(pumps), vasculature (tubes with resistive and capacitive
function), and blood. These three components interactively
determine "all hemodynamic variables. Of these, pump
function and resistive function of vasculature have been
repeatedly evaluated in previous studies. These properties
were also evaluated clinically.

In contrast, evaluation of the vascular capacitive function
and that of the blood volume have been relatively ignored.
Even though blood volume drastically changes, there have
been no reasonable methods to evaluate total stressed blood
volume precisely. Simple measurement of central venous
pressure (i.e., RAP) cannot be a proxy marker of blood
volume, as this pressure value also changes with pump
function or with redistribution of blood.

It is clear from our results [V = (CO + 19.61 RAP + 3.49
LAP) x 0.129] that blood volume (V) is not solely determined
by RAP. Rather, all three variables CO, RAP and LAP
contribute (not as differently as have been considered) to the
changes in blood volume. Clinicians should know that when
LAP increases by 5.6 mmHg, or CO increases by 0.98L/min
in 50-Kg patients, similar blood volume increases as RAP is
increased by 1 mmHg.

Implantable devices with volume monitoring functionality
for patients with heart failure should also take these results
into consideration.

B. Hemodynamic Variables and Cardiovascular Properties

In clinical practice, physicians have to restore hemodynamic
variables to their respective normal range. Of these, the most
important three variables include blood pressure, CO and
LAP. These variables are essentially important as blood
pressure determines the perfusion of vital organs (for
short-term need), CO determines the perfusion of peripheral
tissues (for long-term need), and LAP determines blood
oxygenation in lungs.

These hemodynamic variables are, in turn, determined by
the interaction between cardiovascular properties, such as
pump, resistance, capacitance, and blood volume. What
clinicians should know, monitor, and correct are in reality
these cardiovascular properties. Most drugs and interventions
are aimed at correcting mainly one of these properties. From
these viewpoints, the method to continuously estimate
cardiovascular properties from measured hemodynamics is
the most basic need in patient monitoring.

V. CONCLUSION

We have successfully developed a method to estimate the
cardiac output curve and venous return surface from a single
hemodynamic data set. This method enabled to predict new
hemodynamics after withdrawal or transfusion of blood of
known volume.
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Abstract—Baroreflex regulates arterial pressure by
modulating ventricular and vascular properties. We investigated
if the framework of circulatory equilibrium that we developed
previously (Am J Physiol 2004, 2005) by extending the classic
Guyton's framework is capable of predicting baroreflex induced
changes in arterial pressure. In animal experiments, we
estimated open loop transfer functions of baroreflexly
modulated ventricular and vascular properties, synthesized
baroreflex induced dynamic changes in arterial pressure using
the estimated transfer functions and compared the predicted
responses with measured responses. We demonstrated that the
predicted baroreflex induced changes in arterial pressure
matched reasonable well with those measured. We conclude that
the framework of circulatory equilibrium is generalizable under
the condition where baroreflex dynamically changes arterial
pressure.

I. INTRODUCTION

aroreflex is known to be the fastest mechanism in the

body to stabilize arterial pressure (AP). This AP
stabilization is achieved by feedback regulation of ventricular
and vascular properties [1-3]. However, how those changes in
mechanical properties quantitatively impact AP remains
unknown. We previously developed a framework of
circulatory equilibrium where we introduced the left atrial
pressure-cardiac output (CO) relationship into the classic
Guyton's framework and expanded the venous return (VR)
curve to the VR surface. We then expressed the CO curves
and VR surface using end-systolic elastance (Ees), heart rate
(HR), vascular resistance (R) and stressed blood volume (V)
[4, 5] and derived the circulatory equilibrium as the
intersection between the CO curve and VR surface. The
purpose of this investigation is if the extended Guyton's
framework can quantitatively predict dynamic AP responses
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by incorporating the baroreflexly modulated ventricular and
arterial properties.

II. METHODS

A. A framework of circulatory equilibrium

The framework of circulatory equilibrium consists of
the VR surface representing VR of the systemic and
pulmonary circulations and the integrated CO curve
representing the pumping ability of the left (LV) and right
ventricle (RV) (Fig. 1) [4, 5]. The integrated CO curve and
VR surface (COv) are formulated as

1 Ees

==X —
FEes
k HRHR

co x{log(Pat - F)+H}

and

cov=V/ - GpxP, -GsxP,

respectively, where Pat is left atrial pressure (Pia) for LV and
right atrial pressure (Pra) for RV. k, F, H, w, Gp and Gs are
empirically derived constants. Once we obtain a set of Ees, R,
HR and V, we derive CO by the framework and estimate AP
by multiplying CO and R [4, 5].

COF (mbmint kg 1

F1G.1 A FRAMEWORK OF CIRCULATORY EQUILIBRIUM

B. Animal preparation

Animal care was in accordance with institutional guidelines.
Six mongrel dogs weighing 16.5+1.2kg (meantSD) were
anesthetized with pentobarbital sodium. We cut the
vagosympathetic trunk to eliminate other reflexes and isolated
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the bilateral carotid sinuses from the systemic circulation and
connected them to a servo pump to control intrasinus pressure
(CSP). An ultrasonic flow probe was placed around the
ascending aorta to measure CO. We implanted two pairs of
sonomicrometer in the epicardium and inserted a
micromanometer into LV via the apex to measure Ees. We
measured AP, Pia and Pra. Stressed blood volume was
estimated from the VR surface. All analog data were
digitalized at 200Hz with 12-bit resolution.

C. Identification of the transfer function

We perturbed CSP with pseudorandom binary sequences
(100 and 180 mmHg) with a shortest interval of 5 seconds to
identify the open-loop transfer functions from CSP to Ees, HR,
R and V. We estimated the transfer functions in the frequency
range between 0.002 to 0.1 Hz. To quantify the linear
dependence between the input and output signals in the
frequency domain, we also estimated a magnitude-squared
coherence function.

D. Prediction of the dynamic change of AP

To validate the framework of circulatory equilibrium, we
predicted Ees, HR, R and V using those estimated transfer
functions in response to changes in CSP in data sets that had
not been used to estimate the transfer functions. We then
predicted APs using the developed framework and compared
them against measured.

III. RESULTS

Mean AP, HR, Ees, R and V during perturbations were
124+22 mmHg, 168+13 bpm, 11.3+2.9 mmHg/ml, 1.3740.27
ml/(ml/min/kg) and 18.8+3.7 ml/kg, respectively. These
values are comparable to those previously reported [4, 5].

Shown in Fig. 2 is the transfer function from CSP to Ees
in an animal. The transfer function approximates a
second-order delay system with a cut-off frequency of 0.023
Hz. These finding are consistent with that reported [2].
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FIG. 3. PREDICTION OF THE DYNAMIC CHANGE OF AP

IV. DISCUSSION

We have shown that the framework of circulatory
equilibrium, which is an extension of the classic Guyton's
framework, could predict the changes of AP induced by
baroreflexly modulated ventricular and vascular properties.

The extended Guyton's framework developed by the
authors’ group has been shown to accurately represent the
circulatory equilibrium under steady state conditions [4, 5].
However, whether the model holds under dynamic conditions
remained unanswered. Furthermore, in the present study, we
predicted the dynamic baroreflex induced responses of Ees,
HR, R and V with a set of linear transfer functions. Since the
baroreflex system is known to be nonlinear, how the
nonlinearity in the baroreflex system impacts the accuracy of
predictions remained unknown. The results of present study
indicated that we could linearly predict baroreflexly
modulated ventricular and vascular properties reasonably well
and the framework of circulatory equilibrium holds under the
condition where baroreflex dynamically changes arterial
pressure.

V. CONCLUSION

We conclude that the proposed framework of circulatory
equilibrium holds under baroreflex induced dynamic changes
in hemodynamic conditions.
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Objective: Donepezil, a reversible acetylcholinesterase inhibitor, improves cognitive function of
Alzheimer’s disease. Stimulation of cholinergic system was reported to improve long-term survival of
rats with chronic heart failure and to attenuate inflammatory response in mice with lipopolysaccharide-
induced sepsis. We sought to determine whether the pharmacological stimulation of cholinergic system
by donepezil reduces atherogenesis in apolipoprotein (Apo) E-knockout (KO) mice.

Methods and results: Male ApoE-KO mice (10-week-old) were fed a high-fat diet and received infusion

gﬁ{)ﬁsgﬁ;rase - of angiotensin (Ang) II (490 ng/kg/day). Donepezil or physostigmine was administered for 4 weeks. Oral
Donepezil administration of donepezil (5 mg/kg/day) or infusion of physostigmine (2 mg/kg/day) significantly atten-

uated atherogenesis (Oil Red O-positive area) without significant changes in heart rate, blood pressure
and total cholesterol levels. Administration of donepezil suppressed expression of monocyte chemoat-
tractant protein-1and tumor necrosis factor-o, NADPH oxidase activity and production of reactive oxygen
species in the aorta.

Conclusion: The present study revealed novel anti-oxidative and anti-atherosclerotic effects of pharma-
cological stimulation of cholinergic system by donepezil. Donepezil may be used as a novel therapeutics

Apolipoprotein E-knockout mice
Oxidative stress
Cytokine

for the atherosclerotic cardiovascular diseases.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Activation of vagus nerve shows various effects on hemody-
namics. It slows heart rate, dilates blood vessel and reduces blood
pressure. Results of the Autonomic Tone and Reflexes After Myocar-
dial Infarction Study and the Cardiac Insufficiency Bisoprolol Study
Ilindicate that diminished cardiac vagus activity predicts the higher
mortality rate in patients with chronic heart failure [1,2]. In addi-
tion, vagus nerve stimulation (VNS) improves long-term survival
of rats with chronic heart failure after experimental myocardial
infarction [3]. VNS modulates the cardiac redox status and adren-
ergic drive, and thereby suppresses free radical generation in the
failing heart [4]. However, the effect of VNS on vascular lesion for-
mation has not been reported.

Stimulation of cholinergic system was reported to attenuate
tumor necrosis factor (TNF)-a production from macrophages and
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versity Graduate School of Medical Sciences, 3-1-1 Maidashi, Higashiku, 812-8582
Fukuoka, Japan. Tel.: +81 92 642 5361; fax: +81 92 642 5374.

E-mail address: ichiki@cardiol.med.kyushu-u.ac.jp (T. Ichiki).
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hypotensive shock in a lipopolysaccharide (LPS)-induced septic
model [5,6]. Stimulation of cholinergic system inhibits activation
of nuclear factor-kappa B (NF-kB) [7] and induces suppressor of
cytokine signal 3 expression [8], resulting in the attenuation of
inflammatory responses. However, nicotine, a nicotinic acetyl-
choline receptor (AchR) agonist, was reported to induce endothelial
dysfunction that is an initial step of atherosclerosis and to acceler-
ate atherosclerosis in Apolipoprotein E-knockout (ApoE-KO) mice
[9]. Therefore, it is not clear whether the activation of cholinergic
system is atherogenic or atheroprotective.

Donepezil  [diethyl(3,5-di-ter-butyl-4-hydroxybenzyl)phos-
phonate] is a long acting, reversible cholinesterase inhibitor and is
known to improve memory and cognitive function in patients with
Alzheimer’s disease [10]. A recent study showed that treatment
of patients with Alzheimer’s disease with donepezil for 1 month
reduces production of oncostatin-M, interleukin (IL)-6 and IL-1 in
the peripheral blood mononuclear cells [11], suggesting a possible
anti-inflammatory effect of donepezil. However, the mechanism
remains to be determined.

Angiotensin (Ang) II plays critical roles in the progression of
atherosclerosis, ventricular remodeling after myocardial infarction
and heart failure [12]. One of the mechanisms by which Angll
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accelerates atherogenesis is the induction of oxidative stress and
inflammation [13]. AnglIl activates NADPH oxidase in the blood
vessel resulting in the activation of redox-sensitive transcription
factors such as nuclear factor (NF)-B and activating protein (AP)-
1 [14], resulting in the production of inflammatory cytokines or
chemokines such as TNF-a, IL-6, and monocyte chemoattractant
protein (MCP)-1.

These previous studies prompted us to examine the effect of
pharmacological stimulation of cholinergic system by donepezil on
the progression of atherosclerosis in ApoE-KO mice. In the present
study we showed that donepezil attenuated atherogenesis in ApoE-
KO mice fed a high-fat diet (HFD) with or without Angll stimulation,
possibly through anti-oxidative and anti-inflammatory effects.

2. Materials and methods
2.1. Materials

Angll was purchased from PEPTIDE Institute Inc. Physostigmine,
Ach, lucigenin, 3-nicotinamide adenine dinucleotide 2’-phosphate
reduced hydrate (NADPH) were purchased from Sigma Chemical
Co. Donepezil was purchased from Toronto Research Chemicals Inc.
Antibodies against p47phox and NOX1 were purchased from Santa
Cruz Biotechnology, Inc. Other chemical reagents were purchased
from Wako Pure Chemicals, unless mentioned specifically.

2.2. Animal model of atherosclerosis

All procedures were approved by the committee on Ethics of
Animal Experiment, Kyushu University Graduate School of Medi-
cal Sciences and conducted in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health.

C57BL/6] ApoE-KO mice were purchased from the Jackson Lab-
oratory. Male ApoE-KO (10-week-old) mice were fed a HFD (35%
calorie from fat, 1% cholesterol) and received infusion of Angll
(490 ng/kg/day) through an osmotic minipump (Alzet) implanted
in the peritoneal cavity for 4 weeks. Mice had an ad libitum
access to both food and water. Four groups were compared: con-
trol, Angll+HFD, Angll+HFD and donepezil (estimated dose of
ingestion: 5mg/kg/day via drinking water), and Angll+HFD and
physostigmine (2 mg/kg/day via second osmotic minipump). Blood
pressure and heart rate were monitored using a computed tail-cuff
system (UR-5000, UEDA, Ueda Co. Ltd.). The doses of cholinesterase
inhibitors were chosen on the basis of previous studies that showed
that donepezil [15] or physostigmine [16] at the doses mentioned
above did not affect heart rate or blood pressure level in mice.

In another experiment, ApoE-KO mice (12-week-old) were fed
a HFD only for 8 weeks without Angll. And the effect of donepezil
was examined.

2.3. Histological and immunohistochemical analyses

At the end of experiments, mice were anesthetized with an
intraperitoneal injection of pentobarbital. The circulatory system
was perfused with PBS via the left ventricle. Then, the aortic arch
and the thoracic aorta was opened longitudinally, stained with Oil
Red O, and pinned out on a black wax surface. The percentage of
the plaque area stained by Oil Red O to the total luminal surface
area was determined. Serial sections of the aortic root were pre-
pared and were stained with the antibodies against macrophage
(F4/80; Serotec Inc.) and MCP-1 (Santa Cruz Biotechnology Inc.).
All images were captured with a Nikon microscope equipped with
a video camera and analyzed using Adobe Photoshop and Scion
Image Software.

2.4. Tissue preparation

The thoracic and abdominal aorta were immediately frozen in
liquid nitrogen for RNA isolation, Lucigenin assay, and Western blot
analysis. For RNA isolation, thoracic aorta was additionally perfused
with RNA Later (Ambion) to prevent RNA degradation. Frozen sam-
ples of thoracic aorta were crashed on dry ice and homogenized in
ISOGEN (Nippon Gene) and total RNA was prepared in accordance
with the manufacturer’s instruction.

2.5. Real-time reverse transcription polymerase chain reaction
analysis

Reverse transcription of RNA was performed with ReverTra
Ace (TOYOBO). Quantitative real-time reverse transcription poly-
merase chain reaction (QRT-PCR) was performed using SYBR Green
and the ABI PRISM 7500 Sequence Detection System (Applied
Biosystems). The sequences of PCR primers used in this study are
summarized in Supplemental Table 1. Primers for GAPDH were
purchased from ABI, of which sequences are not disclosed.

2.6. Lucigenin-enhanced chemiluminescence assay

NADPH-dependent superoxide production was measured by
lucigenin luminescence [17]. The aorta was perfused with ice cold
PBS, immediately frozen in liquid nitrogen and the assay was per-
formed on the same day. The frozen samples of abdominal aorta
were crashed on dry ice and homogenized in modified Krebs buffer
(99 mmol/L NaCl, 4.7 mmol/L KCI, 1.9 mmol/L CaCl,, 1.2 mmol/L
MgS0Oy4, 1.0 mmol/L KyHPO4, 25 mmol/L NaHCO3, 20 mmol/L Na-
HEPES, 11 mmol/L p-glucose). Aluminescence assay was performed
in a balanced salt solution (137 mmol/L NaCl, 2.7 mmol/L KCl,
43 mmol/L NayHpO4, 1.5mmol/L KH,PO4) buffer containing
5 pmol/L of lucigenin using a luminescence reader (Berthold
Technology). The reaction was started by adding 100 pwmol/L of
[3-NADPH as a substrate.

2.7. Oxidative fluorescent microphotography

Superoxide was detected in the layers of the vessel wall using
fluorescent probe dihydroethidium (DHE; Molecular Probes) as
described previously [18]. After perfusion with ice cold PBS, the
ascending thoracic aorta was immediately frozen in OCT compound
(Sakura Finetek) and stored at —80°C until preparation for the
cryosection. Cryosections (10 wm) were prepared in the next day
and incubated for 30 min at 37 °C with 2 pmol/L DHE. Images were
obtained on a confocal microscope (excitation filter at 488 nm;
emission filter at 550 nm).

2.8. Western blot analysis

The aorta was homogenized in modified Krebs buffer. Protein
concentrations were determined with the bicinchoninic acid pro-
tein assay kit (Pierce Chemical Co). The homogenates were heated
in a sample buffer at 95°C for 3 min, electrophoresed on 12%
SDS-polyacrylamide gel, and transferred to polyvinylidene diflu-
oride membrane (Immobilon-P, Millipore). Western blot analysis
of p47phox, NOX1 and a-tubulin was performed by a conven-
tional method and detected by ECL chemiluminescence (Amersham
Pharmacia Biotech) according to the manufacturer’s instructions.
Membranes were scanned using LAS-4000mini bioimage analyzer
(Fujifilm).
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Fig. 1. Cholinesterase inhibitors attenuated atherogenesis in ApoE-KO mice. The effects of donepezil and physostigmine were examined in ApoE-KO mice fed a HFD and
received Angll-infusion for 4 weeks (A-D). n=6-8 (A) Oil Red O staining of the en face aorta is shown. (B) Bar graph indicates the percentage of Oil Red O-positive area in the
aorta. (C) Immunohistochemical staining for macrophage by F4/80 antibody in the aortic cusp. Bar graph indicates F4/80-positive area. (D) Immunohistochemical staining
for MCP-1 in the aortic cusp. Bar graph indicates MCP-1-positive area. Data are expressed as mean + S.E.M. *P<0.05, **P<0.01 vs control, #¥P<0.05, **P<0.05 vs vehicle. The
effect of donepezil was examined in ApoE-KO mice fed a HFD for 8 weeks (E and F). (E) Oil Red O staining of the en face aorta is shown. (F) Bar graph indicates the percentage
of Oil Red O-positive area in the aorta. Data are expressed as mean + S.E.M. **P<0.01 vs control, *P<0.05 vs vehicle. Control n=>5, HFD or HFD +donepezil n=8.
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Table 1
HR, BP BW and total cholesterol levels in Angll+HFD groups.
HR (bpm) BP (mm Hg) BW (g) TC (mg/dl)
Control 610 & 20 104 + 2 28.8 £ 0.6 407 + 21
All+HFD 648 + 17 124 + 4”7 272+04 1981 + 165
All + HFD + donepezil 618 £ 22 115+ 4 27.7 £1.0 1896 + 63"
All+HFD + physostigmine 657 + 8 124 £ 37 279+ 07 2250 + 70"

HR: heart rate, BP: blood pressure, BW: body weight, TC: total cholesterol.
* P<0.05 vs control.
~ P<0.01 vs control.

2.9. Statistical analysis

Statistical analysis was performed with one-way ANOVA and
Fisher's test, if appropriate. Data are shown as mean=+S.E.M.
P<0.05 was considered to be statistically significant.

3. Results

3.1. Cholinesterase inhibitors attenuated progression of
atherosclerosis

To examine whether donepezil has anti-inflammatory and anti-
atherosclerotic effects, we used HFD-fed ApoE-KO mice with Angll
that accelerates vascular inflammation and thereby atherogenesis
[13]. A combination treatment with Angll and HFD significantly
increased blood pressure compared with control group. However,
no significant differences in the heart rate, blood pressure and
serum total cholesterol level were observed between Angll and HFD
groups (Table 1). Body weight was slightly decreased in mice that
received Angll and HFD compared with the control group. Oil Red
O-positive area of en face aorta was reduced in mice treated with
donepezil (Fig. 1A and B). Physostigmine, another cholinesterase
inhibitor structurally unrelated to donepezil, also reduced Oil Red
O-positive area, suggesting that inhibition of cholinesterase and a
resultant increase in Ach availability are responsible for the atten-
uation of atherogenesis (Fig. 1A and B). Infiltration of macrophage
(F4/80 antibody-positive cells) into the aortic root was also reduced
in mice treated with donepezil or physostigmine (Fig. 1C). These
cells expressed MCP-1 (Fig. 1D) and MCP-1-positive area was
diminished by treatment with either donepezil or physostigmine,
suggesting that cholinesterase inhibitors may attenuate atheroge-
nesis through suppression of MCP-1 expression and macrophage
recruitment.

We also examined the effect of donepezil on ApoE-KO mice
fed a HFD for 8 weeks (from 12- to 20-week-old) without AnglI-
infusion. The Qil Red O-positive area was significantly suppressed
by treatment with donepezil (Fig. 1E and 1F) without effects on
hemodynamics and cholesterol level (Table 2).

3.2. Donepezil attenuated vascular reactive oxygen species (ROS)
production and NADPH oxidase activity

ROS play an important role in atherogenesis. We, therefore,
examined the effect of donepezil on ROS production. DHE staining
showed that vascular ROS production was increased in ApoE-KO
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e
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Control Donepezil
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Fig. 2. The effect of donepezil on the oxidative stress in the aorta of ApoE-KO mice.
(A) DHE staining revealed an increase in superoxide production in the aorta of Angll-
and HFD-treated ApoE-KO mice. Donepezil reduced the extent of DHE staining. The
same results were obtained in other 5 independent experiments. (B) Lucigenin assay
showed that NADPH oxidase activity was increased by treatment with Angil and
HFD in the aorta of ApoE-KO mice. Donepezil reduced the NADPH oxidase activ-
ity. Data are expressed as mean+S.E.M. *P<0.05 vs control, #P<0.05 vs vehicle.
n=6-8.

mice treated with Angll and HFD and that donepezil reduced the
ROS production in the media (Fig. 2A). Lucigenin assay also showed
that donepezil significantly reduced NADPH oxidase activity that is
increased in Angll- and HFD-treated ApoE-KO mice (Fig. 2B). How-
ever, we did not see any effect of donepezil on the serum level of
thiobarbituric acid reactive substance (data not shown), suggest-
ing that donepezil might locally suppress oxidative stress in the
aorta.

Table 2
HR, BP BW and total cholesterol levels in HFD groups.
HR (bpm) BP (mm Hg) BW (g) TC (mg/dl)
Control 537 13 99+ 1 30.8 + 0.6 555 + 28
HFD 579+ 15 975 27.5 0.7 2173 + 200"
HFD + donepezil 239419 100 + 4 286+ 1.2 2001 + 96™

HR: heart rate, BP: blood pressure, BW: body weight, TC: total cholesterol.
" P<0.05 vs control.
“ P<0.01 vs control.
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Fig.3. Quantitative RT-PCR analyses for the mRNA expression in the aorta. mRNA expression of the aorta from control, Angll- and HFD- and Angll-, HFD- and donepezil-treated
ApoE-KO mice was quantified with real-time RT-PCR. The primer sequences used were indicated in Supplemental Table 1. Data are expressed as mean + S.E.M. *P<0.05,

**P<0.01 vs control, #P<0.05, ##P<0.01 vs vehicle. n=7-8. ND; not detected.

3.3. Donepezil attenuated MCP-1 and TNF-o« mRNA expression

To gain insights into the molecular mechanism of anti-
atherogenic effect of donepezil, mRNA expression of the aorta was
examined by RT-PCR (Fig. 3). The combination treatment with
Angll and HFD significantly increased MCP-1 and TNF-ac mRNA
expression in the aorta of ApoE-KO mice. Donepezil significantly
attenuated both MCP-1 and TNF-oo mRNA expression.

NOXT1 is a major NADPH oxidase subunit expressed in VSMC
[19]. Expression of NOX1 was slightly increased by Angll and a
HFD, which was downregulated by donepezil. However, expression
level of NOX1 is very low and the difference was not statistically
significant.

Expression of other NADPH oxidase subunits (NOX2, p22phox,
p47phox) was significantly increased in Angll and HFD group and
donepezil attenuated the mRNA expression of these molecules.
However, the reduction was not statistically significant. mRNA
expression of NOX4, one of the NADPH oxidase subunit, superox-
ide dismutase, and catalase was not affected by the combination
treatment with Angll and a HFD.

3.4. Donepezil inhibited p47phox and NOX1 protein level in the
aorta

We examined protein expression of p47phox and NOX1 in
the aorta. Western blot analysis revealed that expression level of
p47phox was increased in ApoE-KO mice treated with HFD and
Angll and the induction was significantly suppressed by donepezil
(Fig.4). The protein level of NOX1 was not affected among the three
groups.

4. Discussion

We showed in the present study that donepezil and physostig-
mine attenuated progression of Angll accelerated atherosclerosis in
ApoE-KO mice fed a HFD. The anti-atherogenic effect of donepezil
was also observed in ApoE-KO mice fed a HFD without Angll-
infusion. Donepezil attenuated NADPH oxidase activity and ROS
production as well as cytokine expression in the aorta. These results
suggest that cholinesterase inhibitor may be a novel strategy for the
treatment of atherosclerotic cardiovascular diseases.

We chose ApoE-KO mice treated with HFD and Angll as an
atherosclerotic model because Angll is known to induce inflamma-
tion and our hypothesis is that donepezil has an anti-inflammatory
effect. It is of note that donepezil was more effective in HFD and
Angll-infusion group than HFD group. Therefore, donepezil may be
more effective against Angll-induced atherogenesis.

Custodis et al. showed that heart rate reduction by ivabradine,
aninhibitor of Ircurrentin the sinoatrial node, attenuated atheroge-
nesis in ApoE-KO mice [20]. In the present study, neither donepezil
nor physostigmine significantly decreased heart rate, excluding
the possible suppressive effect of bradycardia on atherogenesis.
However, the reason why heart rate was not decreased by these
cholinesterase inhibitors in our mice is not clear.

A recent meta-analysis by Singh et al. revealed that inhalation of
anticholinergics is associated with a significantly increased risk of
myocardial infarction and cardiovascular death but not with a risk
of stroke in patients with chronic obstructive pulmonary disease
(COPD) [21]. The results of the meta-analysis may support the idea
that cholinergic system is atheroprotective. However, a very recent
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Fig.4. Expression of pA7phox and NOX1protein in the aorta. Expression of p47phox
and NOX1 protein was examined by Western blot analysis in the aorta of con-
trol, Angll- and HFD-, and Angll-, HFD- and donepezil-treated ApoE-KO mice. The
blot was scanned and the band density was quantified. Data are expressed as
mean =+ S.E.M. *P<0.05 vs control, #P<0.05 vs HFD and Angll group. n=4.

double-blind trial that examined the effect of tiotropium, one of the
anticholinergics, in patients with COPD showed opposite results
[22]. Treatment with tiotropium showed an insignificant decrease
in the number of death in patients with COPD and significantly
decreased the incidence of myocardial infarction compared with
placebo. Therefore, the issue regarding the effect of anticholiner-
gics treatment on cardiovascular events, in particular myocardial
infarction, is still controversial.

Vascular oxidative stress accelerates atherosclerosis [23]. Angll
induces ROS production via activation of NADPH oxidase. Subunits
of NADPH oxidase such as p47phox, p22phox, and NOX play critical
role in Angll induced ROS production because knockdown of these
subunit inhibited ROS production by Angll and less vascular lesion
was induced in mice lacking these subunit [19]. The reduction
of mRNA expression of each NADPH oxidase subunits (p47phox,
p22phox and NOX1)in donepezil-treated mice was not statistically
significant. However, the expression of p47phox at the protein level
was significantly reduced by donepezil. Although the mechanism
for the difference between mRNA and protein level of p47phox is
not clear, suppression of p47phox may explain the anti-oxidative
effect of donepezil.

Donepezil suppressed aortic MCP-1 expression in ApoE-KO
mice received HFD and Angll-infusion. MCP-1 is well known to
enhance atherogenesis. However, MCP-1 deficiency did not affect
atherosclerotic lesion size in LDL receptor knockout mice fed a nor-
mal chow but decreased lesion size those fed a western diet [24].
The lack of the effect of MCP-1 deficiency is explained by upregu-
lation of MCP-5, which is highly homologous to MCP-1. This study

suggests that single inhibition of MCP-1 is not sufficient to sup-
press atherogenesis due to activation of alternative pathways. In
this regard, simultaneous suppression of TNF-a by donepezil might
synergistically attenuate atherogenesis in ApoE-KO mice. A recent
study showed that expression of hepatic MCP-1 mRNA was corre-
lated with the degree of liver steatosis in LDL receptor knockout
mice fed a HFD [25]. Therefore, it is interesting to address in the
future whether donepezil ameliorates liver steatosis in ApoE-KO
mice treated with a HFD and Angll-infusion.

Acetylcholine, a major neurotransmitter of vagus nerve, is
known to activate endothelial nitric oxide (NO) synthase and dilate
blood vessel [26]. However, acetylcholine is rapidly degraded by
cholinesterase in a few seconds. Therefore, it may be possible that
donepezil and physostigmine inhibition of cholinesterase increases
the availability of acetylcholine and increases NO production. How-
ever, we could not see upregulation or phosphorylation of eNOS in
the aorta of ApoE-KO mice treated with donepezil (data not shown).
These data suggest that an increase in NO level may not be the major
mechanism for the anti-atherosclerotic effect of donepezil.

At this point, the source of acetylcholine is not clear. Amenta et
al. showed that cholinergic innervation of the aorta [27]. A nerve
plexus in the adventitial layer has been identified in the mouse,
suggesting that acetylcholine is derived from the nerve ending of
the vagus. In contrast, recent studies suggest that macrophages and
endothelial cells express choline acetyltransferase that produces
acetylcholine from choline and acetyl-CoA [28]. Therefore, further
study is needed to determine whether acetylcholine is derived
from vagus nerve ending or locally produced from macrophages
or endothelial cells.

The limitation of the present study is that we do not have a
direct evidence that donepezil inhibited atherogenesis through an
inhibition of cholinesterase. Because the dose of donepezil used in
this study is very high, we could not exclude the possibility of a
direct or non-specific anti-atherogenic effect of donepezil. How-
ever, physostigmine, another cholinesterase inhibitor structurally
different from donepezil also suppressed atherogenesis in the same
model, indicating that the anti-atherogenic effect is mediated by
inhibition of cholinesterase but not by a direct or non-specific effect
of the drug. Further study is needed to confirm this point.

Another limitation of the current study is that we used very
high dose of donepezil compared with the dose clinically used
for the treatment of Alzheimer’s disease. Therefore, we must be
cautious about extrapolating our results to human atherosclero-
sis. However, 5 mg/kg/day of donepezil is widely used to examine
the effect on dementia in a rodent model [29] despite the clinical
dose is 5-10 mg/day for Alzheimer’s disease. Thus, differential sus-
ceptibility to the drug between human and mice, and a very short
period for the development of the lesions in animal models may be
the reason for the requirement for high doses to be effective.

In summary, we showed in the present study that treat-
ment with donepezil attenuated atherogenesis in ApoE-KO mice
possible through anti-oxidative and anti-inflammatory effects.
Although we should be cautious in extrapolating current results
to other atherosclerotic model or human atherosclerosis [30],
cholinesterase inhibitors may be a novel strategy for the treatment
of atherosclerotic cardiovascular diseases.
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Blockade of mineralocorticoid receptors improves
salt-induced left-ventricular systolic dysfunction through
attenuation of enhanced sympathetic drive in mice with

pressure overioad

Koji lto, Yoshitaka Hirooka and Kenji Sunagawa

Objectives In a pressure overload model, sympathetic
activity is augmented in response to salt intake.
Mineralocorticoid receptors and epithelial Na channels
(ENaCs) are thought to contribute to Na-processing, but the
underlying mechanism is unknown. Here, we investigated
the contribution of the brain mineralocorticoid receptor-
ENaC pathway to salt-induced sympathetic activation in a
pressure overload model.

Methods and results Aortic banding was performed to
produce a mouse pressure overload model. Four weeks
after aortic banding (AB-4), left-ventricular (LV) wall
thickness was increased without a change in percentage
fractional shortening (%FS). Sympathetic activity increased
in response to a 5-day high-salt diet in AB-4, but not in
Sham-4. Brain mineralocorticoid receptor, «kENaC, and
angiotensin 1l type 1 receptor (AT1R) expression levels
were greater in AB-4 than in Sham-4. The increase in
sympathetic activity and in the expression of these proteins
was blocked by intracerebroventricular (ICV) infusion of
eplerenone, a mineralocorticoid receptor blocker. In another
protocol, AB-4 mice were fed a high-salt diet (AB-H) for 4
additional weeks. At 4 weeks, %FS was decreased and
sympathetic activity was increased in AB-H compared
with Sham. Expression of mineralocorticoid receptors and
AT1R in the brain was higher in AB-H than in Sham. ICV
infusion of eplerenone in AB-H attenuated salt-induced
sympathoexcitation and the decreased %FS. ICV infusion of
eplerenone also decreased brain AT1R expression,

Introduction

High salt intake induces hypertension in a salt-sensitive
hypertensive animal model via sympathetic nerve acti-
vation [1,2]. The central nervous system plays an import-
ant role in salt-induced hypertension. An increase in Na
in the cerebrospinal fluid (CSF) is an important step in
salt-induced hypertension. High salt intake increases
CSF Na only in salt-sensitive hypertensive rats, however,
and not in salt-resistant normotensive rats [3]. Intracer-
ebroventricular (ICV) infusion of high-Na containing
CSF causes hypertension in both salt-sensitive hyperten-
sive rats and salt-resistant normotensive rats via brain
angiotensin type 1 receptor (AT1R) activation [4].
Enhanced Na uptake from the plasma to the CSF might
therefore be an important step in the initiation of salt-
induced hypertension in salt-sensitive hypertensive rats.
Epithelial Na channels (ENaCs) on the blood side of the

02683-6352 © 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins

Conclusions These findings indicate that activation of brain
«ENaC and AT1R through mineralocorticoid receptors
contributes to the acquisition of Na sensitivity to induce
sympathoexcitation. Therefore, high salt intake accelerates
sympathetic activation and LV systolic dysfunction in a
pressure overload model. J Hypertens 28:1449-1458 © 2010
Wolters Kiuwer Health | Lippincott Williams & Wilkins.
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choroidal epithelium contribute to Na transport in the
CSF [5,6]. In addition, ENaCs are activated through
the activation of mineralocorticoid receptors [7,8]. Thus,
the mineralocorticoid receptor—ENaC pathway might be
involved in the enhanced Na uptake into the CSF in the
salt-sensitive hypertensive model.

We recently reported that mice with pressure overload
become sensitive to physiologic brain levels of Na, thereby
acquiring a lower threshold for sympathetic activation [9].
Whether the brain mineralocorticoid receptor—ENaC
pathway is involved in the salt-sensitive sympathetic acti-
vation in mice with pressure overload, however, is not
clear. Therefore, the aim of the present study was to
examine the expression levels of brain mineralocorticoid
receptors and ENaCs in mice with pressure overload,
and to determine whether mineralocorticoid receptor
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antagonism attenuates salt-induced sympathetic acti-
vation and improves left-ventricular (LLV) systolic function
in mice with pressure overload. Toward this aim, we
investigated the expression of brain mineralocorticoid
receptor and ENaCs in mice with pressure overload; the
sympathetic activity in response to a 5-day high-salt dietin
mice with pressure overload to confirm the acquisition of
Na sensitivity; the effects of ICV infusion or oral adminis-
tration of eplerenone, a selective mineralocorticoid recep-
tor blocker [10,11], concomitant with high-salt loading on
sympathetic activity and LV systolic function in mice with
pressure overload.

Methods

Animals

The study was reviewed and approved by the Committee
on Ethics of Animal Experiments, Kyushu University
Graduate School of Medical Sciences, and conducted
according to the Guidelines for Animal Experiments of
Kyushu University. Male Institute of Cancer Research
(ICR) mice (10 weeks old; SLC, Fukuoka, Japan)
were used.

Mouse pressure overload model preparation

The suprarenal abdominal aorta [9,12] was banded in
mice (AB mice) under sodium pentobarbital (25—-40 mg/
kg i.p.) anesthesia. The abdominal aorta was constricted
at the suprarenal level with 5-0 silk sutures guided by a
blunted 27-gauge needle, which was withdrawn as
quickly as possible. Sham-operated (Sham) mice served
as controls. Four weeks later, mice (AB-4 mice or Sham-4

mice) were each divided randomly into two groups: mice
fed a high-salt (8% NaCl) diet for 4 weeks (AB-H mice
and Sham-H mice) and mice fed a regular-salt (0.3%
NaCl) diet for 4 weeks (AB-R mice and Sham-R mice;
Fig. 1).

Evaluation of left-ventricular systolic function
Left-ventricular systolic function was evaluated by echo-
cardiography [9,13,14]. Serial M-mode echocardiography
was performed on mice under light sodium pentobarbital
anesthesia with spontancous respiration. We used an
echocardiography system (SSD5000; Aloka, Tokyo,
Japan) with a dynamically focused 7.5-MHz linear array
transducer. M-mode tracings were recorded from the
short-axis view at the level of the papillary muscle.
Left ventricle end-diastolic diameter (LVDD), LV
end-systolic diameter (LVSD), and LV wall thickness
(LVWT) were measured. LVWT was calculated as the
mean thickness of the interventricular septum and
the posterior LV wall. Percentage fractional shortening
(%FS) was calculated as follows: %FS=(LVDD —
LVSD)/LVDD x 100.

Evaluation of sympathetic activity

Sympathetic activity was evaluated by measuring 24-h
urinary norepinephrine (U-NE) excretion using high-
performance liquid chromatography [9,13,14].

Confirmation of acquired Na sensitivity in AB-4 mice
Sympathetic activity in response to a 5-day high-salt diet
was evaluated as follows: both AB-4 mice and Sham-4

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



mice were fed a high-salt diet (8%) or a regular-salt diet for
5 days, and then U-NE was measured. Sympathetic
activity in response to the high salt intake was evaluated
in each group. In addition, ICV infusion of high-Na
(0.2 mol/l) or regular-Na (0.145 mol/t) CSF (infusion rate:
0.25pl/h for 5 days) was performed using an osmotic
minipump, as follows. Under sodium pentobarbital
anesthesia (25-40mg/kg i.p.), mice were placed in a
stereotaxic frame. The skin overlying the midline of the
skull was incised, and a small hole was made with a dental
drill at the following coordinates: 0.3 mm posterior and
1 mm lateral relative to bregma. The infusion cannula from
an Alzet brain infusion kit 3 (DURECT Corporation, CA)
connected to an osmotic minipump (Alzet model 1004;
DURECT) was lowered 3 mm from the skull surface and
fixed to the skull surface with tissue adhesive. The osmotic
minipump was inserted subcutaneously in the back [9].

Measurement of organ weight

After completion of the experiments, the mice were
killed with an overdose of sodium pentobarbital, and
the heart and lungs were removed and weighed.

Measurement of blood pressure and heart rate

Under sodium pentobarbital anesthesia (25-40 mg/kg
i.p.), mice were intubated using a 20-gauge soft catheter
and ventlated with a tidal volume of 1.0-1.5ml at
120 cycles/min with the fraction of inspired oxygen equal
t00.21[9,13,14]. A catheter was then inserted into the right
carotid artery to measure blood pressure and heart rate.

Treatment with eplerenone, a mineralocorticoid
receptor blocker

To evaluate the effects of brain mineralocorticoid recep-
tor antagonism on sympathetic activity in response to the
high-salt diet in AB-4 mice, ICV infusion of the specific
mineralocorticoid receptor blocker eplerenone [10,11]
(0.3mg/ml in CSF, infusion rate at 0.11 pl/h, kindly
provided by Pfizer Pharmaceutical Company Inc., New
York, New York, USA) was started concomitant with the
aortic banding procedure and continued for 4 weeks. ICV
infusion was performed as described above.

In another protocol, to evaluate the effects of brain miner-
alocorticoid receptor antagonism on salt-induced sym-
pathetic activation and LV systolic dysfunction, eplere-
none was administered by ICV infusion (0.3 mg/ml in CSF,
infusionrate at 0.11 pl/h) or oral administration (100 mg/kg
per day) for 4 weeks, concomitant with high-salt loading
(AB-H mice). U-NE excretion, organ weight, blood pres-
sure, and heart rate were measured, and echocardiography
was performed as described above.

Evaluation of brain mineralocorticoid receptor, epithelial
Na channels, and AT1R expression

The animals were killed with an overdose of sodium
pentobarbital, and the circumventricular tissues includ-
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ing the hypothalamus were obtained. The tissues were
homogenized in a lysing buffer containing 40 mmol/l
HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid], 1% Triton X-100, 10% glycerol, 1 mmol/l sodium
orthovanadate, and 1mmol/l phenylmethylsulfonyl
fluoride. Protein concentration was determined using a
bicinchoninic acid protein assay kit (Pierce Chemical Co.,
Rockford, Illinois, USA). A 15-pg aliquot of protein
from each sample was separated on a polyacrylamide gel
with 10% sodium dodecyl sulfate. The proteins were
subsequently transferred onto polyvinylidene difluoride
membranes (Immobilon-P  membranes; Millipore,
Billerica, Massachusetts, USA). Membranes were incu-
bated with rabbit immunoglobulin G (IgG) polyclonal
antibody to mineralocorticoid receptors (1:1000; Santa
Cruz Biotechnology, Santa Cruz, California, USA), with
goat IgG polyclonal antibody to « ENaC, rabbit polyclonal
antibody to BENaC, rabbit polyclonal antibody to YENaC
(1:1000, Santa Cruz Biotechnology), or with rabbit IgG
monoclonal antibody to AT1R (1:1000, Santa Cruz
Biotechnology). Membranes were then incubated with
horseradish peroxidase-conjugated horse antirabbit or
antigoat IgG antibody (1: 10 000). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as an internal
control for the brain tissues. Immunoreactivity was
detected by enhanced chemiluminescence autoradiog-
raphy (ECL Western blotting detection kit; Amersham
Pharmacia Biotech, Uppsala, Sweden), and the film
was analyzed using the public domain software NIH
Image (developed at the US National Institutes of Health
and available on the Internet at http://rsb.info.nih.gov/
nih-image/).

Evaluation of effects of eplerenone on brain epithelial
Na channels and AT1R expression

To evaluate the effects of brain mineralocorticoid recep-
tor antagonism on ATIR and ENaCs, we performed
western blot analysis for AT1R, aENaC, and yENaC
in the circumventricular tissues including the hypothala-
mus of AB-4 mice (ATIR and aENaC) or AB-H
mice(ATIR and yENaC) with or without ICV infusion
of eplerenone. ICV infusion of eplerenone and western
blot analysis were performed as described above.

Evaluation of the effects of telmisartan, an AT1R
blocker, on brain mineralocorticoid receptor and aENaC
expression

To evaluate the effects of brain AT'1R blockade on brain
mineralocorticoid receptor and a ENaC expression in AB-
4 mice, we performed western blot analysis of miner-
alocorticoid receptor and « ENaC in the circumventricu-
lar tissues, including the hypothalamus, of AB-4 mice
with or without ICV infusion of telmisartan. ICV infusion
of the AT1R blocker telmisartan [4 mmol/l in dimethyl
sulfoxide (DMSO, Sigma Chemical Co) infusion rate at
0.11 pl/h for 28 days] [9] and western blot analysis were
performed as described above.
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(a) Cardiac function in each group. %FS, percentage fractional shortening; IVS, interventricular septum; LVDD, left-ventricular end-diastolic diameter;
LVSD, left-ventricular systolic diameter; PW, posterior wall. *P < 0.05 versus other group, n=5 for each. (b) U-NE excretion in response to 5-day
high-salt diet in each group. H-salt, high-salt diet; R-salt, regular-salt diet. *P < 0.05 versus R-salt, n=7-8. (c) U-NE excretion in response to 5-day
ICV infusion of high-Na CSF in each group. H-Na, high-Na CSF; R-Na, regular-Na CSF. *P.<0.05 versus R-Na, *P < 0.05 versus Sham-4 H-Na,
n=7 for each. CSF, cerebrospinal fluid; ICV, intracerebroventricular; U-NE, urinary norepinephrine.

Statistical analysis

Allvalues are expressed as mean & SE. Analysis of variance
was used to compare U-NE, organ weight, LVDD, LVSD,
LVWT, %FS, and protein expression levels between
groups. An unpaired #test was used to compare changes
in protein levels between AB-H mice treated with and
without eplerenone. Differences were considered to be
significant when the P value was less than 0.05.

Results

Characteristics of AB-4 mice

Neither relative heart weight (heart weight/body weight)
nor absolute heart weight differed between AB-4 mice
and Sham-4 mice (relative heart weight: Sham-4,
5.08+0.11; AB-4, 5.10£0.10, absolute heart weight:
Sham-4, 0.23 +0.04 g; AB-4, 0.23 +£0.06 g, » =4 for each).
Relative lung weight (lung weight/body weight) also did
not differ between groups (relative lung weight: Sham-4,
5.64+£0.21¢g; AB-4, 5.90+£0.23 g, =4 for each).

Echocardiography revealed the following characteristics
(Fig. 2a): LVWT was greater in AB-4 mice than in Sham-
4 mice. The LV dimension and %FS, however, did not
differ between groups.

Sympathetic activity evaluated by U-NE excretion in
response to the 5-day high-salt diet was increased in AB-4
mice, but not in Sham-4 mice (Fig. 2b). Sympathetic
activity in response to a 5-day ICV infusion of high-Na
CSF was increased in both Sham-4 mice and AB-4 mice
(Fig. 2c). LV systolic function evaluated by echocardio-
graphy did not change after the 5-day high-salt diet or
after 5-day ICV infusion of high-Na CSF in either AB-4
mice or Sham-4 mice (data not shown).

Mineralocorticoid receptor, epithelial Na channel, and
AT1R expression in the circumventricular tissue in

AB-4 mice

Mineralocorticoid receptor expression was significantly
greater in AB-4 mice than in Sham-4 mice (Fig. 3a).
aENaC expression was significantly increased in AB-4
mice compared with Sham-4 mice (Fig. 3b), but BENaC
and yENaC expression did not differ between groups
(Fig. 3c). AT1R expression was greater in AB-4 mice than
in Sham-4 mice (Fig. 3d). The enhanced brain a ENaC
and AT1R expression was attenuated by ICV infusion of
eplerenone (Fig. 3b,d). The enhanced brain mineralo-
corticoid receptor and aENaC expressions did not
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(a—c)Representative western blots showing MR, , B, and YENaC expression in the brain from each group of mice. The graph shows the means for
the quantification of four separate experiments. Data are expressed as the relative ratio to GAPDH expression. *P < 0.05 versus Sham-4, *P < 0.05
versus AB-4 vehicle ICV. (d) Representative western blots showing AT1R expression in the brain. The graphs show the means for the quantiﬁcatnon
of three separate experiments. Data are expressed as the relative ratio to GAPDH expression. *P < 0.05 versus Sham-4, #P<0.05 versus AB-4
vehicle ICV. AT1R, angiotensin Il type 1 receptor; EP, eplerenone; GAPDH, glyceraldehyde 3-phosphate dehydrogenase ICV,

intracerebroventricular infusion; MR, mineralocorticoid receptor.

change by ICV infusion of telmisartan (relative abun-
dance of mineralocorticoid receptor/GAPDH: 1.76 0.12
in AB-4 with vehicle versus 1.67 £0.11 in AB-4 with
telmisartan, relative abundance of a«ENaC/GAPDH:
0.594:0.08 in AB-4 with vehicle versus 0.61 +0.09 in
AB-4 with telmisartan 7z =23 for each).

Effects of eplerenone on sympathetic activity in
response to high-salt diet

Intracerebroventricular infusion of eplerenone started
concomitantly with aortic banding attenuated sympath-
etic activity in response to the 5-day high-salt diet in AB-4
mice (U-NE: AB-4 high-salt diet with eplerenone,
397 £ 40 ng/day; AB-4 high-salt diet without eplerenone,
650 £ 30 ng/day, #=>5-7).

Effects of long-term high-salt intake on sympathetic

activity and left-ventricular systolic function in AB-H mice
Relative heart weight (heart weight/body weight) was
significantly increased in AB-H mice compared with
Sham mice (Sham-R, 4.8140.10; Sham-H, 5.11+
0.18; AB-R, 5.54+0.20; AB-H, 6.62+0.21, =4 for

each). Absolute heart weight was also significantly
greater in AB-H mice than in Sham mice (Sham-R,
0.23+0.01g; Sham-H, 0.24+0.02g; AB-R, 0.25+
0.01g; AB-H, 0.274+0.02g, #=4 for cach). Relative
lung weight (lung weight/body weight) did not differ
significantly between groups (Sham-R, 5.8140.21;
Sham-H, 5.73+0.14; AB-R, 5.94+0.12; AB-H,
6.24+£0.23, n=4 for each). Body weight was signifi-
cantly lower in AB mice than in Sham mice (Sham-R,
47.8+0.5g; Sham-H, 47.1+£0.5; AB-R, 44.2+0.9;
AB-H, 40.2 0.4, =4 for each).

Echocardiography revealed the following characteristics
(Fig. 4a): LVWT was greater in AB mice than in Sham
mice. %FS was significantly lower in AB-R mice than in
Sham mice and further decreased in AB-H mice than
in AB-R mice. The LV size was significantly higher in
AB-H mice than in the other groups. Echocardiography
revealed no significant differences between Sham-R
mice and Sham-H mice.

Sympathetic activity evaluated by U-NE excretion was
significantly higher in AB-H mice than in the other
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(a) Cardiac function in each group. %FS, percentage fractlonal shortening; IVS, interventricular septum; LVDD, left-ventricular end-diastolic diameter;
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AB-R, n=10 for each. U-NE, urinary norepinephrine.

groups (Fig. 4b). Blood pressure in AB-H mice tended to
be lower, and heart rate was significantly higher than that
in the other groups [mean blood pressure (mmHg): 99 £ 5
in Sham-R, 9542 in Sham-H, 90+ 3 in AB-R, 8242 in
AB-H, heart rate (b.p.m.): 409+ 7 in Sham-R, 428 +5 in
Sham-H, 440+6 in AB-R, 464£8 in AB-H, »=5 for
each].

Mineralocorticoid receptor, epithelial Na channel, and
AT1R expression in the circumventricular tissue in AB-H
mice

Mineralocorticoid receptor expression was significantly
greater in AB-H mice than in Sham mice (Fig. 5a).
Mineralocorticoid receptor expression in AB-R mice
was similar to that in AB-H mice. Mineralocorticoid
receptor expression in Sham-H mice did not differ from
that in Sham-R mice.

aENaC expression did not differ between groups
(Sham-R, Sham-H, AB-R, and AB-H mice; Fig. 5b).
vYENaC expression, however, was significantly increased
in AB-H mice compared with Sham mice. yYENaC

expression in AB-R mice was similar to that in AB-H
mice. YENaC expression in Sham-H mice did not differ
from that in Sham-R mice. ICV infusion of eplerenone
(administered concomitantly with a high-salt diet) did not
attenuate the enhanced YENaC expression (Fig. 5¢).
BENaC expression did not differ between groups
(Fig. 5b). AT1R expression in AB-H was significantly
greater than in Sham mice, and ICV infusion of epler-
enone attenuated this increase (Fig. 5d).

Effects of eplerenone on left-ventricular systolic
function and sympathetic activity in AB-H mice
Intracerebroventricular infusion of eplerenone signifi-
cantly decreased both relative and absolute heart weight
and significantly improved LV systolic function
(decreased LVDD and LVSD, increased %FS) in AB-
H mice (Fig. 6a). Sympathetic activity was also decreased
by ICV infusion of eplerenone in AB-H mice (Fig. 6b).
The effects of oral administration of eplerenone were
similar to those of ICV infusion. Oral administration of
eplerenone had smaller effects on U-NE excretion and
%FS than ICV infusion, although oral administration had
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(a) Representative western blots showing MR expression in the brain from each group of mice. The graph shows the means for the quantification of
five separate experiments. Data are expressed as the relative ratio to GAPDH expression. *P < 0.05 versus Sham mice (Sham-R and Sham-H).
(b-c) Representative western blots showing o, B, and yENaC expression in the brain from each group of mice. The graph shows the means for the
quantification of three separate experiments. Data are expressed as the relative ratio to GAPDH expression. *P < 0.05 versus Sham mice (Sham-R
and Sham-H). (d) Representative western blots showing AT1R expression in the brainfrom each group of mice. The graph shows the means for the
quantification of three separate experiments. Data are expressed as the relative ratio to GAPDH expression. *P < 0.05 versus Sham-R, ¥P < 0.05
versus AB-H. AT1R, angiotensin Il type 1 receptor; EP, eplerenone; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ICV,

intracerebroventricular infusion; MR, mineralocorticoid receptor.

greater effects on LV hypertrophy than ICV infusion
(Fig. 6a,b). Neither ICV infusion nor oral administration
of eplerenone altered blood pressure [mean blood pres-
sure (mmHg): 82 +2 in AB-H versus 88 + 2 in AB-H with
ICV eplerenone, 86 +1 in AB-H with oral eplerenone,
n=35 for each]. Heart rate, however, was significantly
lower in mice treated with either ICV infusion or oral
administration of eplerenone [heart rate (b.p.m.): 464 £ 8
in AB-H versus 430 £ 6 in AB-H with ICV eplerenone,
436 12 in AB-H with oral eplerenone, » =35 for each].

Discussion

The present study demonstrated the following: 4 weeks
after aortic banding, mice had LV hypertrophy without a
decrease in %FS (AB-4 mice); sympathetic activity in
response to high salt intake was augmented in AB-4 mice
via brain mineralocorticoid receptor-modulated a ENaC
and ATI1R activation; and both ICV infusion and oral
administration of eplerenone, a selective mineralocorti-
coid receptor blocker, attenuated salt-induced sym-
pathetic activation and improved LV systolic function

in AB-H mice. These findings indicate that mineralocor-
ticoid receptor antagonism may be a useful strategy to
prevent sympathetic activation in response to high salt
intake in patients with pressure overload, such as hyper-
tensive heart disease. Furthermore, these effects of miner-
alocorticoid receptor antagonism may improve LV systolic
function by attenuating salt-induced sympathetic
activation.

The enhanced brain mineralocorticoid receptor, aENaC,
and AT1R expression in AB-4 mice is an important finding
in the present study. Brain mineralocorticoid receptor,
ENaCs, and AT1R are involved in sympathetic activation
in a salt-sensitive hypertensive model [15], a model of
high-Na CSF induced hypertension [4], and a myocardial
infarction model [16]. Using a mineralocorticoid receptor
antagonist in the present study, we confirmed these
previous observations. These previous studies, however,
did not evaluate whether the expression of these proteins
was increased. Therefore, we investigated brain miner-
alocorticoid receptor, ENaC, and AT1R expression and
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confirmed the enhanced expression of these proteins in
AB-4 mice. Furthermore, we confirmed that ICV infusion
of eplerenone attenuated the enhanced brain « ENaC and
AT1R expression, but ICV infusion of telmisartan failed to
attenuate the enhanced expression of brain mineralocor-
ticoid receptor and a ENaC. These results strongly suggest
that, in AB-4 mice, activation of the brain MR-aENaC
pathway leads to AT1R activation. This brain mineralo-
corticoid receptor—aENaC pathway activation may facili-
tate Na uptake from plasma to the CSF, because ENaCs
on the blood side of the choroidal epithelium have an
important role in Na transport into the CSF [5,6]. There-
fore, activation of the brain mineralocorticoid receptor—
aENaC pathway is considered to be an initial step in the
acquisition of Na sensitivity in the brain in a pressure
overload model.

We confirmed the important role of the brain mineralo-
corticoid receptor—aENaC pathway in the acquisition of
Na sensitivity in a pressure overload model. Sympathetic
activity in response to the 5-day high-salt diet was
increased in AB-4 mice, but not in Sham-4 mice. On

the contrary, sympathetic activity in response to ICV
infusion of high-Na CSF was increased in both Sham-4
mice and AB-4 mice. These results support the notion
that enhanced Na uptake into the CSF is an important
factor in salt-induced sympathetic activation in a pressure
overload model. Furthermore, the 5-day high-salt diet-
induced sympathetic activation in AB-4 mice was atte-
nuated by ICV infusion of eplerenone started concomi-
tantly with aortic banding. These results indicate that the
brain mineralocorticoid receptor—aENaC pathway has an
important role in the acquisition of Na sensitivity in the
brain in a pressure overload model. Although U-NE was
increased by ICV infusion of high-Na CSF in both AB-4
mice and Sham-4 mice, the extent of the increase was
greater in AB-4 mice than in Sham-4 mice, suggesting
that sensitivity to Na in the CSF was increased in AB-4
mice. These findings support those in our previous study
[9], but the underlying mechanism remains unclear. In
addition to the mineralocorticoid receptor-modulated
increase in a ENaC expression in the brain, in the present
study we confirmed that mineralocorticoid receptor
also modulates the expression of ATIR in the brain.
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Therefore, enhanced AT1R expression might contribute
to the increased responsiveness to Na in the CSF in
AB-4 mice.

To clarify the effects of long-term high-salt diet on
sympathetic activity and LV systolic function in a pres-
sure overload model, we fed AB-4 mice and Sham-4 mice
a high-salt or regular-salt diet for 4 weeks. U-NE
excretion increased in AB-R mice compared with Sham
mice, and further increased in AB-H mice compared with
AB-R mice. LVWT increased and %FS decreased in AB-
R mice compared with Sham mice, and both alterations
were more severe in AB-H mice than in AB-R mice.
U-NE excretion and LVWT, and %FS did not differ
between Sham-H mice and Sham-R mice. Blood pressure
was lower and heart rate was higher in AB-H mice than in
the other groups, suggesting low cardiac output and
sympathetic activation [9]. These results strongly suggest
that, in a pressurc-overload model, long-term high-salt
intake accelerates sympathetic activation, resulting in the
deterioration of LV systolic function.

Another important finding of the present study was that
the enhanced brain mineralocorticoid receptor expres-
sion in the pressure-overload model was maintained in
AB-H mice, and treatment with eplerenone reduced salt-
induced sympathetic activation and LV systolic dysfunc-
tion in the AB-H mice. These results indicate that
activation of the brain mineralocorticoid receptor path-
way is sustained under high-salt loading in AB-H mice.
Because serum aldosterone levels are significantly
decreased in this model [9], activation of the brain
mineralocorticoid receptor in AB-H mice might be inde-
pendent of systemic aldosterone levels. CSF-Na may
increase the local production of aldosterone in the brain
[15,17], or there may be aldosterone-independent miner-
alocorticoid receptor activation [18]. The present study,
however, did not address these issues, and further studies
are needed to clarify the mechanisms of the enhanced
expression of brain mineralocorticoid receptor in AB
mice.

Both ICV infusion and oral administration of eplerenone
for 4 weeks concomitantly with high-salt loading in AB-H
mice attenuated the salt-induced sympathetic activation
and improved LV systolic dysfunction. Because CSF
eplerenone concentrations were not measured in the
present study we cannot determine the concentration
of eplerenone in the brain required to induce these
observations via central mechanisms. In the present
study, oral administration of eplerenone attenuated LV
hypertrophy, which might be a direct effect of oral
administration of eplerenone on the myocardium
[10,11]. Blood pressure is another factor involved in
LV hypertrophy. In the present study, neither oral
administration nor ICV infusion of eplerenone affected
blood pressure in AB-H mice. Blood pressure was
measured under anesthesia, however, and we did not
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evaluate the 24-h blood pressure. Therefore, we cannot
exclude the possibility that blood pressure affected LV
hypertrophy. Heart rate was significantly decreased in
AB-H with eplerenone, suggesting that sympathetic
activity was attenuated. The dose of eplerenone was
based on the maximum water solubility of eplerenone
in an ICV infusion study, and by the most commonly used
dose of eplerenone as a specific mineralocorticoid recep-
tor blocker in oral administration studies [19,20,21]. In a
previous study, eplerenone was injected into the hypo-
thalamus at a dose of 0.13mg/ml, 18 pl/h [22]. In the
present study, we performed ICV infusion. In ICR mice,
the CSF volume is approximately 36 pl [23]. Therefore,
the dose of ICV-infused eplerenone in the present study
was a relatively small dose (0.3 mg/ml, 0.11 pl/h) that
should have produced an end concentration that acts
as a specific mineralocorticoid receptor antagonist.

To explore the mechanisms of the inhibitory effects of
eplerenone on salt-induced sympathetic activation and
LV systolic dysfunction, we focused on the mineralocor-
ticoid receptor—ENaC pathway. First, we examined the
brain ENaC expression in both high-salt and regular-salt
Sham mice and AB mice. Unlike in the AB-4 mice, the
expression of  ENaC did not differ between groups. The
expression of YENaC, however, was significantly greater
in AB-R mice than in Sham mice. Furthermore, this
enhanced expression of yENaC was also evident in
AB-H mice. Because of the enhanced brain yENaC
expression in AB-H mice, we investigated the effects
of ICV infusion of eplerenone on brain yYENaC expres-
sion. The expression of YENaC was not decreased by
IGV infusion of eplerenone. This finding suggests that
the enhanced brain YENaC expression is independent of
mineralocorticoid receptor activation. Therefore, we
examined the involvement of the brain mineralocorticoid
receptor—AT1R pathway in the salt-induced sympathetic
activation in AB-H mice because we previously con-
firmed that ICV infusion of an AT1R blocker attenuated
the salt-induced sympathetic activation in AB-H mice
because we previously confirmed that ICV infusion of an
AT1R blocker attenuated the salt-induced sympathetic
activation in AB-H mice [9], and also mineralocorticoid
receptor blockade attenuates the renin—angiotensin sys-
tem [24]. The expression of AT1R in the brain was
significantly higher in AB-H mice than in Sham mice,
and this enhanced expression of AT 1R was attenuated by
ICV infusion of eplerenone. The brain renin—angiotensin
system is activated in a heart failure model [25,26] and
contributes to sympathetic hyperactivation [27,28].
These results suggest that the inhibitory effects of epler-
enone on salt-induced sympathetic activation and LV
systolic dysfunction result from the suppression of AT1R
actvity.

We evaluated three ENaC subunits, ® ENaC, BENaC,
and yENaC {29]. We demonstrated mineralocorticoid
receptor-dependent « ENaC enhancement in AB-4 mice,
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