
eral cortex, CSVZ, subventricular zone on contralateral side; CBG, contralateral basal ganglia (n=5 in each group, *P<0.05,

bar=100 ;.m).

in the latency and path length in hidden platform test among
the groups (supplemental Table 1, available online at http://
stroke.ahajournals.org). A significant difference was ob-
served on day 4 between fluvastatin-treated and saline-treated
rats (supplemental Table I). Also, there was a significant
difference between sham and saline-treated rats (supplemen-
tal Table I). 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 fluvastatin.

Histological Changes by Fluvastatin

Next, we studied whether fluvastatin had some influences on
the histology. Imitially, 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
2f), 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 L R
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 further examined whether angiogenesis was
affected 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 number of BrdU/CD31-double-positive cells was signif-
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). Quantitative analysis
showed that the length and area of microvessels were also
increased in the peri-infarct region, but not in the contralateral

MCAo+F
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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 um).
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).

EMCAo+S
T:MCAo+F

PBG

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

Because recent reports showed that neyrite outgrowth was
observed in the peri-infarct region from 7 to 14 days after
cerebral infarction,'s!7 we next examined the effect of fluva-
statin on neurite outgrowth. Immunohistochemical staining
showed that treatment with (luvastatin significantly increased
the immunoreactivity of MAP1B, a marker of neurite out-
growth, in neurites'¢-3 (Figure 4), although the number of
MAPI1B-positive cells was the same in both groups. These
data implicd 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 stress by
fluvastatin. To assess oxidative stress, we evaluated superox-
ide production using dihydroethidium staining (Figure 5a to
5e). 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,5e).

Finally, we examined A8 deposition in the thalamic nuclei,
because previous reports showed that AB 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
ventromedial thalamic nuclei at 3 months after stroke, the
area of A deposits was significantly decreased in fluvasta-
tin-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.!?

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
treatment with statins. The present study demonstrated that
statin treatment beginning 7 days after ischemic stroke
resulted in significant improvement of spatial learning at 8
weeks after stroke, without any change in the plasma choles-
terol level and infarct size.

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 (g),
immunoreactivity was higher in the peri-
infarct region in fluvastatin-treated rats
) (h=4 in each group, *P<0.05).

EMCA0+S
OMCAo+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 neurites2¢
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.*!

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 relationship
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
superoxide anion. Fluorescence intensity
was higher in the infarcted cortex (a)
compared with the contralateral cortex
{c). Fluvastatin-treated rats showed
decreased fluorescence intensity in the
infarcted cortex (b), although there was
no difference in the peri-infarct cortex
and basal ganglia (g) (n=4 in each group,
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*P<0.05, bar=100 um). Deposition of
AB in thalamus on day 100 after middle
cerebral artery occlusion. Although depo-
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ischemic border zone around a cortical infarct supported
long-term functional recovery in rats.22 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.?* 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 A in the

ventrolateral-ventromedial thalamic nuclei in the chronic
stage of ischemic stroke, althouogh rats subjected to focal
cerebral ischemia develop deposition of AB in the ventropos-
terior lateral and ventroposterior medial nuclei for as long as
9 months.!2 This might be similar with precious reports
showing that statins reduced the production of Af in Alzhei-
mer disease.?* The mechanism of the reduction of A 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,?526 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 to be reduced for 48 hours and restored to some
extent 9 days after permanent MCAo,27 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 rcport showing
that cerivastatin prevented the production of superoxide anion
in the cerebral parenchyma in stroke-prone spontaneously
hypertensive rats.2¢ Also, fluvastatin is reported to possess
antioxidative properties in other cells.2930

The association of neurogenesis is also the center of
interest, because previous. reports showed an increase in
neurogenesis after atGrvastatin treatment beginning at 1 day
after stroke.> However, we speculate (hat 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 differs among statins and correlates in part with
their respective lipophilicity.?' Considering that pretreatment
with pravastatin and rosuvastatin, whose lipophilicity is 0.84
and 0.33, respectively, shows significant effects on reducing
infarction volume,*! fluvastatin, 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 disraption 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 positive-cells
other than CD31, DCX, or NeuN. In addition, how these
histological changes in fluvastatin-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 treatment
showed beneficial effects on the recovery of cognitive im-
pairment after stroke by enhancement of neuritogenesis and
of angiogenesis and a decrease in Af3 deposition and super-
oxide anion production. Further studies might show potential
clinical utility (o treat cognilive impairment in patients with
ischemic stroke.
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Table I. Statistics in Morris Water Maze

Hidden Test Visible Test

Latency Llength Speed Latency Length Speed

P values in 2-factor repeated-measure ANOVA (Sham, MCAo+S, MCAo+F)
Treatment <0.001 <0.001 0.053 0.004 0.021 0.342
Day <0.001 0.011 <0.001 0.003 0.014 0.288
Treatment X Day 0.002 <0.001 0.855 0.465 0.684 0.306

Pvalues in Scheffe test on day 4

Sham vs <0.001 <0.001 0.933 0.018 0025 0.585
MCAo+S
Sham vs 0.024 0010 0.277 0.138 0.058 0.266
MCAo+F
MCAo+S vs 0.012 0023 0129 0643 0941 0820
MCAo+F

MCAo+S indicates saline-treated rats after MCAo; MCAo~+F, fluvastatin-
treated rats after MCAo.
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ifF o 2L, ZRITF—2EBHII_RITILTES
72, AV LB FENARICSBEZRTE SR
FRRERESDE A, —F, Erh—Aayi—
%MW SPECT ¥EBi2FE |, = RuTNEE
ToT3H, I-VE—LB0D = RITER R
RRELED, I-VE-LBF—2CH—-OBHET
F-2ENELF A, i EOER I RENT
¥g—Li BN HBN, “IHLBEEIZLBNER 2
FREIC kD 0, KSR — B S REEE
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FO
pinhole orbit

3 Erk—JU SPECT BEHEEIBR
2 HR &Y, ke EIC ) —a M ReEE B Y,

BIZEHTES(R3I),

4. EEDNENIR PET 8&E
A SPECT &{H

BRI PET #5540 SPECT & 138X EA
TIIEERREMRD PET HESERL TV 3400,
HRENABE, GE #, Siemens ff, Philips #t®
ZHOBLEIRETHS, LaL, B -T2
BEETRE, BLDOKETHENIONTEY, &
FEEAA-—-HEBELRFL TS (% 3).

EioBREESZ, NBPAA-TC VT, B
EHRLDD, ZHSREBETESLThETEH

83 WRIOATOIZLNEIARESRE

E)dY, 2OHDITRBEDEBRTHTFOA TN
3. PET Hokdi&Eouxanel T, Blaiii BGO
MELAETHH=H, BERINEL, BIERER
FnENEVSEES S, NERE PET %E
LT, ZheDIBE+5#E T3 LSO, GSO ¥,
BGO ADBRHIVZAZN VB EBE I NFLAET
»3, I3, LaBrs AEIZ Ce 2F—-FL7oY 2%
ABRENTINX—FRETEEEEDTHD, <
DR BIZL>THRMIEDEA TS, BT, -
INF-FREENE, FEERNBFEAVAKE
MNERALEEIZRoTER 19, SPECT iZHW3 Ty,
CZT }lfke = EENERLENTED, 2D
BIAINLE—RREENE SPECT DAY THBR
BERERESE*ERTES, BRTI=7 2O
ERHEEE - FISSE (PS-PMT) OMESEEZE
WA BEEIZF SL T3, F/-, APD (avalanche
photodiode) i3, /NEULASEIRET, E2=2/ 7 AERE
AENBILTHE, FREh TV,
Evh—NRD SPECT OREE%: L3700 T
RELT, BROCYK-NEF72T) x—2%F]H
TAAEMRLKOLDRRISA—TTHRINTEH

BT 1 A—H— BE #E
PET Advanced Molecular Imaging labPET avalanche photodiode,
1.1mm spatial resolution
Gamma Medica-ldeas X-PET 10% sensiviity, 11.8cm
axial, field of view
GE Healthcare Explore Vista DOl (GSO/LYSO)
Oxfors Positron Systems quad-HIDAC Multiwire propotional
chamber
Philips Medicat MOSAIC GSO detector,
Continuous ring
Siemens Medical Solutions microPET LSO detector
SPECT Bioscan-ldeas NanoSPECT/CT multiple pinhole
(overlapped),
helical scan
Gamma Medica-ldeas X-SPECT CZT detector
Molecular Imaging Laboratories U-SPECT stationary detector,
0.35 mm spational r
esolution
NeuroPhysics Corporation MollyQ 10042 tapered-hole
collimaters
PET/ Gamma Medica-ldeas FLEX Triumph
SPECT/CT Siemens Medical Solutions Inveon
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Summary

PET and SPECT for small animal imaging

Small animal imaging using PET and SPECT is a
unique methodology for a bridge between molecular
biology and clinical medicine. In this review, we briefly
overview the principles of PET and SPECT for small
animal imaging and discuss recent advances in nuclear
medicine for small animal imaging.

Hiroshi Watabe et al

Department of Investigative Radiology

Advanced Medical Engineering Center

National Cardiovascular Center Research Institute
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The Validity and Value of a Quantitative SPECT Reconstruction Package (QSPECT)
for evaluating Multi-center Clinical Trials

by
Hidehiro Iida, D.Sc., Ph.D.*}, Hiroshi Watabe, Ph.D.*!, Tetsuya Akamatsu, B.Sc.*?,
Mayumi Nakazawa, M.Sc. *!, Keisuke Matsubara, M.Sc.*!, Asako Takeuchi, M.Sc.*?,
Michiaki Iwata, M.Sc.*?, Takuya Hayashi, M.D., Ph.D.*!, Chiaki Yokota, M.D., Ph.D.*2,
Kazuto Fukushima, M.D., Ph.D.*3, and Shinji Fukumoto, B.Sc.*3

Sfrom
*Department of Investigative Radiology, National Cardiovascular Center Research Institute,
*2Department of Cerebrovascular Medicine, National Cardiovascular Center Hospital, and
*3Department of Radiology, National Cardiovascular Center Hospital

SPECT has the potential to provide parametric functional images, in a“quantitative” manner, for several radio-
tracers in vivo, as has been widely done with PET. Due to the ready availability of SPECT, in addition to the well-
established delivery/transportation of various radio-ligands, SPECT has an advantage for large-scale clinical
evaluation. It has, however, been considered that the accuracy and inter-institutional reproducibility of SPECT are
not well verified, which is largely attributed to a lack of general consensus of reconstruction procedures (attenua-
tion/scatter correction). We have recently developed a novel method to reconstruct SPECT images from existing
projection data including appropriate corrections for scatter and attenuation in the object. We have demonstrated
that this program is capable of providing accurate radio—distribution in the brain and thorax regions, and also rest-
Diamox CBF using split-dose 2] amphetamine (IMP). Various phantom experiments also supported the validity
of inter-institutional reproducibility. These data suggested that QSPECT could be a useful tool for quantitative

mapping in clinical research, allowing for large scale clinical evaluations even when using SPECT cameras from dif-
ferent manufacturers.

(Received July 7, 2007 ; accepted July 11, 2007)

Key words : SPECT, cerebral infarction, cerebral blood flow reserve, quantitative
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Fig. 1 Two important source of errors, namely the photon attenuation (A)

and the Compton scatter (B).
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