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Background: Vascular cognitive impairment (VCI) has been shown to be related to inflam-
mation in previous clinical and animal studies. A recent study showed VCI and increase in in-
flammatory cytokines in a mouse model of right common carotid artery occlusion (rCCAQ). We
aimed to determine the preventive effect of an anti-inflammatory drug, ibuprofen, on VCl in an
rCCAO mouse model. Methods: C57BL/6 mice were rCCAO- or sham-operated. First, serial
object recognition tests with respective vehicle and sham groups of mice were performed week-
ly to evaluate VCI until 4 weeks after surgery, and the discrimination index was compared. His-
tological observations were made 3 hr, 1 day, 1 week, and 4 weeks after surgery. Second,
object recognition tests and histological studies with three groups of mice were performed 4
months after surgery to evaluate the preventive effect of ibuprofen on VCI. The experimental
groups were sham (n=15), vehicle (rCCAO-operated; n=15), and ibuprofen (rCCAO-operat-
ed, ibuprofen-supplemented chow; n=15). Results: Until 4 weeks after rCCAQO surgery, the
discrimination index was lower in rCCAO-operated mice than in sham-operated mice, and the
difference was marginally significant in week 1 (mean £ standard error: 0.35+0.08 for rCCAO
vs. 0.68£0.12 for sham; ttest, p=0.050). The index from week 2 to week 4 tended to be low
in rCCAQO-operated mice as compared to sham-operated mice, but the difference was not sta-
tistically significant. Eosin-positive neurons were not observed at all stages, but activated micro-
glia, which was stained by using antibodies against Iba-1, was observed in some rCCAO-oper-
ated mice on day 1 and week 1. The preventive effect of ibuprofen was not sufficient on objec-
tive recognition tests (discrimination index, mean = standard error: sham 0.36+0.10, vehicle
0.01£0.15 and ibuprofen 0.14+0.13; analysis of variance, F=1.987, p=0.151), and no spe-
cific histological finding was observed 4 months after surgery. Conclusions: The anti-inflamma-
tory drug ibuprofen was not effective enough to prevent VCI induced by rCCAQO. The effects
of inflammation seemed to be evident only in the early phase in this model.
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INTRODUCTION

The incidence of vascular cognitive impairment (VCI) is
particularly high among Asian populations [1, 2], and it can
progress toward obvious vascular dementia. Nonetheless, a
specific treatment for preventing vascular dementia has not
been developed although a number of drugs have been pro-
posed, such as those for prevention of stroke and control of
vascular risk factors [3, 4]. Anti-inflammatory drugs can be
another option since inflammatory changes have been obser-

ved in several clinical and animal studies [5-7].
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A recent study reported that right common carotid artery
occlusion (rCCAO) in mice could induce behavioral abnor-
mality 1 month after operation and that the deficit was relat-
ed to damage to the cortical subcortical circuit [8]. There
was no gross neuronal death, but rarefaction was shown on
the medial corpus callosum, and the levels of inflammatory
cytokines increased. The authors suggested that these changes
resulted from chronic cerebral hypoperfusion induced by
rCCAO. However, it is not clear whether only chronic hypop-
erfusion dominantly caused the cognitive deficit.

The object recognition test is one behavioral experiment
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for animals and is related to nonspatial working memory [9].
Damage to the cortical subcortical circuit is known to affect
cognitive function and to be associated with VCI [8]. Impair-
ment observed during the object recognition test was induced
in some animal models by unilateral CCAQO in mice and bilat-
eral CCAO in rats [8, 10].

In this study, to estimate whether early ischemic insult
affects the cognitive deficit in an rCCAO model, serial object
recognition tests and histological observations were evaluat-
ed. We also aimed to determine the effect of an anti-inflam-
matory drug, ibuprofen, in preventing VCI by using an rC-
CAO model.

MATERIALS AND METHODS

1. Animal preparation and surgical procedure

All experiments were performed in accordance with the
Guidelines for Animal Experiments of Ajou University. Wild-
type female C57BL/6 mice weighing 18 to 26 g (10 to 11
months) and male C57BL/6 mice weighing 18 to 26 g (10
to 11 months) were purchased from Orient, Korea. The male
mice were only used for early cognitive function tests. The
mice were given free access to food and water under a 12/12
light-dark cycle. For anesthesia, the inhalation or intraperi-
toneal (i.p.) method was used, and the latter was only used
for early cognitive function tests. The mice were administered
2.5% isoflurane for anesthesia induction and 1.5% isoflurane
for anesthesia maintenance in 30% O./70% N,O through a
face mask. In the case of i.p. anesthesia, mice were anesthe-
tized intraperitoneally with chloral hydrate (400 mg/kg).
For the animal model of rCCAO, the right CCA was care-
fully isolated from the adjacent vagus nerve after midline
neck incision and completely ligated with 6-0 silk sutures.
Upon conclusion of behavioral testing, the animals were anes-
thetized with chloral hydrate (400 mg/kg, i.p.) and intracar-
dially perfused with 4% paraformaldehyde solution in 0.1
M phosphate-buffered saline. Paraftin-embedded coronal sec-
tions of the brain between 1.0 mm anterior to and 1.0 mm

posterior to the bregma were used.
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2. Object recognition test

The object recognition test was performed by using a mod-
ification of a method described in a previous study [8] (Fig.
1A). Briefly, the apparatus used in the test was constructed
using an opaque white acrylic box (30 %45 x 30 cm). The
objects to be discriminated were made of acrylic and were of
two different shapes and colors: cubes and pyramids of 12 cm
height and 6 cm width. The day before the test, the mice
were allowed to explore the box without any objects for 5
min. On the day of the test, a session of two trials was con-
ducted. The inter-trial interval was 60 min. In the first trial,
two identical objects (black cubes) were presented on two
opposite sides of the box, and the mice explored for 10 min.
Exploration was considered if the center of the mouse body
was at a distance 5 cm from the object. In the second trial,
one of the objects presented in the first trial was replaced with
a new object, and the mice were placed in the box for 3 min.
The left cube was replaced with a red pyramid for the early
serial cognitive tests, and the right one was replaced with a
green pyramid for the chronic phase test with the ibuprofen
group. The time spent exploring the familiar (F) object and
the new (N) object was automatically recorded by a video
tracking system, EthoVision 3.0 (Noldus Information Tech-
nology, Wageningen, The Netherlands). The discrimination
index was calculated as (N-F/N+F) for intergroup compari-

son.

3. Histochemical observation

Three animals in each group were used for histological
evaluation. Coronal brain blocks, including the corpus callo-
sum and striatum, were embedded in paraffin and sectioned
with a thickness of 5 ym. Standardized hematoxylin and eosin
(Sigma-Aldrich, St. Louis, MO, USA) stain was used to
detect neuronal death and morphologic change of brain tissue.
Tissue sections were processed by soak mounting and were
incubated in the antibody to Iba-1 (Wako, Osaka, Japan; di-
luted 1:200) for staining of microglia. The sections were sub-
sequently incubated with biotinylated anti-rabbit IgG (Vec-
tor Laboratories, Burlingame, CA, USA; diluted 1:200) for
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Fig. 1. Serial object recognition tests until 4 weeks after surgery. (A) Method of object recognition test: in the first trial, two identical objects
(black cubes) were presented on two opposite sides of the box, and the mice explored for 10 min. In the second trial, one of the objects
presented in the first trial was replaced with a new object (red or green pyramid), and the mice were placed in the box for 3 min. (B) Week-
ly objective recognition tests were performed until 4 weeks after surgery. The histogram shows the discrimination index as the mean+SEM.
The discrimination index in week 1 was lower in rCCAO-operated mice than in sham-operated mice, and the difference was marginally
significant (p=0.050). The index from week 2 to week 4 tended to be lower in rCCAO-operated mice as compared to sham-operated mice,

but the differences were not statistically significant.

2 ht, and then incubated with an avidin-biotin peroxidase co-
mplex solution (Vectastain ABC kit, Vector Laboratories; di-
luted 1:100) for 1.5 hr. Finally, immunoreaction products were
visualized using diaminobenzidine as the substrate (DAB Kit,

Vector Laboratories).
4. Experimental sets and grouping

1) To reveal early cognitive changes from rCCAO

To evaluate cognitive condition after rCCAO, the objec-
tive recognition test was performed from week 1 to week 4
after surgery. Male C57BL/6 mice weighing 18 to 26 g (10
to 11 months) were used in this experiment. The object re-
cognition test was performed before surgery and the mice
with discrimination index less than 0.10 were excluded. A-
mong 60 mice, 33 remained up to the final tests. Mice were
anesthetized i.p. with chloral hydrate (400 mg/kg) for sur-
gery. On week 1, the object recognition test was performed
on five rCCAO- and four sham-operated mice. From week
2 to week 4, it was respectively performed on groups of four

rCCAO- and four sham-operated mice.

2) To reveal early histological changes from rCCAO

To evaluate serial histological conditions, female C57BL/6
mice weighing 18 to 26 g (10 to 11 months) were used. All
mice were rCCAO-operated and were compared with sham-
operated mice whose brain tissues were obtained at 4 months
after surgery. Serial groups of three mice were sacrificed at 3
hr, 24 hr, 3 days, 1 week, and 4 weeks after surgery. The brain
tissues were embedded in paraffin and sectioned with a thick-

ness of 5 xm.

3) To evaluate role of ibuprofen for prevention of VCI
Animals were randomly chosen to evaluate anti-inflam-
matory effect of ibuprofen for prevention of cognitive decline
from rCCAQ. Female C57BL/6 mice weighing 18 to 26 g
(10 to 11 months) were used in this experiment. The exper-
imental group included sham (n=15), vehicle (n=15), and
ibuprofen (n=15), among which mice in the vehicle and
ibuprofen groups were subjected into tCCAQO. The mice
were administered 2.5% isoflurane for anesthetic induction
and 1.5% isoflurane for anesthetic maintenance in 30% O,/

70% N0 through a face mask. After surgery, mice in the
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ibuprofen group were fed ad libitum with ibuprofen-supple-
mented chow (62.5 mg/kg/d) and mice in the sham and vehi-
cle groups were fed with control chow. Upon conclusion of
behavioral testing, 4 months after operation, animals were
anesthetized with chloral hydrate (400 mg/kg, i.p.) and in-
tracardially perfused with 4% paraformaldehyde solution in
0.1 M phosphate-buffered saline.

5. Statistical analysis

Data are presented as the mean +standard error of the mean
(SEM). A r-test was used to compare the discrimination in-
dex between rCCAO- and sham-operated mice in the early
serial object recognition tests. An analysis of variance (AN-
OVA) was used to compare the performance on the object
recognition test to evaluate the anti-inflammatory drug effect.
Scheffe’s test was used for post hoc comparisons. Differences
with p<0.05 were considered to be statistically significant.
Statistical analyses were performed using a commercially a-
vailable software package, SPSS version 12.0 (SPSS Inc., Chi-
cago, IL, USA). Graphs were drawn using SigmaPlot version
9.0 (Systat Software Inc., San Jose, CA, USA).

RESULTS

1. Early deterioration of cognition on objective
recognition test after rCCAOQ surgery

To evaluate early cognitive changes after rCCAO, serial
objective recognition tests were performed from week 1 to
week 4 after surgery. The object recognition test was perfor-
med before surgery, and the mice with a discrimination index
less than 0.10 were excluded. Among 60 mice, 33 remained
up to the final tests. On week 1, object recognition tests were
performed on five rCCAO- and four sham-operated mice.
From week 2 to week 4, it was performed on groups of four
tCCAO- and four sham-operated mice. In week 1, the dis-
crimination index was lower in rCCAO-operated mice than
in sham-operated mice, and the difference was marginally

significant (discrimination index, mean+SEM; 0.35£0.08
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for rCCAO vs. 0.68+0.12 for sham, p=0.050) (Fig. 1B). The
index from week 2 to week 4 tended to be low in rCCAO-
operated mice as compared to sham-operated mice, but the
difference was not statistically significant (discrimination
index in week 2, mean+SEM; 0.14+0.39 for rCCAO vs.
0.38+0.15 for sham, p=0.595; week 3, mean+SEM; 0.15
+0.16 for rCCAO vs. 0.30£0.23 for sham, p=0.605; week
4, mean+SEM; 0.19+0.27 for rCCAO vs. 0.43+0.13 for
sham, p=0.434) (Fig. 1B). The statistical significance of the

difference in the discrimination index was maximal at week 1.

2. Microglial activation at week 1 after rCCAO

From 3 hr to 4 weeks after surgery, serial histological stud-
ies were performed. No evident neuronal death was found
on hematoxylin and eosin staining at all points (Fig. 2A).
Iba-1-positive cells, which reflected microglial activation,
appeared at day 7 (Fig. 2B). This inflammatory change appe-
ared mild but was clearly evident, and was mostly observed
on the watershed zone of the right CCA territory but not on

the corpus callosum.

3. A partial effect of ibuprofen in preventing VCI
induced by rCCAO

None of the sham- or tCCAO-operated mice died, and
none showed any apparent motor weakness. The object recog-
nition test was conducted 4 months after operation. The dis-
crimination ability tended to decrease in the vehicle group
as compared to the sham group (discrimination index, mean
+SEM: sham 0.36+£0.10, vehicle 0.01£0.15, and ibupro-
fen 0.14+0.13; ANOVA, F=1.987, p=0.151) (Fig. 3). The
index slightly recovered in the ibuprofen group (Fig. 3). On
histological observation, no apparent neuronal death was re-
vealed on hematoxylin and eosin staining (Fig. 4A). Immuno-
histochemical staining with the Iba-1 antibody did not reveal
activation of microglia in the three groups (Fig. 4B). Inflam-
matory change was not obvious in rCCAO-operated mice in
the chronic phase, indicating that ibuprofen might have had
an effect only in the early phase of cerebral hypoperfusion.
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Fig. 2. Apoptosis and microglial activation induced in rCCAO-operated mice in the early phase. (A,

) Eosin-positive neurons were not obser-

ved in all periods. (B) Microglial activation, as indicated by immunohistochemical staining with Iba—1 antibody, was evident particularly in
week 1. Photographs were taken on the right sensory cortex (magnification, x 400; bar=50 zm).
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Fig. 3. The partial effect of ibuprofen in the prevention of cogni-
tive deficit in the object recognition test performed 4 months after
surgery. The discrimination ability tended to decrease in the vehi-
cle group as compared to the sham group (discrimination index,
mean = SEM: sham 0.36+0.10; vehicle 0.01+0.15; and ibupro-
fen 0.14+0.13; ANOVA, F=1.987, p=0.151). The index slightly
recovered in the ibuprofen group.

DISCUSSION

In our study, nonspatial working memory examined by
object recognition test was impaired after rCCAO, and micro-
glial activation occurred mostly in the eatly phase of cerebral
hypoperfusion. Anti-inflammatory drugs only have a partial
preventive effect against VCI due to chronic cerebral hypop-
erfusion.

Cognitive impairment observed in rCCAQO-operated mice
might be associated with vascular damage in the cortical sub-
cortical circuit. It has been suggested that in human patients
with subcortical ischemic vascular dementia, the area vul-
nerable to hypoperfusion is associated with impairment of
the cortical subcortical circuit [11]. Among patients with
white matter lesions, those who had cognitive impairment
showed decreased levels of regional cerebral blood flow as
compared to those without cognitive impairment [12]. Sim-
ilarly, animal models of cerebral hypoperfusion showed be-
havioral change that reflects damage to the cortical subcor-
tical circuit. In one study, spatial working memory exam-
ined by an eight-arm radial maze test was selectively impaired
in a mouse model with bilateral CCA stenosis [6]. In anoth-
er study, nonspatial working memory examined by the object
recognition test was impaired in a rat model with bilateral
CCA occlusion [10].

In our study, nonspatial working memory performance
decreased in rCCAO-operated mice. Unilateral tCCAO has
been proposed as a model to bring about VCI via chronic
cerebral hypoperfusion without acute lesion [8]. The authors
suggested that the cognitive impairment was associated with
decreased fiber density on the medial corpus callosum. How-
ever, to some extent our results contradict that study. Dam-
age or rarefaction on the corpus callosum was not observed

in our study. Instead, activated microglia were observed in
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Fig. 4. Histological findings of the right sensory cortex 4 months after surgery. (A) There was no evident eosin-positive neurons among SPeci-
mens of the three groups on hematoxylin and eosin staining (magnification, x400; bar=50 zm). (B) Microglial activation was not observed
in the three groups (immunohistochemical staining with the Iba-1 antibody; magnification, x 400; bar=50 xm).

some rCCAO-operated mice in the early phase, and this fea-
ture was prominent on the watershed zone of the right CCA.
This area was similarly involved in another mouse model,
where cognitive impairment was induced by varying degrees
of bilateral CCA stenosis using microcoils [13]. Moderate
stenosis on the right CCA and then severe stenosis on the left
CCA were induced. The model revealed that cortical, hip-
pocampal, and corpus callosal damage was located on the
watershed area of the CCA. Our results are supported by that
study, although change in the corpus callosum was not evi-
dent in our study. Damage to the cortical subcortical circuit
indicates not only white matter lesion such as the corpus cal-
losum but also any cortical lesion in the circuit. Hypoperfu-
sion injury on the watershed area of unilateral CCA may affect
the cortical subcortical circuit. VCI induced by rCCAO in
our study is possibly associated with hypoperfusion to the
area.

An early ischemic insult from rCCAO seems to affect the
cognitive changes apart from the chronic effect of cerebral
hypoperfusion. In our serial object recognition tests, the dif-
ference in performance between the tCCAO- and sham-oper-
ated mice was significant at the earliest point, i.e., 1 week

after surgery. It is logical to postulate that blood flow to the

brain is suddenly disturbed in the course of surgery for rC-
CAO. Then collateral circulations, primarily abetted by the
Circle of Willis, develop quickly, and hypoperfusion recov-
ers to some extent in the chronic stage [14].

In a previous study using an rCCAO mouse model, inflam-
matory cytokines increased in the early phase of hypoperfu-
sion [8]. Post-ischemic inflammation contributes to ischemic
brain injury within days [15]. Our study showed microglial
activation within 7 days after surgery in some mice, but his-
tological change was not evident after 1 month. The cogni-
tive features reflected the histological changes. Nonetheless,
those changes were mild and appeared in only a few mice;
therefore, chronic injury from cerebral hypoperfusion should
not be excluded.

A tendency of decreased cognition during chronic cerebral
hypoperfusion might be effected under sustained oligemic
status due to rCCAQO. There was a mismatch in our results
in that cognition was impaired but neuronal death was not
observed. Injury due to rCCAQO seemed to be relatively mild
because neuronal death was not observed even at 4 months
after surgery. Regardless of neuronal death, dendritic arbori-
zations and synaptic contacts might be affected [16]. A de-

cline in microtubule-associated protein-2, which reflects den-
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dritic branching, remodeling, or plasticity, and reduction of
synaptophysin protein, which reflects synaptic condition,
have been reported to be associated with chronic cerebral
hypoperfusion [17, 18]. These factors might affect cognitive
dysfunction without evident neuronal death in the status
between benign oligemia and ischemic penumbra.

Inflammatory processes in the brain have been shown to
be related to chronic cerebral hypoperfusion in both clinical
and animal studies. Activation of the microglia, a marker of
inflammation, was shown in a previous clinical pathological
study [5]. Microglial activation was also demonstrated in ani-
mal studies with chronic cerebral hypoperfusion using a mou-
se model with bilateral CCA stenosis and a rat model with
bilateral CCA occlusion [6, 7]. Ibuprofen was thought to be
able to suppress microglial activation and reduce cognitive
impairment, but in our results inflammation seemed to be
little affected in the chronic phase of cerebral hypoperfusion.
A previous study using an rCCAO model also showed that
the levels of both IL-18, and IL-6 were highest 1 day after
operation [8]. A partial preventive effect of ibuprofen might
result from only early association with inflammation in the
rCCAO model. Overall, the effects of inflammation seem to
be evident only in the early phase and are partially responsi-
ble for the pathogenesis of VCI in the chronic rCCAO mouse
model.

Chronic injury due to cerebral hypoperfusion might have
affected the rCCAO-operated mice to a significant degree,
although inflammatory changes were revealed in histologi-
cal studies only in the early phase. To confirm this, further
studies should be done to clarify the decreased cerebral meta-
bolic state arising due to chronic cerebral hypoperfusion. Posi-
tron emission tomography or single photon emission com-

puted tomography animal studies can be performed.
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