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Abstract

Rats subjected to bilateral common carotid artery (CCA) occlusion or 2-vessel occlusion (2VO) have been used as animal models of
subcortical ischemic vascular dementia. However, this model possesses an inherent limitation in that cerebral blood flow (CBF) drops too
sharply and substantially after ligation of CCAs. To circumvent such hypoxic-ischemic conditions, we tested implantation of the ameroid
constrictor device on bilateral CCAs of male Wistar-Kyoto rats and more precisely replicated chronic cerebral hypoperfusion by gradual
narrowing of the CCAs (2-vessel gradual occlusion; 2VGO). The acute cerebral blood flow reduction and resultant inflammatory responses
observed in the 2VO rats were eliminated in the 2VGO rats. Thus, chronic cerebral hypoperfusion was segregated, and induced selective
white matter changes with relatively preserved neurovascular coupling and substantially less metabolic and histological derangements in the
gray matter including the hippocampus. This led to significant spatial working memory impairment of a magnitude similar to the 2VO rats
at 28 days postoperation. The 2VGO model may more closely mimic cognitive impairment subsequent to selective white matter damage.
© 2012 Elsevier Inc. All rights reserved.

Keywords: Vascular dementia; Chronic cerebral hypoperfusion; Ameroid constrictor; White matter change; Rat; Neurovascular coupling

1. Introduction vessels and resultant chronic cerebral hypoperfusion with
blood-brain barrier (BBB) disruption and glial activation
may underlie the white matter changes (Marshall and Lazar,

2011; Pantoni, 2010).

Vascular dementia (VaD) is the second most common
cause of dementing illnesses after Alzheimer’'s disease
(AD). Approximately half of all cases of vascular dementia

are explained by subcortical ischemic vascular dementia
(SIVD) (Yoshitake et al., 1995), which is characterized by
lacunar infarctions in the basal ganglia and ischemic white
matter changes. Loss of vasomotor reactivity in the small

* Corresponding author at: Kyoto University, 54 Kawahara-cho, Sho-
goin, Sakyo, Kyoto 606-8507, Japan. Tel.: +81 75 751 3766; fax: +81 75
751 3265.

E-mail address: ihara@kuhp kyoto-u.ac.jp (M. Ihara).

0197-4580/$ — see front matter © 2012 Elsevier Inc. All rights reserved.
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To mimic such a pathological condition and explore the
underlying mechanisms, several animal models of chronic
cerebral hypoperfusion have been developed, including bi-
lateral common carotid artery (CCA) or 2-vessel occlusion
(2VO) in rats, bilateral CCA stenosis in gerbils or mice
(BCAS) (Shibata et al., 2004), and unilateral CCA occlu-
sion in mice (Yoshizaki et al., 2008). Among these, the rat
2VO model has been frequently used (Jiwa et al., 2010) and
may become more important when genetically-modified rats
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Fig. 1. (A) Surgical implantation of the ameroid constrictor device on the right common carotid artery. (B) Representative images of ameroid constrictors
at indicated time points. (C) Table showing the temporal profiles of stenosis of ameroid constrictor before surgical implantation (n = 4), and 1 (n = 8) and

3 days (n = 4) postoperation.

are widely available. The 2VO model exhibits characteristic
features of SIVD, such as white matter damage (Wakita et
al., 1994, 2002), and cognitive impairment (Farkas et al.,
2007; Hainsworth and Markus, 2008; Jiwa et al., 2010).
Nevertheless, this model possesses an inherent limitation in
that cerebral blood flow (CBF) drops too sharply and sub-
stantially after the ligation of the CCAs and remains too low
(30%—45% of the baseline level) for 2-3 days; this there-
fore creates hypoxic-ischemic conditions too severe to
replicate “chronic™ cerebral hypoperfusion (Marosi et al.,
2006). After this acute phase, CBF gradually recovers but
still remains relatively low (50%-90%) for 8 weeks to 3
months postoperation (chronic phase) (Otori et al., 2003;
Tomimoto et al., 2003). Although the sustained oligemia in
the chronic phase is believed to better replicate chronic
cerebral hypoperfusion associated with SIVD, the contribu-
tion of the preceding acute phase to the neuropathological
and behavioral consequences is an ongoing concern (Farkas
et al., 2007). We therefore sought to establish a novel rat
model that eliminates the acute phase, meaning that CBF
would gradually decrease to the level in the chronic phase,
using the ameroid constrictor device. This device could
predictably achieve gradual narrowing of the CCAs and
establish a rat model of SIVD that replicates “chronic”
cerebral hypoperfusion more precisely. We therefore hence-
forth refer to this novel rat model as the “2-vessel gradual
occlusion (2VGO)” model.

2. Methods
2.1. Animals

We used 12- to 14-week-old male Wistar-Kyoto rats
(WKY) (See Supplemental Method I for details).

2.2. Ameroid constrictor

The ameroid constrictor (Research Instruments NW,
Lebanon, OR, USA) consists of a stainless steel casing
surrounding a hygroscopic casein material that has an in-
ternal lumen. The casein component gradually absorbs wa-
ter and consequently swells, leading to predictable narrow-
ing and occlusion of the arterial lumen that it encases (Fig.
1). The inner diameter was 0.5 mm, the outer diameter 3.25
mm, and the length 1.28 mm.

2.3. Study design

WKY rats were divided into 3 groups: 2-vessel grad-
ual occlusion (2VGO), 2-vessel occlusion (2VO), and
sham control groups (Supplemental Method II). Tempo-
ral changes of blood flow in the CCAs were recorded by
computed tomography-angiography (CTA); the CBF in
the frontal cortices was measured by laser speckle flow-
metry (LSF; Omega, Zone; Omegawave, Tokyo, Japan),
and '*F-fluorodeoxyglucose (FDG) positron emission to-
mography (PET) imaging was performed at indicated
time points. Histologic evaluation of demyelinating changes

) 7,



A. Kitamura et al. / Neurobiology of Aging 33 (2012) 1012.e25-1012.e35 1012.e27
Experimental groups
| Wistar-Kyotorats |
1
v v v
2VGO ‘ [ 2V0 | | Sham control group

Experimental design

Real-time RT-PCR
and ELISA
for inflammatory cytokines

|
Operation ¥ Y || y

Westemn blotting
forMBP

Histological analysis
for demyelination
' and glial activation

Pre 1thr3hr6hr 1d

1t
AAA A A
LI |

3d

1
A

14d

A

Fig. 2. Experimental protoc

and glial activation, analysis of cerebral messenger RNA
(mRNA) and protein levels of inflammatory cytokines and
Western blotting analysis of myelin basic protein (MBP)
were performed at indicated points. Spatial working mem-
ory was assessed by the Y-maze test (Fig. 2).

2.4. Surgical procedure

Under anesthesia, the 2VGO rats were subjected to sur-
gical implantation of ameroid constrictors on the CCAs
bilaterally whereas in the 2VO group, both the CCAs were
ligated (Supplemental Method III).

2.5. Computed tomography-angiography

CTA of the bilateral CCAs was repeatedly performed
under anesthesia using the R_mCT system (Rigaku, Tokyo,
Japan) (Supplemental Method IV).

2.6. Cerebral blood flow, blood pressure, and pulse rate
measurement

CBF in the frontal cortices was recorded by LSF under
anesthesia with isoflurane, 1.5% (Supplemental Method V).

2.7. 'SF-FDG PET acquisition and image analysis

Small animal PET imaging was performed to assess
temporal changes in '*F-FDG uptake during the first 5
minutes and again between 45 and 90 minutes (Supplemen-
tal Method VI).

28d

it CTA
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1 [T “FFDGPET
‘ |_‘ Y - maze

ol. Abbreviations: d, day; hr, hour.

2.8. Histologic evaluation of demyelinating changes and
glial activation

Paraffin-embedded coronal sections of the brain (6 pum
thick) were analyzed with hematoxylin-eosin (HE) staining
for detection of infarcted areas in the forebrain and for
neurodegeneration in the hippocampal CAl1 and CA3 re-
gions, and with Kliiver-Barrera staining for demyelinating
changes. The severity of the white matter lesions in the optic
chiasma, medial and lateral parts of the corpus callosum,
and caudoputamen, was graded as normal (grade 0), disar-
rangement of the nerve fibers (grade 1), the formation of
marked vacuoles (grade 2), and the disappearance of my-
elinated fibers (grade 3), according to the established criteria
(Wakita et al., 1994). They were also immunostained for
ionized calcium binding adapter molecule-1 (Iba-1; a
marker of microglia; Wako, Osaka, Japan), glial fibrillary
acidic protein (GFAP; astrocyte; Dako, Glostrup, Den-
mark), glutathione S-transferase-m (GST-r; oligodendro-
cyte; Assay Designs, Ann Arbor, MI, USA), degraded MBP
(dMBP; demyelinating changes; a gift from Dr. Wakita)
(Ihara et al., 2010), and myelin-associated glycoprotein
(MAG:; Santa Cruz Biotechnology, CA, USA) (Supplemen-
tal Method VII).

2.9. Quantitative real-time reverse transcriptase-
polymerase chain reaction (RT-PCR)

Cerebral mRNA levels of the monocyte chemoattractant
protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a)
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