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Figure 3. Possible differentiation pathway of vascular cells from human ES cells via VPC.

doi:10.1371/journal.pone.0001666.g003

We further investigated the contribution of transplanted VPC-
derived MC to the recruitment of mural cells. We stained the
sections of ischemic hindlimbs at day 14 with ant-human SM1 and
aSMA antibodies. In EC+MGC-wansplanted mice, we found some
human SM1 and 2aSMA double positive cells, which were localized
within the 2SMA positive host vessel wall (Figure 5d: arrow).

Quantification of Transplanted VPC-derived Vascular Cell-
induced Vascular Regeneration in Ischemic Hindlimb

The sections of ischemic hindlimbs of the EC+MC group at day
42 were stained with anti-human and mouse CD31 antibodies.
Mouse CD31 positve capillary density was significantly high in
the EG+MC group (1775.3£54.2/mm?), compared to other
groups (P<0.0001 vs. control group: 1318.6%=73.0/mm 3
(Figure 6b). Human CD3! positive capillary density in mice
wransplanted with human VPC-derived EC (EC (149.9%12.3/
mm?) and EC+MC (135.7£13.7/mm?) was sxgmﬁcantly higher
than that in mice transplamed with EPC (95.7%8.5/mm? in the
pEPC and 115.2%+12, 0/mm® in the uEPC group) (P<0.05).
Compatible with the result of blood flow measurement, mouse
and/or human CDS31 positive capillary density markedly
increased in mice that received human VPC-derived EC+MC
(1856.8'_"57.0/mm2) (P<0.0001, compared to the control group
(1318.6%73.0//mm?), and also to other groups. Among the single
cell wansplantation groups, mouse and/or human CD31 posmve
capillary density increased in the EC group (1601.4=51.4/mm®)
{P=0.0016) compared to the control group, but did not increase in
the MC (1471.8%42. 4/mm?) or EPC g‘roups (1403.5£84. 4/mm?
in the pEPC and 1524.8%=108. 2/mm? in the uEPC group).
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To confirm the maturity of newly formed vessels, we performed
the immunostaining of the ischemic dssues with ant-2aSMA
antbody, which could stain both human and mouse MC
(Figure 6¢c). We confirmed that «SMA positive capillary density
was significantly increased in the human VPC-derived vascular cells-
wansplanted groups (MC (1317.6%45.4/mm?), EC (1357.7£27.3/
mm?) and EC+MC (1554.9+48.8/mm?) (P<0.0001), compared to
the control group (1021.3+46.3/mm?) (Figure 6d). Among the EPC
groups, *XSMA positve capillary density was significandy increased
in the uEPC group (1185.7%42.2/mm?) (P<0.0076) compared to
the pEPC (1118.9%36.8/mm? and control group. We further
investigated the extent of arteriogenesis in these groups using «SMA
immunostaining sections. Many «SMA positve arterioles with more
than 20 Wm in diameter were detected in the EG+MC group, but
not in the control group (Figure 6¢: arrowhead). The number of
xSMA positive arterioles significandy increased in the human VPC-
derived vascular cells-transplanted groups, especially in the EC+MGC
g'rouzp (the MC group:4.0£0.3/mm? and the EC group:3.7+0.2/
mm’; P<0,001, compared to the conirol group: 2.0£0.2/mm?, the
EC+MC group: 5.5%0.7/mm?% P<0.0001, compared to all other
groups) (Figure 6¢). However, no significant difference in the nurmber
of aSMA positive arterioles was seen between the EPC (the pEPC
group:1.9+0.2/mm? and the uEPC group:2.0+0.2/mm?® and
control groups.

Discussion

The present study demonstrated that the wansplantaton of
human VPC-derived vascular cells at the proper differendation
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Figure 4. Augmented vascular regeneration by intra-arterial transplantation of human VPC-derived vascular cells in a murine
hindlimb ischemia model. a) Serial LDPI analysis in hindlimb ischemia mice. At day 14, the blood flow of ischemic limbs in all cell transplanted
groups increased significantly compared to the control group (white arowhead). After 42 days, significant blood flow recovery was observed in the
uEPC and human VPC-derived EC and/or MC-transplanted groups (red arrowhead), but not in pEPC. b) Quantitative analysis of hindlimb blood flow
by calculating the ischemic/normal limb perfusion ratios after the induction of hindlimb ischemia. *P<<0.05 vs. control, $P<0.05 vs. pEPC, 11P<<0.05

vs. UEPC, $P<0.05 vs. MC, 8P<0.05 vs. EC.
doi:10.1371/journal.pone.0001666.9004

stage successfully promoted vascular regeneration in the setting of
tissue ischemia. After the expansion of human VPC-derived EC
and MC, when intra-arterially administered, these cells sigmifi-
cantly augmented neovascularization in an animal model of
experimentally-induced hindlimb ischemia, compared to human
peripheral blood and umbilical cord-derived EPC (pEPC and
uEPC). Furthermore, the combined transplantation of human
VPC-derived EC and MC could markedly induce vascular
regeneration, compared to the single fraction transplantation of
VPC-derived vascular cells (EC or MC). We also succeeded in
demonstrating that transplanted human VPC-derived vascular
cells were incorporated into the host circuladon as both EC and
MC. These results indicate that the combined transplantadon of
human VPC-derived EC and MC may have utility as a novel
strategy for vascular regenerative medicine.

In the present study we used human VPC-derived VEGFR2"
VE-cadherin” cells for the expansion and transplantation of EC.
VEGFR2"VE-cadherin® cells, obtained at day 10 of different-
ation, were also positive for CD34 and therefore considered to
be EC at the early differentiadon stage (Figure 3) [9]. Even after
6 passages, 20~40% of these cells exhibited the expression of
VEGFR2, VE-cadherin, and CD34, which indicated that they
still retained the phenotype of EC at the early differendated

.@ PLoS ONE | www.plosone.org

stage. Compared to EPC, tansplantaton of these EG
significantly augmented ischemia-induced neovascularizadon. In
contrast, we found that ischemia-induced neovascularization was
not improved in mice receiving human aortic endothelial cells
[4]. Therefore, human VPC-derived EC at the early differen-
tation stage might possess vascular regenerative capacity and
these EC can be a valuable source for promoting vascular
regeneration.

After expansion of human VPC-derived VEGFR2"VE-cad-
herin* cells, about 70% of the expanded cells were 2SMA positive,
However, these cells were negatve for the mature mural cell
markers, including calponin, SM1, SM2, and h-aldesmon (data
not shown). In contrast, expanded VEGFR2" VE~adherin™ cells
obtained from human VPC under platelet derived growth factor
(PDGF)-BB stimulation were positive for «SMA, calponin, SM1,
and SM2, but negative for h-caldesmon. HAoSMC was positdve
for all of the marure MC markers, including h-caldesmon. In
another series of our experiments, the mice receiving hAoSMC
transplantation exhibited no significant improvement of neovas-
cularizadon after the induction of ischemic hindlimbs (data not
shown). Because h-caldesmon and calponin were reported to be
expressed relatively late in SMC differentiation [10], human VPC-
derived MC might be at a rather early “immature” differentiation
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Figure 5. Incorporated human VPC-derived vascular cells at the sites of vascular regeneration. a) Transplanted CM-Dil (red) labeled pEPC
or VPC-derived vascular cells in ischemic hindlimbs at day 7 were detected by the fluorescence stereomicroscope. Scale bar: 500 pm. b, c)
Immunostaining of frozen sections harvested from ischemic limb tissues at day 14. Fluorescence staining of GSL Hsolectin B4 (green) and human
CD31 (blue) with nuclear staining (red) in human VPC-derived EC+MC (b), pEPC, and UEPC (c) transplanted mice. Scale bar: 20 pum. d) Inmunostaining
of 2SMA (green)/human SM1 (blue) with nuclear staining (red) in human VPC-derived EC+MC-transplanted mice at day 14. Scale bar: 20 um.

doi:10.1371/journal.pone.0001666.9005

stage compared to hAeSMC, and thus, MC could be incorporated
into the site of neovascularization.

Recenty, Ferreira et al. reported that transplantation of
human ES cells-derived EC into nude mice using Matrigel as
scaffold contributed for the formation of blood vessels [11].
However, they did not show the direct integration of ransplanted
human ES cells-derived EC into host blood vessels. Judging from
the double staining using intravenously injected isolectin B, and
anti-human specific CD31 antbody, we found that the
wansplanted human VPC-derived EC incorporated into host
circulating vessels. These transplanted EC could solely form de
novo capillaries. In addition, by the double immunostaining of
human SM1 and «SMA, we confirmed that transplanted human
VPC-derived MC was also incorporated into host vessel walls.
Therefore, transplanted human VPC-derived EC and MC

@ PLoS ONE | www.plosone.org

structurally contributed to form new vessels in the process of
vascular regeneration.

Interaction hetween EC and MC is essential for vascular
development and maintenance of vascular stability [12,13].
Compared to only EC or MC-transplanted mice, the mice
transplanted with the combined transplantation of EC and MC
showed significant improvement after the induction of ischemic
hindlimb. At day 42, the blood flow in the EG+MC group was
significantly higher compared to only the EC or MG-ransplanted
groups. Not only mouse and/or human CD31 but also «SMA
positive capillary density at day 42 significantly increased in the
EC+MC group. We also found that the density of xXSMA positive
arterioles also significandy increased in the EC+MC group. These
results indicated that combined transplantadon of human VPC-
derived EC and MC could synergistically contribute to vascular
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Figure 6. immunohistochemical analysis of human VPC-derived vascular cells-transplanted murine hindlimb tissues. a)
Representative fluorescent photographs of ischemic hindlimb stained for human (red) and mouse (green) CD31 at day 42. Overlapped-stained
capillaries are shown in arrowhead. Scale bar: 100 pm. b) Quantitative analysis of the endothelial cell marker positive capillary density in ischemic
hindlimbs at day 42. c) Representative 2SMA immunostaining (brown) of ischemic hindlimbs at day 42. Scale bar. 100 pm. d) Quantitative analysis of
aSMA positive capillary density in ischemic hindlimbs at day 42. e) Quantitative analysis of xSMA positive arterioles (black arrowhead) at day 42.
*P<0.05 vs. control, tP<0.05 vs. pEPC, 11P<0.05 vs. uEPC, P<<0.05 vs. MC, §P<0.05 vs. EC.

doi:10.1371/journal.pone.0001666.g006

regeneration, and these MC could make mature blood vessels with
adequate MC coating. _

VEGFER2 is one of the most specific markers involved in the
earliest stage of vascular endothelial and hematopoietic differen-
tiation {14]. Recent reports suggest that VEGFR2" mesodermal
progenitor cells also contribute muscle lineages including vascular
smooth, skeletal, and cardiac muscles [1,15). This evidence
indicates the possibility that human VPC-derived MC, which
were expanded from VEGFR2'TRA1™ VE~cadherin™ cells, might
contain skeletal or cardiac muscle cells. However, 40-cycle RT-
PCR was confirmed negative for skeletal and cardiac specific
markers in expanded human VPC-derived MC. We cultured
VPC-derived MC on dishes coated with collagen type IV, which is
the major component of basement membrane. Previous reports
described that basement membrane played an essendal role in
endothelial and smooth muscle cell differendation [16]. Recenty,
Xiao et al. demonstrated that prewreatment of mouse ES cells with
antibodies against collagen IV significantly inhibited smooth
muscle cell differendation [17]. They also demonstrated PDGF
receptor-f signaling pathway plays a crucial role in ES cell-
derived smooth muscle cell differentiation using PDGF receptor-§
siRNA knockdown studies. Therefore, we suspected that, under
the presence of collagen type IV and PDGF-BB, our human
VPC-derived VE-cadherin negative cells could only differengate
to MC.

@ PLoS ONE | www.plosone.org 8

Human VPC-derived EG+MC-wansplanted KSN nude mice
showed considerable blood flow recovery, which led to more than
1.2 in the perfusion ratio of ischemic/non-ischemic limb. When
we transplanted human VPC-derived vascular cells to immuno-
suppressed C57BL/6 mice, the perfusion ratio elevated to nearly 1
(data not shown). Therefore, the tendency of the blood flow
recovery in C57BL/6 mice was consistent with the data of KSN
nude mice, the absolute value of blood flow ratio after hindlimb
ligation was different. Because both KSN nude and C57BL/6
mice received the same procedure for hindlimb ischemia, the
degree of perfusion recovery after induction of hindlimb ischemia
between these mice might reflect their difference in genetc
background for angiogenesis, as reported by Fukino et al [18].
They demonstrated that the VEGF and VEGFR1/2 expression in
response to ischemia was impaired in BALB/c mice, compared to
other mouse strains (ie, C57BL/6] or C3H/He mice). These
results indicate that, because of the difference in genetic
background, spontaneous collateral formation might be acceler-
ated in our KSN nude mice compared to other strain mice.

In tansplantadon experiments, the number of mouse and/or
human CD31 and mouse CD3l-positive capillary density in the
EC group was 1601.4+51.4/mm® and 1470.1+41.6/mm?,
respectively. This difference in capillary density (1601.4—
1470.1=131.3) was consistent with the number of human
CD31-positive capillary density (149.9%12.3/mm?®. However,
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compared to the EC group, the EC+MC group showed significant
augmentation in mouse and/or human CD31 pasitive capillary
density without the increase of human CD31 positive capillary
density. One possible reason for this discrepancy is paracrine
effects of ransplanted human VPC-derived vascular cells might
accelerate angiogenesis in ischemic tissues. We demonstrated that
cultured human VPC-derived vascular cells expressed several
angiogenic factors including VEGF, bFGF, HGF and PDGF-BB,
and the release of VEGF from human VPC-derived vascular cells
was significantly upregulated after tansplantation (data not
shown) [4]. Therefore, in addition to the structural contribution
of wansplanted human VPC-derived vascular cells into the host
vascular network, the paracrine effects of these cells might enhance
vascular regeneration in tissue ischemia,

Several reports described the contribution of pEPC or uEPC to
neovascularization in tissue ischemia [6,7). However, it has not been
clearly demonstrated whether transplanted EPC augment neovas-
cularization through differentiation and proliferadon into marure
EC or indirecty through paracrine sumuladon of resident EC
proliferation. Rehamn et al. demonstrated that the majority of
PEPC, which were positive for acLDL and ulex-lectin, expressed
monocyte/macrophage markers, and only a minority cell fraction
expressed the specific endothelial or stem/progenitor markers [8].
They also demonstrated that pEPC did not proliferate, but released
several potent angiogenic growth factors. In this study, we confirmed
that a low percentage of cultured pEPC and uEPC expressed
endothelial makers. A considerable number of pEPC or uEPC were
localized inside the capillary lumen, not in the vessel wall In
addition, we found that VEGF mRNA expression in wansplanted
EPC was significandy higher compared with before transplantation
(data not shown). These results suggest that the majority of EPC
might have lirde ability to proliferate or differentiate to endothelial
linage, and their angiogenic effects could be attributed to angiogenic
factors secreted from transplanted EPC.

In conclusion, we have shown that human VPC-derived cells
could effectively differentiate and be expanded to EC and MC.
Combined transplantaton of these “immature” VPC-derived
vascular cells, unlike “mature’ somatic EC and MC, augmented
reparative neovascularizatdon and. contributed to make newly
formed vessels in the murine hindlimb ischemia model far more
effectively compared to EPC transplantation. Thus, human ES
cells-derived EC and MC can be used as the new promising cell
source for therapeutic vascular regeneration in patients with
tissue ischemia in order to realize a novel combined stem cell
therapy.

Materials and Methods
Differentiation of Human VPC-derived EC and MC
Maintenance of human ES cell line (HES3) was as previously
described [19]. To induce VPC, undifferentated ES cells were
cultured on an QP9 feeder cell line as reported [3,4]. To obtain
human VPC-derived EC, VEGFR2'TRA1™ VE-cadherin® cells
were sorted by fluorescence activated cell sorter (FACSAria;
Becton Dickinson, Bedford, MA) at day 10 of differentdation, and
cultured on type IV collagen-coated dishes (Becton Dickinson) in
the presence of 10% FCS and 50ng/ml VEGF (human VEGF165,
Peprotech Inc, Rocky Hill, NJ). Afier 6 passages of these cells, we
re-sorted VE-cadherin® cells for ransplantation of human VPC-
derived EC. To expand human VPC-derived MC, sorted
VEGFRZ'TRA1™VE-cadherin~ cells derived from VPC at day
8 were re~cultured on type IV collagen-coated dishes with 1% FCS
and 20ng/m! human PDGF-BB (Peprotech Inc). We transplanted
these human VPC-derived MC after 6 passages.

@ PLoS ONE | www.plosone.org
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Preparation of Human EPC

Peripheral MNC-derived EPC (pEPC) were obumined from,
healthy volunteer, as previously described {6]. To confirm EPC
phenotype, cells were detached with cell dissodaton buffer
(Invirogen, Carlsbad, CA) and incubated with Dil-labeled acLDL
(Invitrogen) and FITC-labeled Ulex europaeus agglutinin 1 (ulex-
lectin) (Sigma-Aldrich, St. Louis, MO) for 1 hour. These cells were
analyzed by FACSAria to be confirmed as EPC [6,8].

Unmnbilical cord blood-derived CD34* EPC (uEPC) were isolated
from human umbilical cord blood, which were obtained from Cell
Bank, RIKEN BioResource Center (Tukuba, Japan). CD34" cells
were separated by a magnetic bead separatdon method using
autoMACS system with direct CD34" progenitor cell isolation kit
(Miltenyi Biotec GmbH, Gladbach, Germany) [7]. Protocols for
using human umbilical cord blood were approved by the Ethics
Commitee of Kyoto University Graduate School of Medicine.

Characterization of VPC-derived Vascular Cells and EPC

To evaluate the surface marker phenotype of VPC-derived
vascular cells and EPC, these cells were detached by cell
dissociadon buffer with or without collagenase (Wako Pure
Chemical Industries, Osaka, Japan) and labeled for 15 minutes
at 4°C with various fluorescence-conjugated monoclonal antibod-
ies (Table 1) [20]. Cells were washed and analyzed on FACS Aria
flow cytometer with 230,000 events stored.

For the staining of cultured VPC-derived vascular cells on
dishes, cells were stained with anti-human CD31 (WM59) (Becton
Dickinson) antibody and several smooth muscle specific markers,
as shown in Table 2. Cultured hAoSMC (Cambrex, East
Rutherford, NJ) were used to obtain positive control staining.

For RT-PCR analysis, total RNA was prepared with RNeasy
Mini Kit (QIAGEN Inc., Valencia, CA), and RT-PCR was
performed by TaKaRa One Step RNA PCR Kit (TaKaRa Bio
Inc., Otsu, Japan). Total RNA from human heart and skeletal
muscle were purchased from Clontech (Mountain View, CA).
Primers are listed in Table 3 [21-23].

Hindlimb Ischemia Model and Cell Transplantation

After 8-week-old male KSN/Slc nude mice (Japan SLC,
Shizuoka, Japan) were anesthetized with pentobarbital (80mg/
kg, i.p.), the right femoral vein was ligated. To wansplant vascular
cells intra-arterially, we injected these cells in 100 pl PBS into the
right femoral artery. Immediately after the cell injection, the right
femoral artery and vein were ligated and excised [24]. Animal
procedures were performed according to Kyoto University
standards for animal care.

Assessment of Transplanted Animals

The measurement of hindlimb blood flow was performed with a
LDPI analyzer (Moor Instruments, Devon, United Kingdom), as
previously described [24].

At arbitrary time points, biotin conjugated Griffonia simplici-
folia lectin (GSL) I-isolectin B, (Vector Laboratories, Burlingame,
CA) in 100 pl PBS was injected into the portal vein 15 minutes
before sacrifice. Cryostat sections (10 wm thick) of the ischemic
lower legs were stained with ant-mouse/human CD31 (clone
WM59/Mec13.3) (Becton Dickinson) or anti-2SMA/human SM 1
(clone 1A4/3F8) (DakoCytomation, Glostrup, Denmark/Yamasa
Co., Tokyo, Japan) antibodies. For biotinylated isolectin B,
staining to detect circulating vessels, sectdons were incubated with
streptoavidin conjugated Alexa Fluor dye (Invitrogen).

Capillary densities were examined by countng the number of
capillaries stained with ant-human and/or mouse CD31 or and-
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Table 1. Fluorescence-conjugated monoclonal antibodies used for FACS analysis

Conjugated
Antibody Specificity Clone fluor Suppli
VEGF-R2 7 Endothellcells - KMI998  AlexaFluor 647~ Agenerous gift of Prof. M. Shibuys, Tokyo University (Ref.20)
VE-cadherin_ T Endothehal ells S5-7H1 FITC or PE " Becton Dickinson, Bedford, MA
Von Wilebrand Factor WWF)  Endatheliol cels 2243 AleaFlord38 Becton Dickinson, Bedford, MA
VCIA)’B;h.(PECAMI) T Endothehal cells or Monocyté o WM59 Aleh Fluor 488 eBuosc]érEe, San Dlegt;, CA o
D105 Endogiiny .+ Endothelal cells o Moniocytes 266 " Becton Dickinson, Bedford, h
CD11b (Mac1) o Monocytes -ICFIF—M ’ PE - h eBloscnence, San Diego, CA" v

Biys  FIC T Becton Dickimson.Bedford, MA
MSE2 APC Becton chlanson, Bedford, MA
Hi30 PE  Becton Dickinson, Bedford, MA e

Becton Dn:kmson, Bedford, MA

Stem/bfogemtor cells
Stwmgennw ceifs

doi:10.1371/journal pone. 0001666.1001

Table 2. Smooth muscle specific antibodies used for analysis

Antibody Specificity Supplier

Alpha smooth muscle actin GSMA} !{umn & mouse DakoCytomation Denmark A/S, G!oswp&benmark Sigma-Aldrich, St. Louis, MO
Calponin Human DakoCytomation Denmark A/S Glostrup Denmark

g;oth ";s.c.‘;;;osm heavy cham 1M . Huugg o - Yemasa Co, Tokyo, dapan o

Smooth muscle myosin heavy cham 2 (SM2) Human & mouse 1G12 Yamasa Co., Tokyo, Japan

doi:10.1371/journal. pone.0001666.t002

Table 3. Primers for reverse transcription-polymerase chain reaction

Length (bp)

Seme: = '- 0 T SHETTCATGGAUGGCCTCAARGAS
Antisense §'-GTAGTTGTGTGCGTGGTGGTT-3'

S ATGAGGCCACGGAGAGCAACGAS
 5"-CCATTGAAGTCTGCGTCTCGA-3'

smad?éﬁ)\cmcr—é&a' T
 S-ACCACAGTCCATGCCATCACS
5"-TCCACCACCCTGTIGCTGTAY
 5"GIGGGCGIGTAAGGTGIGTA-S

5 -CCAAATGTAGCAGGT QT AAC 3"

§'-AGAGATAAATACAGCCCCAG-3'

Cardiac toponin T(cfan® T MSense , | 5 GGCAGCGGAAGAGGATGCTGAA'S'

T T T ntisense | 5'-GAGGCACCAAGTTGGGCATGAACGA-3'

Gardiac woporin 1Tl [ seme  5CCCTGOACCAGCCCARTCAGAR T kg T T
Antisense 5" CGAAGCCCAGCCCGGTCAACT-3'

'Ref. 21.

2We used a single pair of PCR primers that cover the sequence specific to SM2, because these two isoforms are produced from a single gene by altemative splicing.
3Ref. 22.

“Ref. 23.

doi:10.1371/journal pone.0001666.1003
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2SMA antibodies. Twenty (for CD31) or ten (for 28SMA) random
fields on two different sections (approximately 3mm apart) from
each mouse were photographed and analyzed by NIH image as
previously described [24].

Statistical Analysis

Results are presented as means®S.E.M. The serial changes of

the hindlimb blood flow were assessed by repeated measures
ANOVA, followed by Bonferoni’s multiple comparison test.
Comparisons among groups were tested by one-way ANOVA
followed by Bonferoni’s multiple comparison test. A Pvalue <0.05
was considered significant.
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Selective Impairment of Working Memory in a Mouse
Model of Chronic Cerebral Hypoperfusion

Masunari Shibata, MD; Nobuyuki Yamasaki, MD; Tsuyoshi Miyakawa, PhD;
Rajesh N. Kalaria, PhD, FRCPath; Youshi Fujita, MD; Ryo Ohtani, MD; Masafumi Ihara, MD;
Ryosuke Takahashi, MD; Hidekazu Tomimoto, MD

Background and Purpose—We recently designed a mouse model of chronic cerebral hypoperfusion, in which the cerebral
white matter is damaged without significant gray matter lesions. The behavioral characteristics of these mice were
studied using a test battery for neurological and cognitive functions.

Methods—Adult C57B1/6 male mice were subjected to either sham-operation or bilateral common carotid artery stenosis
(BCAS) using microcoils with an internal diameter of 0.18 mm. At 30 days after BCAS, 70 animals were divided into
3 groups and subjected to behavioral test batteries. The first group underwent comprehensive behavioral test, including
the neurological screen, prepulse inhibition, hot plate, open field, light/dark transition, Porsolt forced swim and
contextual and cued fear conditioning (BCAS n=13; sham-operated n=11). The second group was for the working
memory task of the 8-arm radial maze test (BCAS n=12; sham-operated n=10), and the third for the reference memory
task of the 8-arm radial maze test (BCAS n=13; sham-operated n=11). Another batch of animals were examined for

histological changes (BCAS n=11; sham-operated n=12).

Results—The white matter including the corpus callosum was consistently found to be rarefied without clear ischemic
lesions in the hippocampus. No apparent differences were observed in the comprehensive test batteries between the
control and BCAS mice. However, in the working memory tasks tested with the 8-arm radial maze, the BCAS mice
made significantly more errors than the control mice (P<0.0001). Again, there were no detectable differences in the

reference memory tasks between the groups.

Conclusions—At 30 days after BCAS, working memory deficits as well as white matter changes were apparent in the mice.
Working memory deficit was attributable to damage of the frontal-subcortical circuits, suggesting the BCAS model is
useful to evaluate the substrates of subcortical vascular dementia. (Stroke. 2007;38:2826-2832.)

Key Words: behavioral neurology m cerebral blood flow m hippocampus ® leukoaraiosis ® memory
m vascular dementia W white matter disease

Cercbral blood flow (CBF) is decreased in patients with
vascular dementia. Subcortical vascular dementia, the
major subtype of vascular dementia, is featured by small
vessel disease involving white matter (WM) changes and
lacunar infarctions. Arteriosclerosis may induce these WM
lesions after longstanding cerebral hypoperfusion.' In support
for this hypothesis, hypoxia-inducible factor-1 is expressed in
cerebrovascular WM lesions.? In addition, WM lesions are
observed in rodent models of chronic cerebral hypoperfusion,
in which the bilateral carotid arteries are stenosed or li-
gated,?” and stroke-prone spontaneously hypertensive rats
which have small vessel pathology.® Such WM lesions are
suggested to contribute to frontal hypometabolism and exec-
utive dysfunction.®-10

We recently designed a mouse model of chronic cerebral
hypoperfusion'' by placing microcoils bilaterally on the
common carotid arteries. These mice invariably exhibited
WM changes and have several advantages over other
models of chronic cerebral hypoperfusion in rats and
gerbils.3-5-12-14 First, genetically modulated mice produced’
to model various diseases can be used.'s Second, the visual
pathway is preserved as compared with the rat model,
because blood flow in the common carotid arteries albeit
reduced is maintained. Third, the cerebral WM is selec-
tively damaged, yet sparing the gray matter such as the
hippocampus if the degree of stenosis is appropriately
controlled by adjusting the internal diameter of the
microcoils.!! '

Received April 4, 2007; accepted April 18, 2007.

From the Department of Neurology (M.S.. Y.F., R.O., M.1, R.T., H.T.), Graduate School of Medicine, and Horizontal Brain Research Organization
(N.Y., T.M.). Kyoto University, Sakyo-ku, Kyoto, Japan; and the Institute for Health and Ageing (R.N.K.), University of Newcastle upon Tyne, Newcastle

General Hospital, Newcastle-upon-Tyne, UK.

Correspondence to Hidekazu Tomimoto, MD, Department of Neurology, Graduate School of Medicine, Kyoto University, Sakyo-ku, Kyoto 606-8507,

Japan. E-mail tomimoto@kuhp kyoto-u.ac.jp
© 2007 American Heart Association, Inc.

Stroke is available at http://stroke.ahajournals.org

DOI: 10.1161/STROKEAHA.107.490151

_46_



Shibata et al

Figure 1. Photomicrographs of Kliver-Bamrera staining (A
through H) and TUNEL (insets in E and F) in the cerebral cortex
(A and B), caudoputamen (C and D), corpus callosum (E and F)
and hippocampus (G and H). The left column (A, C, E, and G)
indicates the brain from a sham-operated mouse and the right
column (B, D, F, and H) indicates a brain after BCAS for 30
days. Note marked vacuoles (F), and intact pyramidal neurons
{H) after BCAS. Bars indicate 100 um (C through F).

In the present study, we used various paradigms to test
behavior including working and reference memories in this
bilateral carotid artery stenosis (BCAS) mice mode! of chronic
cerebral hypoperfusion. The BCAS model would be useful to
explore behavioral substrates of the frontal-subcortical circuit
deficits apparent in subcortical vascular dementia.

Materials and Methods

Animals and Experimental Design

Male C57BU/6 mice (10 to 12 weeks old, 24 to 29 g; Shizuoka
laboratory animal center, Hamamatsu) were anesthetized with so-
dium pentobarbital. Through a midline cervical incision, both com-
mon carotid arteries were exposed. A microcoil with a diameter of
0.18 mm was applied to the bilateral common carotid artery,
maintaining the rectal temperature between 36.5°C and 37.5°C.
Those in the control group were sham-operated, which involved
bilateral exposure of the common carotid arteries. The animals were
kept in cages for 30 days with food and water ad libitum.

Twenty four mice were examined for histological changes. After
BCAS, CBF was measured by laser-Doppler flowmetry at 1, 7 and
30 days, as described previously.!'.These mice were deeply anes-
thetized with sodium pentobarbital and were perfused transcardially
with 0.01 mol/L phosphate-buffered saline (PBS) and then with a
fixative containing 4% paraformaldehyde and 0.2% picric acid in 0.1
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mol/L. phosphate buffer (PB, pH 7.4). The brains were postfixed in
4% paraformaldehyde in 0.1 mol/L PB, and were stored in 20%
sucrose in 0.1 mol/L. PB (pH 7.4). The brains were then embedded in
paraffin and sliced into 6 pm-thick coronal sections. Sequential
sections from every 50 to 100 sections were stained with Kliiver-
Barrera (KB) and hematoxylin and eosin (H&E) stains. TUNEL
staining was done using Apoptag in situ kit obtained from Oncor.
The WM changes were evaluated specifically in 4 regions: the optic
tract, internal capsule, fiber bundles of the caudoputamen, and
corpus callosum. In the coronal plane 0.15 mm anterior to the
bregma, the areas of right hemisphere and ventricular space 30 days
after the operation were digitized using the NIH image analyzer
program, and used as an index of brain atrophy.

Another 70 animals, which were 14 to 16 weeks old were divided
into 3 groups and examined 30 days after the operation. The first
group of the mice was subjected to a comprehensive behavioral test
battery.!6-'7 The battery included the neurological screen, light/dark
transition, open field, hot plate, prepulse inhibition and Porsolt
forced swim, contextual and cued fear conditioning, which were
conducted in this sequence, with each test separated at least by 1 day
(BCAS mice, n=13; sham-operated, n=11). The second group was
tested for the working memory task of the 8-arm radial maze (BCAS
mice, n=12; sham-operated, n=10), and the third group for the
reference memory task (BCAS mice, n=13; sham-operated, n=11).

The mice were housed in a room with a 12-hour light/dark cycle
(lights on at 7:00 AM) with access to food and water ad libitum. All
procedures were performed according to the guidelines of the
Animal Use and Care Committee of Kyoto University.

Neurological Screen
A peurological screen was conducted as previously described.!” The
ear twitch, whisker touch and righting reflexes were evaluated.

Startle Response/Prepulse Inhibition Tests

A startle reflex measurement system was used (O’Hara & Co). The
test session began by placing a mouse in a plexiglasss cylinder for 10
minutes. The duration of white noise as the startle stimulus was 40
ms for all trial types. The startle response was recorded for 140 ms
(measuring the response every 1 ms) starting with the onset of the
prepulse stimulus. The peak startle amplitude recorded during the
140-ms sampling window was used as the dependent variable. A test
session consisted of 6 trial types (ie, 2 types for startle stimulus only
trials, and 4 types for prepulse inhibition trials). The intensity of
startle stimulus was 110 or 120 dB. The prepulse sound was
presented 100 ms before the startle stimulus, and its intensity was 74
or 78 dB. Four combinations of prepuise and startle stimuli were
used (74/110, 78/110, 74/120, and 78/120). Six blocks of the 6 trial
types were presented in pseudorandom order such that each trial type
was presented once within a block. The average intertrial interval
was 15 s (range: 10 to 20 s).

Hot Plate Test

The hotplate test for nociception was used to evaluate sensitivity to
a thermal stimulus. Mice were placed on a 55.0 (£0.3)°C hot plate
{Columbus Instruments), and latency to the first hind-paw response
(a foot shake or a paw lick) was recorded.

Motor Function Tests

Motor coordination and balance were tested with the rotarod test, and
neuromuscular strength was tested with wire hang test and grip
strength test.!”? In the wire hang test, the mouse was placed on a wire
cage lid apparatus (O’hara & Co) to assess balance and grip strength.
The mouse was placed on a wire mesh, which was then inverted, and
latency to fall was recorded. A grip strength meter (O’hara & Co)
was used to assess forelimb grip strength, when mice were pulled
back. The rotarod test was performed by placing a mouse on a
rotating drum (UGO Basile Accelerating Rotarod), and the time to
maintain its balance on the rod was measured. The speed of the
rotarod was accelerated from 4 to 40 rpm over a 5-minute period.
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Table. General Physical Characteristics and Sensory/Motor Functions of BCAS Mice and Sham-Operated Mice

BCAS Sham P Value
Physical characteristics
Age, wk 141 141
Whiskers, % with 100 100
Fur, % with normal fur 100 100
Rectal temperature, °C 36.9(=0.1) 37.0(=0.1) F,,22=0.495, P=0.4893
Sensory motor reflex
Ear twitch, % with quick response 100 100
Whisker twitch, % with normal response 100 100
Righting reflex, % with normal response 100 100
Acoustic startle respense, arbitrary unit
Stimulus intensity=110 dB 1.2(=0.1) 1.3(=0.2) Fy. »=0.042, P=0.8393
Stimulus intensity=120 dB 1.8(x0.2) 1.9(=0.3) F,,21=0.094, P=0.762
Prepulse inhibition (%; stimulus=110 dB)
Prepulse intensity=74 dB 42.2(*8.0) 22.3(+6.7) F;,=3.566, P=0.0729
Prepulse intensity=78 dB 61.7 (6.0} 48.9(+4.0) F;,1=3.026, P=0.0966
Preputse inhibition (%; stimulus=120 dB)
Prepulse intensity=74 dB 31.1(x10.4) 23.6 (7.0} F1,21=0.342, P=0.5651
Prepulse intensity=78 dB 50.7 (x7.6) 44.2 (+5.6) F1,2=0.465, P=0.5027
Pain test
Hot plate test (latency; s) 7.7 (=0.6) 7.6 (=0.6) F1,22=0.003, P=0.9548
Motor test
Wire hang (latency to fali; s) 51.1 (4.0 60.0 (0.0} Fy, 22=4.108, P=0.055
Grip strength (N) 0.83 (+0.04) 0.81(=0.04) F;.22=0.266, P=0.611
Rotarod (latency to fall; s; average of 3 trials)
Day 1 137 (=13) 167 (=14) Fi,2=2254, P=0.1475
Day 2 201 (=17) 226 (=13} F.»=1.274, P=0.2712

Data represent the mean (+=SEM; BCAS, n=13; sham, n=11).

Open Field Test

Locomotor activity was measured using an open field test. Each
subject was placed in the center of the open field apparatus
(40X 40%30 cm; Accuscan Instruments). Total distance traveled (in
cm), vertical activity (rearing measured by counting the number of
photobeam interruptions), time spent in the center, and the beam-
break counts for stereotyped behavior (stereotypic counts) were
recorded. Data were collected for 120 minutes.

Light/Dark Transition Test

The apparatus used for the light/dark transition test consisted of a
cage (21 X42X25 cm) divided into 2 chambers, one of which was
brightly illuminated (390 lux), and the other was dark (2 lux). Mice
were placed into the dark side and allowed to move freely for 10
minutes. The total number of transitions, time spent in each side, first
latency to light side, and distance traveled were recorded by Image
LD software (see ‘Image Analysis’).

Porsolt Forced Swim Test

In the Porsolt forced swim test, the apparatus consisted of 4
plexiglass cylinders (20 cm height X 10 cm diameter). The cylinders
were filled with water (23°C), up to a height of 7.5 cm. Mice were
placed into the cylinders, and their behavior was recorded over a
10-minute test period (day 1, 2). Data acquisition and analysis were
performed automatically, using Image PS software (see ‘Image
Analysis’).

Contextual and Cued Fear Conditioning
Each mouse was placed in a test chamber (26X34X33 cm; O’hara &
Co) and allowed to explore freely for 2 minutes. A 55-dB white

noise, which served as the conditioned stimulus, was presented for
30 s, followed by a mild (2 s, 0.3 mA) footshock, which served as the
unconditioned stimulus. Two more conditioned stimulus—uncondi-
tioned stimulus pairings were presented with 2-minute interstimulus
interval. Context testing was conducted 24 hours after conditioning
in the same chamber. Cued testing with altered context was con-
ducted 24 hours after conditioning using a triangular box
(35X35X41 cm), which was located in a different room.

Data acquisition, control of stimuli, and data analysis were
performed automatically, using Image FZ software (see ‘Image
Analysis’). Images were captured at 1 frame per second. For each
pair of successive frames, the amount of area (pixels) by which the
mouse moved was measured. When this area was below a certain
threshold (ie, 20 pixels), the behavior was judged as ‘freezing’. The
optimal threshold (amount of pixels) to judge freezing was deter-
mined by adjusting it to the amount of freezing measured by human
observation.

Eight-Arm Radial Maze Test

The 8-arm radial maze test was conducted as described previously.!?
Each arm (9%X40 cm) radiated from an octagonal central starting
platform. Identical food wells with pellet sensors were placed at the
distal end of each arm. As the initial pretraining, each mouse was
placed in the central starting platform and allowed to explore and to
consume food pellets scattered on the whole maze for a 5-minute
period. Subsequently, these mice received another pretraining to take
a pellet from each food well after being placed at the distal end of
each arm. A trial was finished after the subject consumed the pellet.
This was repeated 8 times, using 8 different arms, for each mouse.

_48_



Shibata et al

L

:

Tota! Distance (cm)

Working Memory in Chronic Cerebral Hypoperfusion 2829

=0~ Sham {(n=11)
-e- BCAS (n=13)

[~}

@)

Center Time (sec)

i
Q

Figure 2. Locomotor activity of the con-
trol and BCAS mice in an open field test
(A through D). No differences was
observed for total distance traveled
(group effect, F, »=0.949, P=0.3405; A),
vertical activity (group effect, F, ,,=0.001,
P=0.9715; B), time spent in the center
area (group effect, F, »,=0.648,
P=0.4294; C), and the number of stereo-
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typic counts (group effect, F,,,=0.035,
P=0.8533; D). Locomotor activity in the
light/dark transition test (E through H).
No difference was observed for distance
traveled in light {group effect,

F; ,2=0.079, P=0.7812) and dark cham-
ber (group effect, F, 2,=0.564, P=0.4607;
E), time spent in light (group effect,
F;20=0.438, P=0.5149; F), number of
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In spatial working memory task of the 8-arm radial maze, all 8
arms were baited with food pellets. Mice were placed on the central
platform and allowed to get all 8 pellets within 25 minutes. A trial
was terminated immediately after all 8 pellets were consumed or 25
minutes had elapsed. For each trial, choices of arms, latency to get all
pellets, distance traveled, number of different arms chosen within the
first 8 choices, and the number of revisiting, and omission errors
were automatically recorded.

In reference memory task of the 8-arm radial maze, one of the 8
arms was constantly baited by one pellet in a food well and a trial
was terminated immediately after one pellet was consumed. Data
acquisition, control of guillotine doors, and data analysis were
performed by Image RM software (see ‘Image Analysis’).

Image Analysis and Statistical Analysis

The applications used for the behavioral studies (Image LD, Image
OF, Image PS, Image RM, and Image FZ) were based on the public
domain National Institutes of Health’s Image program.'® Statistical
analysis was conducted using StatView (SAS Institute). Data were
analyzed by 2-way ANOVA, or 2-way repeated measures ANOVA,
unless noted otherwise. Values in the table and graphs were
expressed as mean*SEM.

Results

Histological Findings

All of the mice regained consciousness within a few hours
after the operation, but occasionally showed transient ptosis.
None of them showed any apparent motor weakness. The
CBF values (ratio to the preoperative value) was not changed
significantly in the sham-operated mice, but decreased to
72.4*17.3% atday 1,77.3+15.3% atday 7 and 83.4+13.6%
at day 30 after BCAS. The blood pressure measured either at
day 1, 7 and 30 days was not different between the BCAS and
sham-operated mice. The staining intensity of the myelinated
fibers was reduced, and the integrity of the myelin was
compromised in the corpus callosum (Figure |E and 1F),
caudoputamen, internal capsule and optic tract, as reported
previously.!! The remaining fibers were disorganized and
vacuoles were frequently observed in the neuropil. Atrophy
was not found in the optic nerve (photo not shown), although
being rarefied slightly. Of the brains examined, there were no
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infarctions or hemorrhage in any gray matter regions includ-
ing the cerebral cortex, caudoputamen and hippocampus
(Figure 1A through 1D, 1G, and 1H). There were only a few
TUNEL positive cells in the corpus callosum (Figure 1, insets
in 1E and 1F), but not in the hippocampus.

The hemispheric area was 20.4*2.7 mm’ (mean+SEM)
for BCAS mice and 20.9% 1.4 mm’ for sham-operated mice.
The ventricular space area was 0.51+0.2 mm’ for BCAS
mice and 0.53+0.31 mm? for sham-operated mice. For both
areas, there were no significant differences between the
groups.

Physical Characteristics, Sensory Motor Reflexes,
Nociception, Motor Coordination

As shown in the Table, there were no significant differences
between BCAS and sham-operated mice in terms of their
physical characteristics. Body weight in BCAS and sham-
operated mice were 25.7*0.2 and 25.320.2, respectively,
before operation, 23.8+0.2 and 24.1+0.2 after 3 days, and
27.420.3 and 27.0%+0.4 after 30 days indicating no signifi-
cant differences between the groups.

There were also no differences in sensory-motor reflexes
(percent with quick response of ear twitch, normal response of
whisker twitch and righting reflex, acoustic startle response),
sensory-motor gating (prepulse inhibition), nociception (hot
plate test), and motor coordination (wire hang and rotarod tests).

Locomotor Activity

There were also no differences between BCAS and sham-
operated mice for total distance traveled, vertical activity,
time spent in the center area, and the number of stereotypic
counts in an open field test (Figure 2A through 2D). In the
light /dark transition test (Figure 2E through 2H), there was
also no differences between the groups for distance traveled

-0~ Sham (n=11)
-s- BCAS (n=13)

Figure 3. Behavioral despair of mice in the
Paorsolt forced swim test {A). Mice traveled at
day 1 and day 2 (for day1, group effect,
F,2,=0.065, P=0.8012; for day 2, F, ,=0.161,
P=0.6923). Data are given as means (=SEM).
Percentage of freezing during conditioning,
context testing and cued testing with attered
context in control and BCAS mice (B). Data are
given as means (+=SEM). In the contextual and
cued fear conditioning test, there was no signif-
icant difference in freezing during conditioning
(group effect, F, ,,=0.472, P=0.4991), context
testing (group effect, F, ,=0.970, P=0.3353),
and cued testing with altered context (group
effect, F,2,=0.998, P=0.3285) between the
groups.

o~ Sham (n=11)
-s- BCAS (n=13)

in light and dark chamber, time spent in light, number of
transitions between the light and dark sides and latency to
enter the light side.

Porsolt Forced Swim Test, and Contextual and
Cued Fear Conditioning Test

The ratio of immobility was not different between the groups
both at day 1 and day 2 in Porsolt forced swim test (Figure
3A). In the contextual and cued fear conditioning test, the )
freezing levels during the conditioning period (P=0.4991),
context testing (P=0.3353), and the cued testing with
altered context (P=0.3285) did not differ between the
groups (Figure 3B).

Learning Test

In the working memory task of the 8-arm radial maze,
sham-operated mice improved their performance over
training, whereas BCAS mice did not and made signifi-
cantly more errors than the sham-operated control
(P<0.0001; 2-way repeated measures ANOVA; Figure
4A). The number of different arm choices in the first 8
entries is another measure of working memory perfor-
mance. The number ranged from 5.3 for a chance perfor-
mance to 8 for a perfect performance. However, sham-
operated mice improved significantly more than BCAS
mice with each consecutive training session (P=0.0002,
2-way repeated measures ANOVA; Figure 4B).

On the other hand, there were no significant differences
between the groups in the reference memory task of the 8-arm
radial maze (F,5=2.878, P=0.1053, 2-way repeated mea-
sures ANOVA; Figure 4C). After 8-arm radial maze test, the
same animals were subjected to the open field test (Figure 4D
through 4G). The activity level of BCAS mice was similar to
the sham-operated mice (total distance; F,,,=0.050,
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more revisiting errors (group effect,
F,19=43.267, P<0.0001; B) as compared
with the control mice. There was no sig-
nificant difference in the number of emrors
in reference memory task between the
groups (group effect, F, »=2.878,
P=0.1053; C). Locomotor activity of the
control and BCAS mice in the open field
test (D through G). No difference was
observed for total distance (group effect,
F1,14=0.050, P=0.8253; D), vertical activ-
ity (group effect, F, 1,=0.693, P=0.4155;
E), time spent in the center area (group
effect, F, 1=2.194, P=0.155; F), and the
number of stereotypic counts (group
effect, F, ,3=0.002, P=0.9654; G).
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P=0.8253, 2-way repeated measures ANOVA). Thus, spatial
reference memory required to correctly perform the reference
memory task in the 8-arm radial maze does not appear to be
affected in the BCAS mice.

Discussion
In the rat model of chronic cerebral hypoperfusion, although
we did not find any changes in the hippocampus,’ previous
studies have reported hippocampal CA1 damages.'?!3 Hip-
pocampal damages may cause impairment of both reference
and working memory, and therefore make it difficult to
determine whether the cognitive impairment was a conse-
quence of WM lesions. Variability in hippocampal damage in
the rat model may be caused by a relatively severe reduction

of the CBF (30% to 50% of the preoperative values), in which
low variability around the threshold may determine the
occurrence of hippocampal changes.

In the current mouse model, if the degree of chronic
cerebral hypoperfusion is appropriately controlled by chang-
ing the internal diameter of the microcoils, the decrease in
CBF can be milder to selectively affect the cerebral WM.
Using microcoils with a diameter of 0.16 mm, the CBF was
decreased to 51.4*11.5% of the preoperative values with the
resultant hippocampal CA1l damage.'! However, using mi-
crocoils with a diameter of 0.18 mm or.0.20 mm, the CBF
was decreased to 67.3*18.5% and 77.3%13.4%, respec-
tively, and the histological damages including activation of
microglia and astroglia were restricted to the WM. "'

-5 -
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The BCAS mice showed no difference to the controls in
the comprehensive behavioral tests, including a complete
neurological screen, prepulse inhibition, hot plate, open field,
light/dark transition, Porsolt forced swim and contextual and
cued fear conditioning. Thus, this screen showed that these
mice have no deficits in physical characteristics and sensory/
motor functions. In addition, BCAS mice showed normal
spatial reference memory in the 8-arm radial maze test.
Spatial reference memory task was related to cognitive
domains thought to rely on the integrity of the hippocampus, and
therefore preserved reference memory is in agreement with lack
of histological damage in the hippocampus. In contrast, working
memory impairment may be attributable to either frontal WM
lesions or hippocampal damages which are undetectable by the
present methods. In previous studies, working memory deficits
have been related either to the hippocampus or frontal-
subcortical circuits in the rodent'#-192° and likely primates.2!22
Therefore, the disruption of WM tracts especially within the
prefrontal cortex may be another mechanism for age-related
changes in working memory function.?3

We successfully developed a mouse model of chronic
cerebral hypoperfusion, which showed cognitive abnormali-
ties with only a mild damage to the visual system. In the rat
model, working memory and gait performances have been
shown to be impaired.'?-'3-> However, the rat model exhibits
severe degeneration and atrophy of the optic nerve.5.14.2526
The possibility cannot be ruled out that the visual system
impairment may compromise the behavioral test, because
visual cues contribute to discrimination even in the rodent.?”

In this setting, the rat model is suitable for pharmacological
evaluation because of prompt emergence of WM changes and
easy applicability of stereotaxic surgery. In contrast, the
mouse, which is readily amenable to gene knockout and
manipulation and has advantages in cognitive evaluation, can
be a model of subcortical vascular dementia suited for
pathogenetic analysis and behavioral assessment.
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$100 protein is expressed primarily by astroglia in the brain, and accumulates in and around
the ischemic lesions. Arundic acid, a novel astroglia-modulating agent, is neuroprotective in
acute cerebral infarction, whereas the protective effects remain unknown during chronic
cerebral hypoperfusion. Rats undergoing chronic cerebral hypoperfusion were subjected to
a bilateral ligation of the common carotid arteries, and were allowed to survive for 3, 7 and
14 days. The animals received a daily intraperitoneal injection of 5.0, 10.0 or 20.0 mg/kg of
arundic acid, or vehicle, for 14 days. Alternatively, other groups of rats received a delayed
intraperitoneal injection of 20.0 mg/kg of arundic acid or vehicle, which started from 1,3 or 7
days after ligation and continued to 14 days. The degree of white matter (WM) lesions and
the numerical density of S100 protein-immunoreactive astroglia were estimated. In the WM
of rats with vehicle injections, the number of S100 protein-immunoreactive astroglia
increased significantly after chronic cerebral hypoperfusion as compared to the sham-
operation. A dosage of 10.0 and 20.0 mg/kg of arundic acid suppressed the numerical
increase in $100 protein-immunoreactive astroglia and the WM lesions. These pathological
changes were suppressed with delayed treatment up to 7 days in terms of astroglial
activation, and up to 3 days in terms of the WM lesions. The protective effects of arundic acid
against WM lesions were demonstrated in a dose-dependent manner, and even after
postischemic treatments. These results suggest the potential usefulness of arundic acid in
the treatment of cerebrovascular WM lesions.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

lacunar cerebral infarction, and non-occlusive arteriopathy
causes chronic cerebral hypoperfusion and WM lesions

Ischemic white matter (WM) lesions are frequently observed (Pantoni and Garcia, 1997). Indeed, WM lesions can be induced
in human cerebrovascular diseases (CVD), and are believed to by a ligation of the bilateral common carotid arteries (CCAs) in
be responsible for cognitive impairments in the elderly. It is rats, which leads to a 50-70% decrease in normal cerebral
believed that the occlusion of the small vessels results in blood flow (CBF) over an extended period of time (Tsuchiya

* Corresponding author. Fax: +81 75 751 3766.

E-mail address: tomimoto@kuhp kyoto-u.ac.jp (H. Tomimoto).
Abbreviations: WM, white matter; CVD, cerebrovascular disease; CCAs, common carotid arteries; CBF, cerebral blood flow; INOS,
inducible nitric oxide synthase; PBS, phosphate-buffered saline; KB, Kliiver-Barrera; BBB, blood-brain barrier; TNFe, tumor necrosis factor

alpha; COX2, cyclooxygenase 2
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et al.,, 1992; Wakita et al., 1994). The myelins become rarefied
with a proliferation of the astroglia and an activation of
microglia, plus oligodendroglial cell death with DNA frag-
mentation in the WM (Tomimoto et al., 2003).

$100 is a 20-kDa Ca-binding protein composed of a and g
subunits, and is primarily expressed by astroglia in the brain.
This protein may play a dual role in the regulation of cell
function, being benefidal to cells at low doses but detrimental
at high doses (Hu et al,, 1996). In human CVD, a significant
correlation has been reported between the plasma concentra-
tion of S100 protein and the volume of the cerebral infarct
(Aurell et al., 1991). Although low concentrations of S100 protein
protect cultured neurons from glutamate-induced excitotoxic
damage, a high concentration of this protein upregulates the
expression of inducible nitric oxide synthase (iNOS) in cultured
astroglia with the subsequent production of NO and death of
astroglia and neurons (Hu et al,, 1996, 1997; Murphy, 2000).

Indeed, arundic acid, an agent that inhibits the astrocytic
synthesis of $100 (Asano et al., 2005), has been shown to be
neuroprotective in a rat model of acute cerebral infarction
(Tateishi et al., 2002). Arundic acid may interfere with the
intricate pathways of astrocytic activation upstream to the
mRNA expression of various proteins, and is considered to be
a modulator of the gene expression and functions of astroglia
(Asano et al., 2005; Shinagawa et al., 1999).

In the present study, we examined the protective effects of
arundic acid on WM lesions during chronic cerebral hypoper-
fusion, and also investigated its therapeutic window for
delayed treatment. Our results support the potential use of
arundic acid as a therapeutic intervention in human cerebro-
vascular WM lesions with cognitive impairment.

2. Results
2.1.  Mortality rates and laboratory data

In the first series of experiments, 1 out of 7 arundic acid-
treated rats died at a dosage of 5.0 mg/kg (14.3%), and none
died at dosages of 10.0 and 20.0 mg/kg (0.0%). The laboratory
data (erythrocyte count, leukocyte count, GOT, GPT, BUN and
creatinine levels) and rectal temperature were not significant-
ly different between the vehicle-treated and arundic acid-
treated rats (Table 1).

2.2.  Dose-dependent effect of arundic acid on S100 protein
expression

In the WM of the sham-operated animals, only a few astroglia
showed positive immunostaining for the $100 protein. From 3 to
14 days after the operation, the brains of the vehicle-treated
animals showed a numerical increase in astroghia, which were
immunoreactive for $100 protein in various WM regions such as
the optic nerve, optic tract, corpus callosum, and internal
capsule (Figs. 1A-D). These S100 protein-immuncreactive astro-
glia increased in number after BCAO as compared to the sham-
operated control group in these WM regions (Fig. 1E, Table 2).
In the 10.0 and 20.0 mg/kg arundic acid-treated rats, S100
protein-immunoreactive astroglia appeared to be less numer-
ous in the WM regions as compared to the vehicle-treated
animals for 14 days. In the semi-quantitative analysis, the
number of S100 protein-immunoreactive astroglia was re-
duced in both 10.0 and 20.0 mg/kg arundic acid-treated groups
as compared to the vehicle-treated group (p<0.001; Figs. 2A-
D). The number of astroglia decreased in the 5.0, 10.0 and
20.0 mg/kg arundic acid-treated groups compared to the
vehicle-treated group. The number was also reduced in the
20.0 mg/kg arundic acid-treated animals as compared to the
10.0 mg/kg arundic acid-treated animals (p<0.05), indicating
a dose-dependent effect for arundic acid (Fig. 2E, Table 2).

2.3.  Dose-dependent effect of arundic acid on WM lesions

This dose-related protective effect was similarly observed with
respect to the WM lesions. In the 10.0 and 20.0 mg/kg arundic
acid-treated groups, the scores were lower as compared to the
vehicle-treated group (two-factor factorial ANOVA; p<0.001).
There were no significant differences in grading scores between
the 5.0 mg/kg arundic acid-treated group and vehicle-treated
group. However, the 20.0 mg/kg arundic acid-treated animals
showed a significant reduction (p<0.05) as compared to the
10.0 mg/kg arundic acid-treated animals (Fig. 2F, Table 2).

24.  Effects of delayed treatment

In the delayed-treatment group, which started from 1, 3, or 7
days after the operation, the number of S100 protein-
immunoreactive astroglia showed a significant decrease in
the WM regions as compared to the vehicle-treated animals

Table 1 - Summary of the laboratory data in rats receiving vehicle or arundic acid

hrocyte Leukocyte  Thrombocyte .  GOT GPT BUN Creatinine Rectal
i (x10%mm?)  (x10¥mm?) . (x10%mm%. . qu/) U (mg/d) . (mg/d) temperature -
; (n=6) n=6)". (n=6) (n=5) - (n=6) (=) . =6 (O (n=6)
'uVelm:le 75204428 484186 886196 156.84188  S38466 204128  048:008 365505 .
(5.0 mg/kg) 750.0+36.8 SZ.S.t22.8 . 904£108 17864204 496:88 218422 0542012 36:6:1.0
Arundic acid - : - UL C e
{10.0'mg/kg) 7780+204 50 8168 . . 92.4:«9.6 o "‘A148,8x22.4 452&68 . 186419 .0.46:;0.69 "‘,'3'6.51:1‘0_”’
- Arundic acid - . Ll SRR )
(200 mg/kg) 7744::318: “"548.&186 j‘ g 914;144 16661384 51 2:9.2 198:24 osz;omA s 366:05; N

Values represent means+ SD: n, numberof ammals No sxgmficant d:fferences were delected in the laboxatory data between the amndxc acxd

treated group and the vehtcle-uealed group. .
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Fig. 1 - Photomicrographs of the immunohistochemical staining for S100 protein in the corpus callosum. The rats were
subjected to a sham operation (A), or bilateral ligation of the carotid arteries for 3 days (B), 7 days (C) or 14 days (D). An insetin (D)
indicates that $100 protein is intensely expressed in astroglial foot processes around the blood vessel. Bars indicate 100 pm.
E: Histograms of the numerical densities of $100 protein-immunoreactive astroglia in the WM of the rats after a bilateral
common carotid artery occlusion. Six animals were used in each group. The asterisks indicate statistical significance at p<0.01
by Mann-Whitney U test when compared with the sham-operated controls. cc, corpus callosum; ic, internal capsule.

for 14 days (Figs. 3A-E, Table 2). The WM lesions were less
severe (two-factor factorial ANOVA; p<0.001) as compared to
the vehicle-treated group in the groups starting at 1 day and
3 days after the operation (Fig. 3F, Table 2}, but there were no
significant changes in the group starting at 7 days.

3. Discussion

In the present study, we demonstrated a protective effect for
arundic acid against astroglial activation and WM lesions
during chronic cerebral hypoperfusion. Arundic acid sup-
pressed both the activation of the astroglia and the WM
lesions in a dose-dependent manner. Both the astroglial
activation and WM lesions were suppressed at dosages over
10 mg/kg, whereas the dosage of 5.0 mg/kg suppressed the
astroglial activation exclusively. Therefore, it is unlikely that
the activation of the astroglia was secondary to the WM

damage, but rather seems to be related to the causative
mechanism.

Microglia and astroglia are activated in the WM aberrantly
after chronic cerebral hypoperfusion (Wakita et al., 1994). This
activation occurs in a manner that predicts the extent and
severity of the subsequent WM damage, suggesting an
important role of glial activation in the pathogenesis of WM
lesions. In the susceptible WM, apoptosis of the oligodendrog-
lia is induced with an upregulation of inflammatory cytokines
including tumor necrosis factor alpha (TNFa), and free radicals
released from activated microglia and astroglia (Tomimoto et
al., 2003). In addition, the compromised BBB (Ueno et al., 2002)
may allow the entry of macromolecules and other blood
constituents such as proteases, immunoglobulins, comple-
ments, and cytokines into the perivascular WM tissues.

In studies using ‘a neuronal and astroglia co-culture
system, a high concentration of S100 protein upregulated NO
release from the astroglia, which was shown to be neurotoxic
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Fig. 2 - Photomicrographs of the immunohistochemical staining for $100 protein in the corpus callosum. The animals received
an intraperitoneal injection of vehicle (A) or 5.0 mg/kg (B), 10.0 mg/kg (C) and 20.0 mg/kg (D) of arundic acid for 14 days.

In the arundic acid-treated animals, astroglia immunoreactive for S100 protein were less numerous as compared with the
vehicle-treated animals. Bars indicate 100 pm. The histograms show the numerical densities of 5100 protein-immunoreactive
astroglia (E), and the grading scores for the WM lesions (F) in rats receiving either vehidle or arundic acid for 14 days.
*p<0.05; “p<0.01 by Fisher’s protected least significant difference procedure, as compared to the vehicle-treated animals.
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Fig. 3 - Photomicrographs of the immunohistochemical staining for S100 protein in the corpus callosum. The animals received
an intraperitoneal injection of 20.0 mg/kg of arundic acid from 1 day (B), 3 days (C) or 7 days (D) after the operation, until

14 days. The control animals (A) received a daily injection of vehicle 1 day before the operation until 14 days. In the delayed
treatment with arundic acid, the number of $100 protein-immunoreactive astroglia was significantly reduced as compared with
the control animals. Bars indicate 100 pm. The histograms show the numerical density of S100 protein-immunoreactive
astroglia (E) and the grading scores for the WM lesions (F) in rats receiving either vehicle or arundic acid from 1 day, 3 days or
7 days after the operation until 14 days. *p<0.05; “p<0.01 by Fisher’s protected least significant difference procedure, as
compared to the vehicle-treated animals.
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(Hu et al, 1997; Nawashiro et al, 2000). Although the
mechanism of responsible for this astroglial activation by a
low concentration of S100 protein remains unclear, this
protein is believed to be further activated by a positive
feedback loop (Guo et al., 2001; Murphy, 2000). It is postulated
that these excessively activated astroglia may cause second-
ary tissue damage by the production of cytotoxic cytokines
such as TNFq, and cyclooxygenase 2 (COX2) and iNOS (Lam et
al., 2001; Sharp et al., 2000). Indeed, the delayed expansion of
the cerebral infarction was accompanied by astroglial activa-
tion as well as by an increased tissue level of $100 protein in
the peri-infarct area. Thus, the astroglial overexpression of
S100 protein is considered to play a pivotal role in infarct
expansion by causing alterations in the activities of multiple
intracellular signaling pathways and the expression of various
downstream proteins (Asano et al., 2005; Matsui et al.,, 2002).

Several in vitro and in vivo studies have determined the
pharmacological actions of arundic acid on astroglia. Arundic
acid acts selectively on astroglia and modulates their
activation, or prevents excessive activation that may be
harmful to neighboring neurons. It does not act on neuronal
cultures directly, but suppresses the changes induced in the
co-cultured astroglia, such as an increase in S1008 content,
the secretion of nerve growth factor, a reduction in glutamate
transporter (GLT-1 and GLAST) expression and the disap-
pearance of GABAA receptors, in a dose-dependent manner,
without affecting GFAP expression (Asano et al, 2005;
Himeda et al., 2006, Katsumata et al,, 1999; Matsui et al.,
2002). In addition, arundic acid inhibits the expression of
cyclooxygenase-2 or inducible nitric oxide synthase mRNA
induced by lipopolysaccharide in cultured astroglia (Shimoda
et al,, 1998).

The dosage ranging from 5 to 20 mg/kg in the present
study was comparable to that used in clinical application
(8 mg/kg/h in acute stroke patients) (Pettigrew et al., in press).
Furthermore, arundic acid was effective in delayed treatment
starting from 7 days in terms of astroglial activation, and
3 days in terms of the WM lesions. This broad therapeutic
time window is of clinical relevance, because the patients
with subcortical vascular dementia, a form of vascular
dementia characterized by diffuse WM lesions, frequently
undergo a latent deterioration and hospitalization delay
(Roman, 2005).

4, Experimental procedures
4.1.  Animals

Chronic cerebral hypoperfusion was induced in male Wistar
rats (150 to 200 g; Shimizu Laboratory Supplies Co. Ltd., Kyoto,
Japan) as previously described (Wakita et al.,, 1994). The ani-
mals were anesthetized with sodium pentobarbital (25 mg/kg,
i. p.) and were allowed spontaneous respiration throughout
the surgical procedure. Through a midline cervical incision,
both CCAs were exposed and double-ligated with silk sutures.
Their rectal temperature was monitored and maintained
between 36.0 and 37.0 °C during the surgical procedure, and
the rats were kept in animal quarters with standard rodent
chow and tap water ad libitum after the operation.

4.2. Treatment with arundic acid

The rats with vehicle (saline) treatment were sacrificed at 3, 7
and 14 days (body weight, 300 g; n=6, for each group} to study
the temporal profile of the S100 protein-immunoractive
astroglia and the WM lesions. In the first series of experiments
with arundic acid, the animals received a daily intraperitoneal
injection of 5.0, 10.0 or 20.0 mg/kg of arundic acid, or vehicle,
from 1 day before the operation to 14 days afterwards (n=6 for
each group). At 14 days after ligation, the animals were
sacrificed and subjected to the experiments detailed below.
The sham-operated animals were treated similarly to the
operated ones, except the CCAs were not occluded. In the
second series with a delayed-treatment, the animals received
a daily intraperitoneal injection of 20.0 mg/kg of arundic acid
or vehicle from 1 day, 3 days or 7 days after the operation until
14 days (n=6 for each group). At 14 days after ligation, the
animals were sacrificed and subjected to the experiments
detailed below. The control animals received a daily injection
of vehicle 1 day after the operation until 14 days.

4.3.  Standard histological and immunohistochemical
study

After the operation, the animals were deeply anesthetized
with sodium pentobarbital and were perfused transcardially
with 0.01 mol/L phosphate-buffered saline (PBS), and then
with a fixative containing 4% paraformaldehyde and 0.2%
picric acid in 0.1 moV/L PB (pH 7.4). The brains were then stored
in 20% sucrose in 0.1 mol/L PBS (pH 7.4). These specimens were
embedded in paraffin and sliced into 2 pm-thick coronal
sections. Kliiver-Barrera (KB) staining was used to observe any
histological changes. The severity of the WM lesions was
graded as normal (grade 0), disarrangement of the nerve fibers
(grade 1), formation of vacuoles (grade 2) and loss of
myelinated fibers (grade 3) by two independent investigators
blinded to the type of treatment, as described elsewhere
(Wakita et al,, 1994). For the immunochistochemistry, poly-
clonal antibodies directed against the $100 protein (diluted
1:1000; Dakopatts, 4.5 mg/L) were used in the present study.
After incubation with the primary antibodies, the sections
were treated with a biotinylated anti-rabbit antibody (1gG)
(diluted 1:200; Vector Laboratories), and an avidin biotin
complex (diluted 1:200; Vector Laboratories) in 20 mmol/L
PBS containing 0.3% Triton-X. The sections were finally
incubated in 0.01% diaminobenzidine tetrahydrochloride and
0.005% H,0, in 50 mmol/L. Tris HCl (pH 7.6). To test the
specificity of the immunohistochemical reaction, coronal
sections were treated with normal mouse 1gG instead of the
primary antibodies. The number of nuclei with $100 protein-
immunoreactive cytoplasm was counted against a square test
grid in 20 representative fields (per 0.3 mm?) of the corpus
callosum and internal capsule (n=6) by two independent
investigators blinded to the type of treatments as described
previously (Tomimoto et al., 1996).

4.4.  Statistical analysis

The data were expressed as means=+SD. Differences in rectal
temperature between the groups were determined by a
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repeated-measure ANOVA. Differences in terms of laboratory
blood data were determined by a one-factor ANOVA between
each group. Differences in the grading scores were determined
by a two-factor factorial ANOVA followed by Fischer's
protected least significant difference procedure between
each group. The Kruskal-Wallis test followed by post-hoc
test was used to compare the ischemic group with the sham-
operated control group in the semiquantification for S100
protein-immunoreactive astroglia. A p value of<0.05 was
considered to be statistically significant.
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