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Abstract. Cerebral aneurysm (CA) causes catastrophic subara-
chnoid hemorrhage which is characterized by a high mortality
and morbidity rate. CA is a common disease worldwide but
to date there is no medical treatment against unruptured CAs.
Thus, it is important to study the mechanisms of CA formation.
Our previous report demonstrated that chronic inflammatory
response in cerebral arterial bifurcation by hemodynamic
stress deteriorated arterial walls and formed CA. Therefore,
drugs with anti-inflammatory effects might effectively treat
CA formation. As renin angiotensin system (RAS) is a major
inflammatory cascade and related to various vascular diseases,
including aortic aneurysms, the role of angiotensin (Ang) II
type 1 receptor might contribute to the progression of CAs.
However, in cerebral aneurysmal walls, Ang II type 1
receptor was not up-regulated. In addition, subcutaneously
administered Ang II type 1 receptor blocker did not inhibit
CA formation, nor inflammation in cerebral aneurysmal
walls in rat models at a sub-suppressor dose. These results
indicate that RAS might play a less important role in CA
formation compared to aortic anuerysms or other vascular
diseases. This suggests that there are different mechanisms
between the pathogenesis of cereberal and aortic aneurysms.

Introduction

The renin angiotensin system (RAS) is believed to play a
critical role in the pathogenesis of various vascular diseases
such as atherosclerosis (1-9). Angiotensin (Ang) II is a main
mediator of RAS and acts via its specific receptors, Ang II
type 1 receptor (AT1R) or Ang II type 2 receptor (AT2R) (10).
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The Ang II-AT1R axis is a critical mediator of RAS signaling
to induce an inflammatory cascade in arterial walls through the
activation of NF-kB transcriptional activity (9,11,12), which is
a major transcriptional factor related with up-regulation of
various inflammatory cytokines and production of reactive
oxygen species (10,13). Chronic inflammation in arterial walls
is a common pathological feature and mechanism of various
arterial diseases.

Aneurysm refers to the lesion with an outward bulging of
arterial walls caused by a hemodynamic force. Although
aneurysms are formed in various arteries, the aortic and
cerebral aneurysms (CA) are the two most important clinical
entities. Both aneurysms are life-threatening and common.
However, their underlying pathogenesis must differ to an
extent. An aortic aneurysm forms at the side wall of the aorta
and bases itself on pre-existing atherosclerotic lesions, whereas
CA forms at the bifurcation site of cerebral arteries and has
no relation with atherosclerotic changes in arterial walls. RAS
is deeply involved in the pathogenesis of abdominal aortic
aneurysms (AAA) (3,14). Many studies revealed that Ang II
activated the inflammatory cascade and deteriorated the
extracellular matrix of arterial walls and formed AAA
(2,7,15). Selective ATIR blocker effectively inhibited AAA
formation and rupture by suppressing inflammatory responses
in the arterial walls (10). In contrast, the relation of RAS with
CA formation remains to be elucidated. An immunohisto-
chemical study implied a decrease in activation of RAS in
cerebral aneurysmal walls (16), unlike AAA in which RAS
was remarkably up-regulated (3,14). Nevertheless, CA is a
disease resulting from chronic arterial inflammation mainly
through NF-kB activation by hemodynamic stress like AAA
(17). Thus, in this study, we investigated the expression of
ATIR and examined the effects of an AT1R blocker (ARB)
on CA formation in rat models.

Materials and methods

Experimental induction of CAs in rats. CAs were induced as
previously described (18). After the induction of pentobarbital
anesthesia (50 mg/kg i.p.), the left common carotid artery
and posterior branches of the bilateral renal arteries were
ligated at the same time with 10-0 nylon in 7 week-old male
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Figure 1. Expression of ATIR and AT2R in cerebral aneurysmal walls of rats. (A-C) Elastica van Gieson staining (EvG) of cerebral aneurysmal walls before
(0 M), one month (1 M) or three months (3 M) after aneurysm induction. (D-I) Immunostaining of type 1 (D-F) or type 2 (G-I) receptor (green color: FITC) in
cerebral aneurysmal walls. Red color (Cy3) showed smooth muscle a-actin staining. Bar, 30 ym.

Sprague-Dawley rats (Oriental Bioservice, Osaka, Japan).
Animals were fed special food containing 8% sodium chloride
and 0.12% B-aminopropionitrile (BAPN, Tokyo Chemical,
Tokyo, Japan), an inhibitor of lysyl oxidase that catalyzes the
cross-linking of collagen and elastin. Blood pressure was
measured by the tail-cuff method, keeping rats in small
cassettes without anesthesia.

One month after aneurysm induction, the anterior cerebral
artery/olfactory artery (ACA/OA) bifurcation was stripped
and observed under a light microscope after Elastica van
Gieson staining. To evaluate the pathological changes
occurring in aneurysmal walls, we analyzed the degeneration
of internal elastic lamina (IEL), the thinning of medial smooth
muscle cell layer and aneurysm size. IEL was classified into
the following three categories: continuous, fragmented and
completely disappeared; each category was designated a score:
0, 1 and 2, respectively. The thickness of the media was
evaluated by the ratio of minimal thickness in aneurysmal
walls to thickness in surrounding normal arterial walls.
Aneurysm size was calculated as the mean of the maximal
longitudinal diameter and the maximal transverse diameter.

Animal care and experiments complied with Japanese
community standards on the care and use of laboratory animals.

Valsartan treatment. Valsartan, N-(1-oxopentyl)-N-[[2'-(1H-
tetrazol-5-yl)[1,1'-biphenyl]-4-yl]methyl]-L-valine
(C,,H,0N;5O5), was generously provided by Novartis Pharma-
ceuticals (Basel, Switzerland). Valsartan was dissolved in
saline containing 1% methanol and 33% ethanol. Immediately
after aneurysm induction, rats were subjected to continuous
subcutaneous injections of valsartan at 1, 2 or 5 mg/kg per day
by using Alzet osmotic pump (Alzet, Cupertino, CA) for one
month. Valsartan at 1 mg/kg per day was the same dose used
in the previous study (19), in which valsartan did not lower
blood pressure but adequately inhibited AT1R activity. In the
control group, only the vehicle was continuously injected
using the Alzet osmotic pump.

Immunohistochemistry and cell counting. One month (n=10)
after aneurysm induction, all rats were deeply anesthetized
and perfused transcardially with 4% paraformaldehyde. As
control, vehicle-injected male Sprague-Dawley rats were
sacrificed as described above. The ACA/OA bifurcation was
stripped and embedded in OCT compound. Thin sections
(5 um) were cut and mounted on silane-coated slides. After
blocking with 5% donkey serum (Jackson ImmunoResearch,
Baltimore, MD), primary antibodies were applied and
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Figure 2. Effect of valsartan on cerebral aneurysm formation in rats. (A) Effect of valsartan on systolic (SBP) and diastolic blood pressure (DBP) by tail cuff
method. Val 1: 1 mg/kg; Val 2: 2 mg/kg; Val 5: 5 mg/kg - per day of valsartan treatment. “P<0.01. (B-D) Effect of 1 mg/kg per day of valsartan treatment on
change of internal elastic lamina (IEL) (B), aneurysm size (C) and thickness of media (D) of induced aneurysms.

incubated for 1 h at room temperature followed by incubation
with fluorescence labeled secondary antibodies (FITC-
conjugated donkey anti-rabbit IgG antibody, FITC-conjugated
donkey anti-mouse IgG antibody, Cy3-conjugated donkey
anti-mouse IgG antibody, Cy3-conjugated donkey anti-rabbit
IgG antibody, Cy3-conjugated donkey anti-goat IgG antibody
(Jackson ImmunoResearch)) for 1 h at room temperature.
Then the slides were covered with Permafluor (Immunotec,
Marseille, France) and excited for fluorescence by illumination
through a fluorescence microscope system (BX51N-34-FL-1,
Olympus, Tokyo, Japan).

Primary antibodies used in this study are listed below:
rabbit polyclonal anti-monocyte chemoattractant protein
(MCP-1) antibody (Santa Cruz, Santa Cruz, CA), mouse
monoclonal anti-smooth muscle a-actin antibody (Lab
Vision, Fermont, CA), goat polyclonal anti-CD68 antibody
(Santa Cruz), mouse monoclonal anti-NF-kB p65 subunit
antibody which recognizes only DNA-binding form
(Chemicon, Temecula, CA), rabbit polyclonal anti-matrix
metalloproteinase (MMP)-2 antibody (Santa Cruz), goat
polyclonal anti-MMP-9 antibody (Santa Cruz), rabbit
polyclonal anti-AT1R antibody (Santa Cruz), and rabbit
polyclonal anti-AT2R antibody (Santa Cruz).

In order to quantify macrophage accumulation in aneurys-
mal walls, the number of CD68-positive cells was counted in
a 10000 ym? area around the aneurysm dome in rats.

Gelatin zymography. Total protein from the whole Willis ring
was purified by Bio-Plex Cell Lysis Kit (Bio-Rad, Hercules,
CA) according to the manufacturer's directions. Protein (100 pg)
was used in one experiment. Gelatin zymography was per-
formed using Gelatin Zymo-Electrophoresis Kit (Primary cell,
Sapporo, Japan) according to the manufacturer's directions. As
a marker, recombinant MMP-2 and -9 proteins were used.

RNA isolation and reverse transcription. One month after
aneurysm induction, rats were deeply anesthetized and per-
fused transcardially with 4% paraformaldehyde. Total RNA
from whole Willis ring was isolated using RNeasy Fibrous
Tissue Mini Kit (Qiagen, Hilden, Germany). Extraction was
performed according to the manufacturer's directions. Total
RNA was converted into cDNA using Sensiscript reverse
transcriptase (Qiagen).

Quantitative PCR. Constructs for MMP-2 and -9, MCP-1 and
B-actin were produced by Topo Ta Cloning Kit (Invitrogen,
Carlsbad, CA) from cDNA according to the manufacturer's
directions. Quantitative (real-time) PCR was performed using
QuantiTect SYBR Green PCR Kit (Qiagen) and LightCycler
Quick System 330 (Roche Diagnostics, Basel, Switzerland).
B-actin was used as an internal control.

The primer sets used were: forward 5'-ctgataacctgga
tgcagtegt-3', reverse 5'-ccagccagtecgatttga-3' for MMP-2,
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forward 5'-ttcaaggacggtcggtatt-3', reverse 5'-ctctgagcec
tagacccaactta-3' for MMP-9, forward 5'-cctccaccact
atgcaggtctc-3', reverse 5'-gcacgtggatgctacagge-3' for MCP-1,
forward 5'-aagtccctcaccctcccaaag-3', reverse 5'-aagcaa
tgctgtcacctteee-3' for B-actin. The conditions for quantitative
PCR reactions were: 40 cycles of 95°C (10 sec) for the
denaturation, 53°C (10 sec) for the annealing, and 72°C (10 sec)
for the extension. The second derivate maximum method was
used for crossing point determination, using LightCycler
Software 3.3 (Roche Diagnostics). mRNA expression of each
gene was calculated as a ratio to B-actin. Finally, mRNA
expression of the valsartan-treated group was shown as a ratio
to that of the vehicle-treated group. Six independent samples
were examined in one experiment.

Statistical analysis. Data (mean = SD) were analyzed using
the Mann-Whitney U test for a two-group comparison and
Kruskal-Wallis one-way ANOVA on ranks followed by the
Fisher's test for multiple comparison. Differences were
considered statistically significant at P<0.05.

Results

Expression of ATIR and AT2R in cerebral aneurysmal walls
of rats. In cerebral aneurysmal walls of rats, ATIR was
diffusely expressed in arterial walls as assessed by immuno-
histochemistry (n=5). The expression pattern was not
significantly changed during CA formation (Fig. 1D-F).
AT?2R was also expressed in cerebral aneurysmal walls at a
lesser extent than ATIR, and was not altered during CA
formation (Fig. 1G-I).

Effects of ARB on CA. Valsartan at 1 mg/kg per day did not
decrease systemic blood pressure compared with vehicle
treatment at one month after aneurysm induction [vehicle
treatment: systolic blood pressure (SBP) 138.9+12.5 mmHg,
diastolic blood pressure (DBP) 69.2+18.6 mmHg, n=11;
valsartan treatment: SBP 143.8+£19.9 mmHg, DBP
80.3+£27.9 mmHg, n=12] (Fig. 2A). Valsartan at 2 or 5 mg/kg
per day significantly decreased both SBP and DBP compared
with 1 mg/kg treated group (2 mg/kg per day of valsartan
treatment: SBP 114.0+14.3 mmHg, DBP 48.8+21.1 mmHg,
n=6; 5 mg/kg per day of valsartan treatment: SBP
1124+104 mmHg, DBP 47 4+15.1 mmHg, n=7; SBP: 1 mg/kg
vs. 2 mg/kg, P<0.01; DBP: 1 mg/kg vs. 2 mg/kg, P<0.01).
Therefore, to study the effects of ARB on CA formation, we
chose 1 mg/kg dose to avoid the hemodynamic effects.
Unexpectedly, valsartan at 1 mg/kg per day for one month
just after aneurysm induction did not change IEL disruption
by scoring criteria (vehicle-treated group: 1.2+0.6, n=10;
valsartan-treated group: 1.0+0.76, n=10) (Fig. 2B). Size and
medial thickness of induced aneurysms were also not
significantly different between the vehicle- and valsartan-
treated group (aneurysm size: vehicle-treated group:
17.6+12.0 pm, n=10 valsartan-treated group: 19.8+20.0 ym,
n=10; medial thickness: vehicle-treated group: 0.82+0.19,
n=10; valsartan-treated groups: 0.82+0.20, n=10) (Fig. 2C
and D). Macrophages were the main inflammatory cells in
cerebral aneurysmal walls. The number of macrophages
infiltrated into cerebral aneurysmal walls one month after
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Figure 3. Macrophage infiltration into cerebral aneurysmal walls. (A and B)
Immunostaining of CD68-positive cells (macrophages) in cerebral aneurysmal
walls of rats with vehicle (A) or valsartan treatment (B). Bar: 30 ym. (C)
Number of macrophage infiltration into cerebral aneurysmal walls per 100 ym
square around aneurysm.

aneurysm induction was not significantly different between
the vehicle- and valsartan-treated groups (vehicle-treated
group: 4.8+1.5 cells/10000 pm?, n=5; valsartan-treated
group: 4.8+2.2 cells/10000 pm?, n=5) (Fig. 3). Similarly,
there were no significant statistical differences in MCP-1,
MMP-2 and -9 mRNA expression by quantitative real-time
PCR analysis between vehicle and valsartan treated groups
(Fig. 4). Immunohistochemistry also did not reveal a significant
change in expression of molecules in the cerebral aneurysmal
walls (Fig. 5A-J). Proteolytic activities of MMP-2 and -9 by
gelatine zymography were also not different between vehicle-
and valsartan-treated groups (Fig. 5K).

Discussion

Subarachnoid hemorrhage is a devastating disease with a 30-
day mortality rate of 30% and mild-to-severe morbidity rate
of 45% (20,21). The majority of survivors from subarachnoid
hemorrhage are unable to participate in society as they did
before even if they recover because of latent cognitive
impairment (22). The main cause of subarachnoid hemorrhage
is the rupture of a pre-existing CA. CA is a common disease
with a frequency of 1 to 5% in large autopsy series (23). CA
is often found before rupture by diagnostic techniques such
as magnetic resonance angiography (MRA). Only a small
number of patients with an unruptured CA undergo surgical
procedures such as microneurosurgical clipping or endo-
vascular coiling. However, there is a substantial risk of
complications. Most patients with unruptured CAs are
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Figure 4. Effect of valsartan on MCP-1, MMP-2 and MMP-9 mRNA
expression. (A-C) Result of quantitative real-time PCR analysis of MCP-1
(A), MMP-2 (B) and MMP-9 (C) with vehicle or valsartan treatment (n=6).

followed up under sequential radiological evaluation.
Nevertheless, there is no oral medical treatment against
unruptured CAs due to the limited knowledge regarding the
mechanisms of CA formation.

We have clarified some of the underlying mechanisms of
CA formation by previously establishing an animal model of
CA (24). Pathologically, CA is characterized by excessive
degradation of extracellular matrix in arterial walls. NF-xB
was activated by hemodynamic stress in endothelial cells of
cerebral arterial bifurcation and might play a crucial role in
CA formation by transcriptionally inducing various inflam-
matory genes (17). NF-xB up-regulated MCP-1 expression in
the endothelial cell layer, and activated macrophage infiltration
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Figure 5. Immunostaining of NF-xB, MCP-1, MMP-2 and MMP-9 in
cerebral aneurysmal walls and zymography of MMP-2 and MMP-9
activities. Immunostaining of DNA binding form of NF-xB p65 subunit (C
and D), MCP-1 (E and F), MMP-2 (G and H) and MMP-9 (I and J) in
cerebral aneurysmal walls of rats with vehicle (C, E, G, I) or valsartan
treatment (D, F, H, J). (A and B) Elastica van Gieson staining (EvG) of
serial section as C (A) or D (B). Bar: 30 ym. (K) Representative image of
gelatine zymography from five independent experiments.

into arterial walls. Infiltrated macrophages expressed various
tissue destructive proteinases or inflammation related
molecules such as MMPs (25).

AAA is another aneurysm which people commonly
suffer. AAA is also a life-threatening disease similar to CA.
The detailed mechanisms of AAA formation are well-known.
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In the aorta, atherosclerotic change, mainly by oxidative LDL,
first occurs and macrophages infiltrate into arterial walls.
Chronic inflammation in the aorta by infiltrated macrophages
causes excessive degradative change in arterial walls and
decreases arterial stiffness, leading to the development of
AAA (1,2). AAA and CA are similar clinical entities, in part
because both aneurysms are a result of chronic inflammation
in arterial walls. However, different underlying mechanisms
between AAA and CA must be recognized, since AAA is a
result of atherosclerotic changes of arterial walls and CA is
not related with atherosclerosis. In pathological studies, CA
is not accompanied by atherosclerosis (26). Furthermore, in
ApoE knockout mice, which presented marked hypercho-
lesterolemia, CA formation was not changed, indicating that
hypercholesterolemia, a main risk factor of atherosclerosis,
might not be responsible for CA formation (27). MMP-9 is a
proteinase with both collagenase and elastase activity, and
plays a critical role in both CA (25) and AAA formation
(28,29). MMP-2 is another proteinase with both collagenase
and elastase activity. Interestingly, in CA, MMP-2 plays a
critical role in aneurysm formation (25), while in AAA it does
not. The different phenomena would suggest the different
pathogenesis between CA and AAA.

RAS plays an important role in the regulation of systemic
blood pressure (10). Ang II is a final and most important
mediator of this system. Although Ang II binds its receptors,
ATIR and AT2R, ATIR mediates the main inflammatory
signaling of Ang II such as NF-«B activation (9,11,12). Thus,
the selective blockade of ATIR is a drug target against
hypertension and various inflammation-related vascular
diseases such as atherosclerosis. Indeed, AT1R blockers have
potent anti-inflammatory effects, in addition to their blood
pressure lowering effect. Numerous studies have shown the
preferable effects of AT1R blockers on various inflammatory
diseases such as atherosclerosis (4), AAA (19,30) and
diabetic nephropathy (12).

In the present study, we employed an ATIR blocker,
valsartan (31,32), since valsartan is widely used. Previous
studies demonstrated that in AAA, ATIR was markedly up-
regulated in aneurysmal walls and an AT1R blocker effectively
inhibited AAA formation and rupture by suppressing the
inflammatory cascade in arterial walls (2,3,14,19,30).
However, we demonstrated that in the cerebral aneurysmal
walls of rats, ATIR was not up-regulated. Similarly, the
previous report also demonstrated down-regulation of ATIR
in humans (16). These results might indicate that local RAS
would be suppressed or at least unchanged in cerebral
aneurysmal walls unlike AAA. Indeed, an AT1R blocker
failed to inhibit CA formation in rats at the dose which did
not influence systemic blood pressure. Consistently, activation
of NF-kB, MMP-2 and MCP-1 in cerebral aneurysmal walls
was not inhibited by an ATIR blocker. Thus, unexpectedly,
an ATIR blocker failed to show anti-inflammatory effects at
a dose which did not affect systemic blood pressure in cerebral
aneurysmal walls.

Overall, the present study demonstrated the different
effects of the role RAS plays for both AAA and CA, providing
new insight into the pathogenesis of CA formation. Further
studies are necessary to clarify the detailed mechanisms of CA
formation to prevent CA rupture.
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