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Figure 1. Time course of MBP (A, mm Hg)
and HR (B, bpm) in S-RI (n=5), S-Cl (n=5),
S-ARB (n=5), S-Veh (n=5), W-RI (n=5),
W-CI (n=5), and W-Veh (n=5). *P<0.05 for
Ras inhibitor (RI), caspase-3 inhibitor (Cl),
or ARB vs vehicle (Veh) values in each
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treated with RI, caspase-3 inhibitor (Cl),
ARB, or vehicle (Veh) and WKY treated
with RI, caspase-3 inhibitor (Cl), or Veh
(n=5 for each). *P<0.05 for RI, Cl, or ARB
vs Veh values in each strain. +P<0.05 vs
W-Veh. Data are shown as mean+SEM.
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S-RI than in S-Veh (Figure 4A through 4C). ICV infusion of
Z-DEVD-FMK significantly inhibited caspase-3 activity in
both SHRSP and WKY (Figure 4A). In WKY, however,
neither caspase-3 activity nor the expression of Bax and Bad
differed between W-Veh and W-RI (Figure 4A through 4C).
ICV infusion of candesartan in SHRSP significantly de-
creased caspase-3 activity and the expression of Bax and Bad
(Figure 4A through 4C).

The expression of Bcl-2 was significantly lower in S-Veh than
in W-Veh (Figure 4D) and significantly higher in S-RI than in
S-Veh (Figure 4D). In WKY, however, the expression of Bcl-2
did not differ between W-Veh and W-RI (Figure 4D). ICV
infusion of candesartan in SHRSP significantly increased
Bcl-2 expression (Figure 4D).

Microinjection of Angiotensin II into the RVLM

The changes in MBP, HR, and LFnuSBP evoked by micro-
injection of angiotensin II into the bilateral RVLM were
significantly smaller in S-RI than in S-Veh (MBP,

(ms/mmHg)
20- I‘
*x+ *+
+
10-
0Veh RI Cl _Veh RI_Cl
SHRSP WKY

Figure 2. BRS (ms/mm Hg) in SHRSP and WKY treated with
vehicle (Veh), Ras inhibitor (RI), or caspase-3 inhibitor (Cl) (=5
for each). *P<0.05 vs Veh in each strain. +P<0.05 vs W-Veh.
Data are shown as mean+SEM.

SHRSP

WKY

8+5 mm Hg versus 14*3 mm Hg; HR, 7%=8 bpm versus
22+9 bpm; LFnuSBP, 3*+3% versus 8+2%; n=5 for each;
P<0.01).

Discussion

The novel findings in the present study are as follows: (1)
Ras, p38 MAPK, ERK, mitochondrial apoptotic proteins Bax
and Bad, and caspase-3 in the RVLM are activated in
SHRSP; (2) ICV infusion of a Ras inhibitor decreases MBP,
HR, and SNA and increases BRS through the partial inhibi-
tion of p38 MAPK, ERK, Bax, Bad, and caspase-3 in the
RVLM of SHRSP; (3) ICV infusion of a caspase-3 inhibitor
decreases MBP, HR, and SNA and increases BRS through the
partial inhibition of caspase-3 in the RVLM of SHRSP; (4)
ICV infusion of candesartan decreases systolic blood pres-
sure, HR, and SNA through the partial inhibition of Ras, p38
MAPK, ERK, Bax, Bad, and caspase-3 in the RVLM of
SHRSP; and (5) ICV infusion of the Ras inhibitor in SHRSP
abolishes the pressor effect evoked by the microinjection of
angiotensin II into the RVLM. These findings indicate that
AT, R-induced activation of caspase-3 through the Ras/p38
MAPK/ERK pathway in the RVLM might increase MBP,
HR, and SNA and decrease BRS (Figure 5).

The present findings are the first to demonstrate that Ras,
p38 MAPK, and ERK activity is increased in the RVLM of
SHRSP. A previous study suggested that an acute injection of
angiotensin II induced AT,R-dependent ROS production and
phosphorylation of p38 MAPK and ERK in the RVLM.?”
Activation of p38 MAPK and ERK by angiotensin II is also
reported in mesenteric smooth muscle cells*334 and aorta.33.3¢
In the forebrain, MAPK is activated in a model of heart
failure in which the brain renin-angiotensin system is upregu-
lated.3” ROS activates Ras,3® and Ras activates caspase-3
through p38 MAPK and ERK.4-73° Previously, we demon-

Downloaded from hyper.ahajournals.org at KYUSHU UNIVERSITY on May 14, 2010



294 Hypertension February 2010
A 35 Ras-GTP | —=— —— C 319 P-ERK = —
* + total Ras : e —emmm- total ERK | mms s
T £ SHRSP WKY i . SHRSP WKY
® f Veh Veh = Veh Veh
e 2 G 24
‘s *+ ‘s
2 2 =
2 s i
T 14 T 14 . .
< < i Figure 3. Activity of Ras (A), p38 MAPK
o i (B), ERK (C), and JNK (D) in the RVLM
0 i o [ on day 14 in SHRSP and WKY treated
0 = ' with vehicle (Veh), Ras inhibitor (RI),
Veh RI ClI ARB Veh R Veh Rl Cl ARB Veh RI Cl caspase-3 inhibitor (Cl), or ARB (n=5/
B SHRSP D SHRSP group). *P<0.05 vs Veh in each strain.
31 p-p38 MAPK | === == +P<0.05 vs Veh-treated WKY. Activity
Total p38 MAPK | === e = —mme— p-JNK is expressed relative to that in Veh-
= + SHRSP WKY treated WKY, which was assigned a
< + Veh Veh v A — Total INK value of 1. Data are shown as
= 2+ Eﬁ’_, 2 4 Veh Veh mean*=SEM.
=% (<]
s - —
P I ﬂ '_[l % }
2 <
(%]
<
0 0

Cl ARB Veh RI
SHRSP

Veh

strated that ROS in the RVLM increases SNA,2022 and ROS
is produced in the brain by angiotensin II and NAD(P)H
oxidase.?s In the present study, ICV infusion of the Ras
inhibitor decreased MBP, HR, and SNA and increased BRS
because of the partial inhibition of Ras, p38 MAPK, ERK,
and caspase-3 in the RVLM of SHRSP, and it abolished the
pressor effect evoked by the microinjection of angiotensin II
into the RVLM. ICV infusion of the caspase-3 inhibitor also
inhibited MBP, HR, and SNA and increased BRS through the
partial inhibition of caspase-3 activity in the RVLM of
SHRSP. Furthermore, ICV infusion of candesartan decreased

SHRSP-Veh WKY-Veh

MBP, HR, and SNA, consistent with previous reports.3? In
the present study, ICV infusion of candesartan also partially
inhibited Ras, p38 MAPK, ERK, and caspase-3 in the RVLM
of SHRSP. The degree of the depressor effect of the Ras
inhibitor on MBP in SHRSP was almost half that in WKY.
These results suggest that AT,R-activated caspase-3 acting
through the Rass/MAPK/ERK pathway in the RVLM is one of
the major pathways through which MBP, HR, and SNA are
increased and BRS is decreased in SHRSP.

Another intriguing finding of the present study is that the
apoptotic proteins Bax and Bad were activated, and the
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Figure 5. lllustration showing the major findings suggested by
the results of the present study.

antiapoptotic protein Bcl-2 was inhibited in the RVLM of
SHRSP. Neuronal apoptosis is mediated by caspase-3 acti-
vated by Bax and Bad and inhibited by Bcl-2 in mitochon-
dria.! Activation of caspase-3 induces neuronal apoptosis.!8.19
Other reports indicate that p38 MAPK and ERK activate
caspase-3~dependent neuronal apoptosis.® We previously
demonstrated that mitochondria-derived ROS mediate sym-
pathoexcitation induced by angiotensin IT in the RVLM,*® and
these results suggest that mitochondrial dysfunction in the
RVLM causes sympathoexcitation via ROS production. We
hypothesized that Ras, p38 MAPK, and ERK activate the
mitochondrial apoptotic pathway and inhibit the mitochon-
drial antiapoptotic pathway and that caspase-3—dependent
neuronal apoptosis is activated in the RVLM of SHRSP. The
possibility of caspase-3-independent neuronal apoptosis in
the RVLM or of a direct link between ROS and caspase-3
activation was not examined in the present study. A previous
report suggested that neural apoptosis in the RVLM leads to
a reduction of sympathetic outflow.* Further study is neces-
sary to determine the reasons for this discrepancy.

In the present study, we determined the ICV infusion dose
of the Ras or caspase-3 inhibitor that inhibits blood pressure,
HR, and SNA. There were dose-dependent effects of the Ras
and caspase-3 inhibitors on blood pressure and HR (data not
shown). Furthermore, the doses of Ras or caspase-3 inhibitor
used in the present study did not change blood pressure or HR
when injected intravenously (data not shown). In addition,
Ras and caspase-3 activity were significantly higher in
SHRSP than in WKY, and the depressor and sympathoinhib-
itory effects of Ras and caspase-3 inhibitors were also
significantly greater in SHRSP than in WKY. Thus, we
consider that the doses of Ras and caspase-3 inhibitor used in
the present study were reasonable to inhibit Ras or caspase-3
activity in the RVLM. Future studies, however, are needed to
investigate the effects of inhibiting Ras or caspase-3 activity
specifically in the RVLM.

Interestingly, JNK was not altered in the RVLM of
SHRSP. JNK is an upstream activator of apoptosis. In a heart
failure model, JNK is upregulated in the RVLM.#' Angioten-
sin II and NAD(P)H oxidase-derived superoxide anions,
however, do not activate JNK in the RVLM,?” and these
findings are consistent with the present results. We did not
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explore the mechanisms of this discrepancy in the present
study and are therefore not able to exclude the importance of
JNK in the RVLM for cardiovascular regulation. JNK in the
RVLM might be significantly activated in heart failure
progressing to hypertension. Furthermore, we did not exam-
ine the protein kinase C—dependent pathway in the RVLM. A
previous report indicates that protein kinase C-dependent
translocation of Bax in the RVLM initiates caspase-3—
dependent apoptosis during experimental endotoxemia.?? It is
possible that this pathway is also a major pathway involved in
the increase in SNA in SHRSP.

The present study has some limitations. Ras activity in the
RVLM was inhibited by ICV infusion of the Ras inhibitor,
and the inhibition of Ras activity was not limited to the
RVLM,; therefore, we cannot exclude the possible effects of
Ras inhibition in other brain sites, and our results do not
suggest that the AT;R/Ras/caspase-3 pathway in the RVLM
is the only major pathway of the sympathetic control. More-
over, none of the ICV antagonists completely normalized BP,
HR, and SNA in SHRSP. Many factors in the RVLM may be
involved in changing SNA. Nevertheless, Ras activity was
inhibited in the RVLM, and, therefore, the neural activity of the
RVLM directly influenced SNA.2224 Furthermore, we found that
the pressor effect evoked by microinjection of angiotensin II
into the RVLM was attenuated in SHRSP treated with ICV
infusion of the Ras inhibitor. Previous reports suggest that
activation of the brain angiotensin system contributes to the
neural mechanisms of hypertension.?3.2442-45 In addition, a
renin-angiotensin system also exists inside the blood-brain
barrier.4246 All components of the renin-angiotensin system
are present in the brain, such as renin, angiotensinogen,
angiotensin-converting enzyme, angiotensin II, and AT, and
angiotensin type 2 (AT,) receptors.5 Importantly, AT, recep-
tors are richly distributed in the paraventricular nucleus of the
hypothalamus, nucleus tractus solitarius, and RVLM, which
are involved in autonomic cardiovascular regulation,42.44-46
Therefore, it is conceivable that alteration of a signaling
pathway in the RVLM influences central sympathetic outflow
via AT,R in the RVLM of SHRSP, although we cannot
exclude the possible interaction of other autonomic nuclei,
such as the paraventricular nucleus of the hypothalamus. The
findings of the present study do not exclude the possibility
that similar effects might occur in other nuclei or that these
findings are indirect effects. In this regard, further study is
necessary to determine the role of other autonomic nuclei in
neural control of blood pressure. It would be interesting if we
could examine the direct effect of chronic infusion of a Ras
inhibitor and/or a caspase inhibitor directly into the RVLM.
In addition, we did not measure SNA directly in the present
study because chronic direct measurement of SNA is techni-
cally difficult. We examined SNA by measuring 24-hour uNE
and spectral analysis of systolic blood pressure. uNE is
considered to be a measure of SNA,2047 and measurement of
uNE is often used to assess SNA in small awake animals.4?
We consider that uNE and LFnuSBP are appropriate param-
eters for assessing SNA.

In conclusion, AT,R-induced activation of caspase-3 through
Ras/p38 MAPK/ERK and the mitochondrial apoptotic pathway
in the RVLM of SHRSP increases blood pressure, HR, and SNA
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and decreases BRS in SHRSP. Inhibition of this pathway by
ARB in the RVLM may be a novel therapeutic approach to
sympathoexcitation in hypertension.

Perspectives

Our results suggest that Ras-activated caspase-3, acting
through the p38 MAPK, ERK, and mitochondrial apoptotic
pathways in the RVLM, increases SNA. Previous studies
indicate that angiotensin II and ROS produced by NAD(P)H
oxidase are upstream of Ras. In the RVLM, angiotensin II
and ROS are important modulating factors regulating SNA,
which is involved in cardiovascular disease, such as hyper-
tension and heart failure. We consider that neural apoptosis in
the RVLM is a novel target for the treatment of cardiovas-
cular diseases exhibiting increased SNA.
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Sympathoinhibition Induced by Centrally Administered
Atorvastatin Is Associated With Alteration of NAD(P)H and
Mn Superoxide Dismutase Activity in Rostral Ventrolateral

Medulla of Stroke-Prone Spontaneously
Hypertensive Rats

Takuya Kishi, MD, PhD, Yoshitaka Hirooka, MD, PhD, Satomi Konno, MD,
and Kenji Sunagawa, MD, PhD

Abstract: Oxidative stress in the rostral ventrolateral medulla
(RVLM) increases sympathetic nervous system activity (SNA). Oral
treatment with atorvastatin decreases SNA through antioxidant
effects in the RVLM of stroke-prone spontaneously hypertensive rats
(SHRSP). We aimed to examine whether centrally administered
atorvastain reduces SNA in SHRSP and, if so, to determine whether it
is associated with the reduction of oxidative stress induced by al-
teration of activities of nicotinamide adenine dinucleotide phosphate
[NAD(P)H] oxidase and superoxide dismutase (SOD) in the RVLM
of SHRSP. SHRSP received atorvastatin (S-ATOR) or vehicle
(S-VEH) by continuous intracerebroventricular infusion for 14 days.
Mean blood pressure, heart rate, and SNA were significantly lower
in S-ATOR than in S-VEH. Oxidative stress, Racl activity, NAD(P)H
oxidase activity, Racl, gp91?"* and p22°**~ expression in the mem-
brane fraction, and p47°"* and p40P*°* expression in the cytosolic
fraction in the RVLM were significantly lower in S-ATOR than in
S-VEH. Racl expression in the cytosolic fraction and Mn-SOD
activity, however, were significantly higher in S-ATOR than in
S-VEH. Our findings suggest that centrally administered atorvastatin
decreases SNA and is associated with decreasing NAD(P)H oxidase
activity and upregulation of Mn-SOD activity in the RVLM of
SHRSP, leading to suppressing oxidative stress.

Key Words: hypertension, sympathetic nerve activity, atorvastatin,
oxidative stress, brain
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INTRODUCTION

In the brainstem, the rostral ventrolateral medulla
(RVLM) is known as one of the vasomotor centers that
regulates sympathetic nervous system activity (SNA)."?
Previously, we reported that the levels of reactive oxygen
species (ROS) in the RVLM are increased in stroke-prone
spontaneously hypertensive rats (SHRSP), which is a hyper-
tensive rat model exhibiting increased SNA. We also
demonstrated that the increase in SNA was due to ROS
activation,” consistent with the findings of other studies.*™®
Furthermore, oral administration of atorvastatin, an inhibitor
of 3-hydroxy-3-methylglutaryl coenzyme A reductase, sup-
presses SNA probably through the inhibition of ROS in the
RVLM of SHRSP.” Other studies suggest that central infusion
of simvastatin suppresses SNA in heart failure models.*'°
Our previous study was based on the oral administration of
atorvastatin, however, and it is not known whether atorvastatin
directly and chronically administered into the brain reduces the
central sympathetic outflow via its effects on oxidative stress
in the brain, particularly in the RVLM of hypertensive models.

In the brain, ROS are produced mainly through the
activation of nicotinamide adenine dinucleotide phosphate
[NAD(P)H] oxidase by the small G protein Racl.'"'?
NAD(P)H oxidase is a multicomponent enzyme complex
that comprises a membrane-bound heterodimer of gp917"*
(phagocytic oxidase) and p22P™~, and the cytosolic regulatory
subunits p40Piox, p47P8°x p67P°* and Racl.'*™*® Transfection
of dominant-negative Racl in the nucleus tractus solitarius
decreases ROS and SNA.'? Atorvastatin is also suggested to
inhibit NAD(P)H oxidase activity in the vasculature,'s the
quadriceps muscle of diabetic rats,'” and cardiomyocytes.'®
Furthermore, atorvastatin inhibits membrane translocation of
Rac!, which is required for the activation of NAD(P)H oxidase
in the vasculature.'® In the kidney, rosuvastatin attenuates
NAD(P)H oxidase activity through the inhibition of Racl and
p22riex 1819 In the brain, however, the contribution of ator-
vastatin to reducing ROS and its involvement in the inhibition
of the membrane translocation of Racl and NAD(P)H oxidase
activity is unknown. We previously demonstrated that Mn
superoxide dismutase (SOD) activity is decreased in the
RVLM of SHRSP, and the decrease contributes to the increase
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in ROS.? A number of reports suggest that statins upregulate
SOD in the vasculature.>*?* Furthermore, the upregulation of
Racl and NAD(P)H oxidase and the inhibition of SOD in
the RVLM and nucleus tractus solitarius have major roles in
increasing SNA and blood pressure (BP).»** However, the
mechanisms involved by which atorvastatin reduces ROS in
the RVLM of SHRSP are not evaluated. The aim of the present
study was thus to determine whether the sympathoinhibitory
effect of atorvastatin due to the reduction of ROS in the RVLM
is caused by the inhibition of Racl-NAD(P)H oxidase activity
and upregulation of Mn-SOD and Cu/Zn-SOD in the RVLM
of SHRSP. Therefore, the aim of the present study was to
examine the effects of atorvastatin administered into the brain
and evaluate the changes in BP and SNA in SHRSP and to
evaluate the oxidative stress and the NAD(P)H oxidase activity
in the RVLM as the ROS generation. For this purpose, we
determined the expression of Racl, gp91?'*%, and p22Ph°* in
the membrane fraction and the expression of Rac1 and p40°">*
in the cytosolic fraction of the RVLM. In addition, the activity
of Cu/Zn-SOD, and Mn-SOD as scavenging enzymes of ROS
was measured in the RVLM of intracerebroventricular (ICV)
atorvastatin—treated and vehicle-infused SHRSP and Wistar
Kyoto (WKY) rats.

MATERIALS AND METHODS

Animals and General Procedures

Male SHRSP/Izm rats and age-matched WKY rats
(14-16 weeks old) were obtained from SLC Japan, Hamamatsu,
Japan. Rats were fed a standard diet, and each strain was
divided into 4 groups (SHRSP treated with atorvastatin,
S-ATOR; SHRSP treated with vehicle, S-VEH; WKY treated
with atorvastatin, W-ATOR; and WKY treated with vehicle,
W-VEH; n =5 per group). Atorvastatin (Pfizer, Inc, New York,
NY) was dissolved in dimethyl sulfoxide and further diluted
in artificial cerebrospinal fluid for a final concentration of
40 ng/mL. Atorvastatin or dimethyl sulfoxide in artificial
cerebrospinal fluid was infused at 1 wL/h for 14 days with an
osmotic minipump (Alzet 1003D; Alza Scientific Products,
Palo Alto, CA) into the left lateral ventricle of the brain (from
bregma: anteroposterior, —0.8 mmy; lateral, 1.5 mm; and depth,
3.5 mm). The flow rate of agents in ICV methods was deter-
mined to have the significant effect in brainstem.*® In a
preliminary experiment, this dose of atorvastatin did not affect
BP and heart rate (HR) when administered intravenously. Food
and tap water were available ad libitum throughout the study.
BP and HR were measured using the UA-10 radio-telemetry
system (Data Science International, Dallas, TX) as described
previously.***?® Urinary norepinephrine excretion (uNE) for
24 hours was calculated as an indicator of SNA, as described
previously.>**2" In addition, spectral analysis was performed
using an adaptive autoregressive model to provide power
spectra for systolic BP (SBP). Low frequency power of SBP
was computed by integrating the spectra between 0.04 and
0.15 Hz, and SNA is presented as the normalized unit of the
low frequency component of SBP (LFnuSBP).2*! Baroreflex
sensitivity (BRS) was measured using the spontaneous
sequence method as a parameter of autonomic control.
Sequence analysis was performed to detect sequences of
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3 or more beats in which there was either an increase in
SBP and pulse interval (up sequence) or a decrease in SBP
and pulse interval (down sequence). BRS was estimated as
the mean slope of the up and down sequences.’”* The
RVLM was defined according to a rat brain atlas as described
previously.>*¢?® The study protocol was reviewed and
approved by the Committee on the Ethics of Animal Experi-
ments at the Kyushu University Graduate School of Medical
Sciences and conducted according to the Guidelines for
Animal Experiments of Kyushu University.

Measurement of TBARS

The RVLM tissues were homogenized, and thiobarbi-
turic acid (0.3%) was added to the homogenate. The mixture
was extracted with a mixture of distilled water and
n-butanolpyridine (15:1) and centrifuged at 1600g for
10 minutes. The amount of thiobarbituric acid reactive
substances (TBARS) was determined by absorbance measured
at 532 nm, as described previously.>’

Expression of Rac1, gp91°", and p22°h°* in
the Membrane Fraction and Rac1, p47°"°* and
p40P°x in the Cytosolic Fraction

Western blot analysis was used to determine the
expression of Racl (Upstate Biotechnology, Lake Placid,
NY)," gp91°*, and p22P"* in the membrane fraction (Santa
Cruz Biotechnology, Santa Cruz, CA), and the expression of
Racl, p47°™, and p40°"~ in the cytosolic fraction (Santa Cruz
Biotechnology, Santa Cruz, CA) of the RVLM.

Activity of Rac1 in the RVLM

Racl activity can be monitored by its interaction with
p21-activated kinase, which only occurs when Racl is active.
We used a Racl Activation kit (Upstate Biotechnology,
Lake Placid, NY) to evaluate Racl activity in the RVLM, as
previously described.'?

NAD(P)H Oxidase Activity

NAD(P)H-dependent superoxide production in the
RVLM was measured using a lucigenin luminescence assay
as described previously.*>~® Quantification of NAD(P)H
oxidase activity was expressed relative to that in WKY rats,
which was assigned a value of 1.

Cu/Zn-SOD and Mn-SOD Activity in the RVLM

Cu/Zn-SOD or Mn-SOD activity was assayed by
monitoring the inhibition of the rate of xanthine-mediated/
xanthine oxidase—mediated reduction of cytochrome ¢ (pH
7.4). To discriminate between Cu/Zn-SOD and Mn-SOD
activities, the assay was also performed after incubation in the
presence of KCN, which selectively inhibits the Cu/Zn-SOD
isoform.*” Cu/Zn- and Mn-SOD activities were expressed
relative to those in vehicle-treated WKY rats, which were
assigned a value of 1.

Microinjection of Apocynin Into the
Bilateral RVLM

In other S-ATOR and S-VEH, (n = 5 for each) on day 14,
the NAD(P)H oxidase inhibitor apocynin (1 nmol) was micro-
injected bilaterally into the RVLM, as described previously.?
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Statistical Analysis

Normally distributed variables were expressed as
mean = SD. An unpaired ¢ test was used to compare the
differences between groups of normally distributed variables,
and the Mann—-Whitney U test was used to compare differ-
ences between groups of non-normally distributed variables.
A 2-factor repeated-measures analysis of variance was used
to compare differences between groups. Differences were
considered to be statistically significant with a P value of
less than 0.05.

RESULTS

BP, HR, SNA, and BRS

Mean BP (MBP) and HR were significantly decreased
on day 4 after the administration of atorvastatin in S-ATOR.
On day 14, MBP, HR, 24-hour uNE, and LFnuSBP were
significantly higher in S-VEH than in W-VEH and lower in
S-ATOR than in S-VEH (Fig. 1A-D). BRS was significantly
lower in S-VEH than in W-VEH (12.8 = 23 vs. 19.7 ®
1.8 ms/mm Hg, n = 5 for each; P < 0.05) and significantly
higher in S-ATOR than in S-VEH (16.4 = 1.6 vs. 12.8 *
2.3 ms/mm Hg, n = 5 for each; P < 0.05). Mean BP, HR,
24-hour uNE, LFnuSBP, and BRS values did not significantly
differ between W-ATOR and W-VEH (Fig. 1A-D).

Oxidative Stress Measured by TBARS Methods
in the RVLM

Oxidative stress in the RVLM measured by the TBARS
method was significantly lower in S-ATOR than in S-VEH

(Fig. 2). Oxidative stress did not differ significantly between
W-ATOR and W-VEH (Fig. 2).

Activity of NAD(P)H Oxidase and Rac1
in the RVLM

The activity of NAD(P)H oxidase was significantly
lower in S-ATOR than in S-VEH (Fig. 3A). The activity of
Racl was also significantly lower in S-ATOR than in S-VEH
(Fig. 3B). NAD(P)H oxidase activity and Racl activity did not
significantly differ between W-ATOR and W-VEH (Fig. 3A, B).

Expression of Racl, gp91P", and p22P"* in
the Membrane Fraction and Rac1, p47°P"°*, and
p40°e* in the Cytosolic Fraction

The expression of Racl, gp91P"*, and p22°"* in the
membrane fraction was significantly lower in S-ATOR than in
S-VEH (Fig. 4A—C). The expression of p47°™* and p40P™* in
the cytosolic fraction was also significantly lower in S-ATOR
than in S-VEH (Fig. 5B, C). The expression of Racl in
the cytosolic fraction was significantly higher, however, in
S-ATOR than in S-VEH (Fig. 5A). The expression of Racl,
gp91Ph°% and p22P"°* in the membrane fraction and the
expression of Racl, p47°™*, and p40°** in cytosolic fraction
did not differ significantly between W-ATOR and W-VEH
(Figs. 4A-C, 5A-C).

Cu/Zn- and Mn-SOD Activity in the RVLM
Mn-SOD activity in the RVLM was significantly higher

in S-ATOR than in S-VEH, but Cu/Zn-SOD activity did not

significantly differ between S-ATOR and S-VEH (Fig. 6A, B).
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FIGURE 2. TBARS levels (in micromolars per gram wet weight)
in the RVLM at day 14 in ATOR- or VEH-treated SHRSP or WKY
(n =5 for each). *P < 0.05 for ATOR versus VEH in each strain.
1P < 0.05 compared with VEH-treated WKY. Data are shown as
mean = standard error of the mean.

Cu/Zn- and Mn-SOD activity did not significantly differ
between W-ATOR and W-VEH (Fig. 6A, B).

Microinjection of Apocynin Into the RVLM

The degree of the change in MBP induced by the
microinjection of apocynin into the bilateral RVLM was
significantly smaller in S-ATOR than in S-VEH (~94 + 1.9
vs. —26.4 * 3.7 mm Hg; n = 5; P < 0.05).

DISCUSSION

The novel finding of the present study was that ator-
vastatin administered chronically into the brain in SHRSP
reduced BP and SNA in SHRSP and that it was associated with
reduced oxidative stress, probably due to the inhibition of
NAD(P)H oxidase and the activation of Mn-SOD in the
RVLM of SHRSP. This is supported by the following findings:
(1) ICV injection of atorvastatin for 14 days decreased MBP,
HR, SNA, and TBARS in the RVLM of SHRSP; (2) ICV
injection of atorvastatin decreased NAD(P)H oxidase activity

2.0 5
FIGURE 3. NAD(P)H oxidase activity
(A) and Racl activity (B), in the T
RVLM at day 14 in ATOR- or VEH- *
treated SHRSP or WKY (n = 5 for
each). *P < 0.05 for ATOR versus 1.0

VEH "in each strain. tP < 0.05
compared with VEH-treated WKY.
NAD(P)H oxidase or Racl activity
was expressed relative to that in W-
VEH, which was assigned a value of

through the inhibition of Racl membrane translocation in the
RVLM of SHRSP; (3) ICV injection of atorvastatin activated
Mn-SOD in the RVLM of SHRSP; and (4) changes in MBP
induced by microinjection of NAD(P)H oxidase inhibitor into
the RVLM were significantly smaller in SHRSP treated with
atorvastatin than in SHRSP treated with vehicle. Thus,
atorvastatin inhibits Racl membrane translocation and Racl
activity in the RVLM of SHRSP.

Atorvastatin decreased the expression of NAD(P)H
membrane-bound subunits gp917"** and p22P"* and the
cytosolic regulatory subunit p47°"** and p40°™* and inhibited
NAD(P)H oxidase activity in the RVLM of SHRSP. Oral
administration of atorvastatin decreases ROS in the RVLM of
SHRSP? In the brain, ROS is produced mainly by NAD(P)H
oxidase, which is activated through Racl membrane trans-
location.!" In another area of the brainstem, the nucleus tractus
solitarius, the inhibition of Racl decreases NAD(P)H oxidase
activity and ROS formation.'? Previous reports suggest that
atorvastatin inhibits Racl membrane translocation and
NAD(P)H oxidase activity in the vasculature of hypertensive
rats.”> We found that the depressor response elicited by
apocynin into the RVLM was attenuated in SHRSP treated
with ICV atorvastatin in the present study. Based on these
findings, we suggest that the atorvastatin-induced reduction of
ROS in the RVLM of SHRSP is caused by a decrease in
NAD(P)H oxidase activity linked to the inhibition of Racl
membrane translocation,

Atorvastatin activated Mn-SOD activity in the RVLM
of SHRSP but not Cu/Zn-SOD. In the RVLM of SHRSP,
Mn-SOD activity is decreased, and overexpression of
Mn-SOD in the RVLM of SHRSP decreases ROS.*> A number
of reports suggest that statins activate total SOD**% and
Cu/Zn-SOD in the vasculature.®*” In the present study, how-
ever, atorvastatin did not activate Cu/Zn-SOD in the RVLM of
SHRSP. In the nucleus tractus solitarius, Cu/Zn-SOD expres-
sion is decreased in SHRSP.*® It is not clear why atorvastatin
did not activate Cu/Zn-SOD in the present study. Recently, we
reported that angiotensin Il increases the intracellular Ca®
concentration and that the increase in mitochondrial Ca**
uptake leads to mitochondrial ROS production in the RVLM.**
Therefore, it is possible that atorvastatin-induced activation of
Mn-SOD in the RVLM of SHRSP contributes to inhibit ROS
to an even greater extent than Cu/Zn-SOD.
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In the present study, we measured SNA by spectral
analysis. Low frequency power of SBP was computed by
integrating the spectra between 0.04 and 0.15 Hz, and SNA is
presented as LFnuSBP, as described in previous reports.?*'
On day 14, the LFnuSBP values were comparable to those of
uNE. Therefore, this method seems to be useful for measuring
SNA in awake animals. Furthermore, atorvastatin improved
the impaired baroreflex control in the SHRSP in the present
study. Whereas we did not measure cardiac output in the
present study and the reduction of BP and HR due to
atorvastatin might cause a potential fall in cardiac output, the
effects of atorvastatin are due to the decrease in sympathetic
nerve activity. It is generally accepted that SNA is enhanced in
SHRSP>>262840 and atorvastatin attenuates the enhanced
central sympathetic outflow to various organs including heart,
kidney, and vasculature. At least, atorvastatin did not induce
heart failure due to low cardiac output. We consider that the
decrease in central sympathetic outflow reduced the peripheral
vascular resistance by which cardiac oufput keep constant
instead of the reduction of sympathetic outflow to the heart.

Another intriguing finding of the present study is that
the BP-lowering and sympathoinhibitory effects.are com-
parable between oral administration (50 mg/kg '/day ')’
and ICV injection (2 pg/kg '/day™!) of atorvastatin. We
confirmed the direct effects of atorvastatin administered into
the brain on BP, SNA; and baroreflex function in SHRSP
as one of the hypertensive models in the present study.
The changes in TBARS levels are also similar between oral
administration and ICV injection of atorvastatin. In SHRSP,
the blood-brain barrier might be disrupted®® and oral
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administration of atorvastatin is considered to affect the
brain directly®® The present findings suggest that orally
administered atorvastatin crosses the blood—brain barrier and
affects the brain of SHRSP. The abnormal activation of
sympathetic nervous system causes hypertension, heart
failure, and ischemic heart diseases, and we consider that
oral administration of atorvastatin has a potential to treat
cardiovascular diseases due to the sympathoinhibition
through the antioxidant effect in the RVLM.

We previously demonstrated that oral administration
of atorvastatin increases the expression of endothelial nitric
oxide synthase (eNOS) in the brainstem.*® Overexpression of
eNOS in the RVLM decreases SNA in WKY and SHRSP.2¢2#
In the present study, we did not investigate whether an
increase in NO production in the RVLM is involved in the
reduction of BP and oxidative stress. It is possible, however,
that ICV injection of atorvastatin increases eNOS in the
RVLM of SHRSP and that an increase in eNOS contributes
to the sympathoinhibitory effect. Further study is needed to
clarify this issue.

In WKY rats, atorvastatin does not alter SNA and
oxidative stress in the RVLM,; these results are compatible with
our previous report.” Moreover, atorvastatin also does not alter
Racl-induced NAD(P)H oxidase activity and Mn-SOD
activity in the RVLM of WKY rats. In the present study, the
mechanisms by which atorvastatin affected Racl-induced
NAD(P)H oxidase activity and Mn-SOD activity in SHRSP,
but not in WKY, were not determined. It may be that there
are thresholds for the induction of Racl-induced NAD(P)H
oxidase activity and Mn-SOD activity in the RVLM, which
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are differently affected by atorvastatin between SHRSP and
WKY rats.

STUDY LIMITATIONS

The present study has several limitations. First, we
examined the effects of atorvastatin specifically in only the
RVLM, and its effects in other brain areas cannot be excluded
at this time. Nevertheless, neural activity in the RVLM has
a direct influence on SNA,'? and the present results identified
an antioxidant effect of atorvastatin and its mechanisms in the
RVLM. Angiotensin II type 1 receptors (AT, R) are abundantly
distributed in the RVLM, and there is a close link between
AT\R stimulation and NAD(P)H oxidase activation.*’ There-
fore, in the present study, we focused on the RVLM, although
other brain regions related to central autonomic control also
contain AT;R and NAD(P)H oxidase. Second, among all
statins, we only studied the effect of atorvastatin, which is

>

FIGURE 6. The activities of Mn-SOD
(A) and Cu/Zn-SOD (B) in the RVLM
at day 14 in ATOR- or VEH-treated
SHRSP or WKY (n = 5 for each). *P <
0.05 for ATOR versus VEH in each
strain. 1P < 0.05 compared with
VEH-treated WKY. The activities of
Mn-SOD and Cu/Zn-SOD were
expressed relative to that in
W-VEH, which was assigned a value

oy
(-]
»

Mn-SOD activity
It
o

a lipophilic statin.*> Our previous studies suggested that oral
atorvastatin also reduces oxidative stress in the RVLM.”
Further study is needed to clarify whether our results in the
present study are broad class effects or are specific for
atorvastatin. Finally, a recent study suggests that statins reduce
BP in patients with hypertension.*® It will be important to
determine whether atorvastatin has this beneficial effect
caused by the mechanism related to our suggestion in the
present study, although we understand that this is difficult to
examine in humans,

CONCLUSIONS
In conclusion, atorvastatin administered directly into the
brain of SHRSP decreases BP, SNA, and baroreflex function.
The findings of the present study suggest that these effects are
associated with inhibition of oxidative stress in the RVLM,
probably resulting from a decrease in NAD(P)H oxidase acti-
vity and the upregulation of Mn-SOD activity in the RVLM.

of 1. Data are shown as mean =

standard error of the mean.
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Abstract In an earlier study we demonstrated the bene-
ficial effect of direct vagal electrical stimulation on cardiac
remodeling and survival. In the study reported here, we
attempted to reproduce the effect of vagal enhancement
through the administration of an acetylcholinesterase
inhibitor, donepezil. A rat model of heart failure following
extensive healed myocardial infarction was used. Com-
pared to their nontreated counterparts, rats given donepezil
(5 mg/kg/day) in their drinking water had a smaller
biventricular weight (3.40 £ 0.13 vs. 3.02 £+ 0.21 g/kg
body weight, P <0.05), and maximal rate of rise
(3256 + 955 vs. 3822 + 389 mmHg/s, P < 0.05) and the
end-diastolic value (30.1 & 5.6 vs. 23.2 & 5.7 mmHg,
P < 0.05) of left ventricular pressure were improved.
Neurohumoral factors were suppressed in donepezil-treated
rats (norepinephrine 1885 &£ 1423 vs. 316 &+ 248 pg/ml,
P <0.01; brain natriuretic peptide 457 & 68 vs.
362 + 80 ng/ml, P < 0.05), and the high-frequency com-
ponent of heart rate variability showed a nocturnal
increase. These findings indicated that donepezil repro-
duced the anti-remodeling effect of electrical vagal stim-
ulation. Further studies are warranted to evaluate the
clinical usefulness of donepezil in heart failure.
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Introduction

Profound imbalances in the autonomic nervous system,
such as overactive sympathetic activity as well as dimin-
ished vagal activity, are considered to be important factors
that aggravate heart failure [1, 2]. Various therapeutic
agents, including beta-blockers [3, 4], angiotensin con-
verting enzyme inhibitors [5, 6], and angiotensin receptor
antagonists [7, 8] have proven to be useful pharmacother-
apy, not a little by correcting the abnormally augmented
sympathetic activity. However, few attempts have been
made to date to actively remedy the reduced vagal activity
as a treatment for heart failure. As a first attempt to testing
this therapeutic strategy, our group has shown that in rats
with aggravating chronic heart failure after experimentally
induced healed myocardial infarction, electrical stimula-
tion of the vagus nerve markedly improved survival by
preventing cardiac remodeling [9].

Since the efferent vagal nerve activity is transmitted by
acetylcholine, drugs that increase acetylcholine concen-
tration at the neuro-effector junction are expected to have
an effect similar to that of electrical stimulation. In support
of this hypothesis, clinical trials in which patients with
chronic heart failure were treated with the acetylcholines-
terase inhibitor pyridostigmine reported decreased ven-
tricular arrhythmia, enhanced heart rate variability at rest,
increased heart rate reserve and oxygen pulse during
exercise, and improved heart rate recovery after exercise
[10, 11]. However, these studies examined the effect of
short-term administration (1-2 days), and to date the long-
term effect of pyridostigmine has not been investigated.
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Clinical trials have also been conducted on scopolamine,
which stimulates vagus nerve centrally at low doses [12,
13]. Transdermal administration of a small dose of sco-
polamine in patients with heart failure following myocar-
dial infarction was found to increase heart rate variability
and enhance baroreflex sensitivity. These studies have not
shown, however, an anti-remodeling effect as more direct
evidence against the progression of heart failure.

We hypothesized that donepezil, a novel acetylcholin-
esterase inhibitor, would show various clinically relevant
beneficial effects through its preferential effects on neural
true cholinesterase (rather than hepatic pseudocholinester-
ase) [14]. Therefore, in the study reported here, we inves-
tigated the effect of donepezil on hemodynamics,
neurohumoral activation, and cardiac remodeling in rats
with chronic heart failure. We also analyzed the high-fre-
quency (HF) component of the heart rate variability to
assess changes in vagal tone [15, 16]. Our results suggest
that donepezil reproduces the anti-remodeling effect of
electrical stimulation of the vagus nerve and increases
vagal tone.

Materials and methods

The protocol of this study was performed in accordance
with the Guiding Principles for the Care and Use of Ani-
mals in the Field of Physiological Sciences and was

Fig. 1 a Schematic A
representation of the

experimental design.

Electrocardiogram (ECG) was

recorded continuously using a

telemetric system. b Ventricular o
sections of representative

animals at week 6 of treatment

(8 weeks post-infarction). No Left coronary
significant difference in the size

of the myocardial infarction was
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group and the nontreated group.
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heart (D) had a thicker scar in 4r
the infarct area with more
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border area. ¢ Combined weight
of left and right ventricles per
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(*P < 0.05) in the donepezil
group (shaded bar, D) than in
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approved by the Experimental Animal Committee of the
National Cardiovascular Center.

Chronic heart failure model

Male Sprague-Dawley rats (8 weeks of age) were used. A
thoracotomy was performed under halothane anesthesia,
and the main branch of the left coronary artery was ligated
with nylon to produce myocardial infarction. The ligation
resulted in myocardial infarction of 45-55%. The rats
recovered from this extensive myocardial infarction and
progressed to the chronic state of heart failure (see
Results). The ventricular fibrillation that occurred within 1
h of ligation was treated actively by defibrillation and
cardiac massage in order to salvage as many as possible
rats with extensive myocardial infarction.

Experimental protocol

One week after the induction of myocardial infarction, the
surviving rats underwent a second operation under halo-
thane anesthesia in which an electrocardiogram (ECG)
telemetry device was implanted in each rat to continuously
monitor the electrical activity of the heart and heart rate
(Fig. 1a).

Rats that survived the second week were divided into a
nontreated group and a donepezil group. The donepezil
group was administered the acetylcholinesterase inhibitor

ECG telemetry
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donepezil (Aricept; Eisai, Tokyo, Japan) dissolved in
drinking water at a concentration of 50 mg/dl. The dose
estimated from the volume of water consumed was 5 mg/
kg/day on average. The selection of donepezil rested on the
fact that, in comparison to other drugs, its inhibition action
is directed much more towards the (true) acetylcholines-
terase at synapses and effectors and less towards pseudo-
cholinesterase (butyrylcholinesterase) in the liver [14].

At week 6 post-treatment (week 8 after infarction was
induced), 13 rats in the nontreated group and 14 rats in the
donepezil group were subjected to a hemodynamic study
under halothane anesthesia. Following this study and blood
collection, the rats were euthanized by an overdose of
halothane, and a histological examination was conducted.

In 11 other rats with a similar healed myocardial
infarction, the heart rate variability was calculated from the
continuous ECG recordings between weeks 12 and 20 post-
myocardial infarction induction. Five of these 11 rats
served as the nontreated group (weeks 12-20 post-infarc-
tion), and six received the donepezil treatment (weeks 17—
19 post-infarction). Preliminary analysis indicated no dif-
ferences in heart rate variability at 8 weeks post-infarction.

Hemodynamic measurement

The hemodynamic study was conducted in rats under hal-
othane anesthesia at week 6 of the treatment period. A
Millar catheter (SPC-320; Millar Instruments, Houston,
TX) was inserted from the carotid artery into the left
ventricle to measure left ventricular pressure (LVP) with a
high-fidelity catheter. Based on the LVPs, we calculated
the maximal first derivative of left ventricular pressure over
time (dP/dt,,,,) and the left ventricular end-diastolic pres-
sure (LVEDP). The right atrial pressure (RAP) was mea-
sured by an external transducer via a catheter filled with
physiological saline.

Neurohumoral factor measurements

Blood samples (3 ml) were collected and the neurohumoral
factors in the blood assayed. As indices of sympathetic
activity, norepinephrine (NE) and epinephrine (Epi) were
measured by high-performance liquid chromatography
with electrochemical detection. The plasma level of brain
(or B-type) natriuretic peptide (BNP) was measured by an
enzyme-linked immunosorbent (ELISA) assay (BNP-32
Enzyme Immunoassay kit, Peninsula Lab, San Carlos, CA).
We included BNP in the assay due to its importance as a
strong predictor of prognosis [17, 18]. BNP has been useful
in detecting new patients with heart failure and in pre-
dicting mortality and cardiac events in both patients and
asymptomatic subjects. BNP may also be a useful predictor
of heart failure with preserved systolic function.

Heart tissue examination

The left and right ventricles were excised and the total
weight measured. Both ventricles were then sectioned into
3-mm-thick slices, starting from the apex towards the base
of the heart. Myocardial infarction size was assessed from
the proportion of the length of the infarct to the left ven-
tricular perimeter measured on each section.

Power spectral analysis of heart rate variability

The ECG telemetric data were processed as follows. Sig-
nals from the transmitter (model TA11CTA-F40; Data
Sciences Int, St. Paul, MN) were recorded on a recording
software (HEM; Notocord, Newark, NJ). An analysis
software program (HRT10al; Notocord) was used to
extract the RR intervals from the data of the continuous
recording (1-kHz sampling). All of the RR intervals were
extracted from 24-h continuous recording data for the
nontreated and the donepezil groups. The text data of 2-h
intervals were stored in files to be analyzed later using the
heart rate variability analysis software that we developed.
Due to the frequent occurrence of extrasystoles in chronic
heart failure, it was necessary to develop an original
algorithm to process the data, as explained below.

Heart rate variability analysis software

The following procedures were conducted.

1. Data preparation. The 2-h data were combined to
obtain 24-h data. The time of R-wave detection and the
RR interval were saved as combined data.

2. Removal of extrasystole. A 20-point median filter was
applied to all of the RR interval data to produce a
sequence. Heart beats with RR intervals differing from
the median value by 15 ms (threshold) or above were
recognized and recorded as extrasystole or post-
extrasystole. These data were excluded from analysis.

3. Resampling of valid interval data. The 24-h data were
divided into 6-min data (with 50% overlap). After
excluding the RR intervals associated with extrasys-
tole, the valid RR interval data were resampled at
intervals of 1/10 s using linear interpolation.

4, Power spectral analysis. In the power spectral analysis,
1024 points of 1/10-s data were grouped into a
segment (segment length = 102.4 s) for fast Fourier
transformation (FFT). The power spectra obtained
from six segments were ensemble-averaged. Prior to
FFT, the linear trend was removed from each segment

5. Data selection. Even though extrasystoles are removed,
segments with many deleted data cannot be expected to
yield reliable power spectral analysis results. Therefore,
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data with >40 extrasystoles within 6 min were excluded
from analysis.

6. Definition of HF component. In this study, the effect of
bigeminy that occurs in heart failure was observed in
the higher frequency range. Therefore, we excluded
frequency range >1.5 Hz, and HF was defined as the
power from 0.5 to 1.5 Hz. The power of the HF
component was determined during daytime (0600-
1800 hours) and nighttime (1800-0600 hours).

Statistical analysis

All data are presented as mean =+ standard deviation (SD).
Continuous variables were compared using the unpaired ¢
test between two groups. The differences were considered
significant when P < 0.05.
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Fig. 2 a A representative example of the left ventricular pressure
(LVP) waveform and its derivative in a nontreated rat. b Maximal first
derivative of left ventricular pressure (dP/dt,,) at week 6 of
treatment. The dP/dt,,,, was significantly (*P < 0.05) higher in the

donepezil group (shaded bar, D) than in the nontreated group (open
bar, N). ¢ Left ventricular end-diastolic pressure (LVEDP) at week 6
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Results
Hemodynamics

Figure 2 shows the measurements of the hemodynamic
parameters in rats under anesthesia 6 weeks after the onset
of donepezil administration. A LVP waveform and its first
derivative (dP/df) in a nontreated rat are shown in Fig. 2a.
Figure 2b shows that the dP/dt,,, of the nontreated rat was
significantly lower than that of the donepezil group
(3,256 £ 955 vs. 3,822 + 389 mmHg/s, P < 0.05). The
LVEDP and RAP was significantly lowered by donepezil
administration compared to the nontreated rat [23.2 £ 5.7
vs. 30.1 £ 5.6 mmHg, P < 0.05 (Fig. 2c) and 4.1 £ 2.9
vs. 7.0 £ 4.0 mmHg, P < 0.05 (Fig. 2d), respectively].
The contractility index dP/dt,,. is known as a heart rate-
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of treatment. The LVEDP was significantly lower in the donepezil
group (shaded bar, D) than in the nontreated control group (open bar,
N). d Right atrial pressure (RAP) at week 6 of treatment. The RAP
was significantly (*P < 0.05) lower in the donepezil group (shaded
bar, D) than in the nontreated control group (open bar, N)
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and preload-dependent index. Because heart rate was
higher in the nontreated group than in the donepezil group
(354 4 37 vs. 324 &£ 23 bpm, difference of approx. 9%)
and LVEDP was higher in the nontreated group than in the
donepezil group, the difference in heart rate and preload
would have underestimated the true difference in contrac-
tility. Moreover, decreased LVEDP with decreased RAP in
the donepezil group suggested that body fluid retention was
suppressed.

Neurohumoral factors

Figure 3 shows the blood concentrations of norepineph-
rine, epinephrine, and BNP measured 6 weeks after do-
nepezil administration was started. Compared to the
nontreated group, donepezil administration resulted in
significant decreases in the concentrations of norepineph-
rine (316 & 248 vs. 1,885 + 1423 pg/ml, P < 0.01), epi-
nephrine (347 &+ 153 vs. 1,694 £ 1,355 pg/ml, P < 0.05),
and BNP (362 + 80 vs. 457 + 68 ng/ml, P < 0.05) in
the blood. These results indicated that donepezil effec-
tively suppressed the overactive sympathetic nervous
system, which is a hallmark pathophysiology of heart
failure.

Infarct size and heart weight

Figure 1b shows representative ventricular sections in the
nontreated and the donepezil groups. The myocardial
infarction resulted from obliteration of the left coronary
artery was 48 + 6% of the left ventricular perimeter in the
nontreated group and 53 £ 3% in the donepezil group,
with no significant difference in infarct size between two
groups. Therefore, donepezil administration started
2 weeks after myocardial infarction did not reduce the size
of the infarct, suggesting that infarct size did not account

Fig. 3 Blood concentrations of
norepinephrine (NE),
epinephrine (Epi), and brain 3000
natriuretic peptide (BNP) at
week 6 of treatment. Significant
decreases (*P < 0.05,

**P < 0.01) in blood NE, Epi,

and BNP concentrations were E 2000
observed in the donepezil group >
(shaded bar, D) compared to the v
w
nontreated group (open bar, N) =
1000 |

for the differences in hemodynamics and neurohumoral
factors described above.

Figure 1c compares the ventricular weight per body
weight between the nontreated and the donepezil groups.
The combined weight of the left and right ventricles was
significantly lower in the donepezil group than in the
nontreated group (3.02 £ 0.21 vs. 3.40 £ 0.13 g/kg body
weight, P < 0.05). This result indicated that donepezil
reduced cardiac remodeling after myocardial infarction
was completed.

Power spectral analysis of heart rate variability

The left panel of Fig. 4a shows a representative change in
RR intervals with respect to time in a rat from the donepezil
group. The RR intervals connected with dotted lines were
assessed to be extrasystoles or post-extrasystoles and were
removed before spectral analysis. The right panel shows the
result of spectral analysis from the same data. The solid area
was calculated as the HF component. The HF components
during the daytime (0600-1800 hours, Fig. 4b) and night-
time (1800-0600 hours, Fig. 4c) were calculated for the
donepezil group (n = 6) and the nontreated group (n = 5).
The log-transformed HF components [log(HF)] of the two
groups were analyzed statistically.

During the night, log(HF) significantly increased in the
donepezil group compared to the untreated group. On the
other hand, there was no significant difference in log(HF)
during the day between the two groups. These results
indicated that heart rate variability at night was enhanced
by donepezil administration in rats.

Discussion

Imbalances in the autonomic nervous system, particularly
overactive sympathetic activity together with reduced
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vagal activity, have been considered to be major factors
aggravating heart failure. In an earlier study, we demon-
strated that upstream treatment using electrical stimulation
of the vagal nerve improves the survival rate in rats with
heart failure after a healed extensive myocardial infarction.
Although pharmacological reproduction of the vagotonic
treatment of heart failure would be of benefit clinically, no
vagotonic drugs have successfully shown anti-remodeling,
which is the most direct evidence of a lack of progression
of heart failure.

The results presented here clearly demonstrate that, in
our rat model system, donepezil treatment improved
hemodynamics, ameliorated cardiac remodeling, and pre-
vented neurohumoral activation. Because donepezil exer-
ted no significant effects on infarct size and was
administered after the infarction had been established,
these effects cannot be attributed to the reduction in
ischemic insult. Although we have not shown the benefits
on survival in this study, the similar hemodynamic, anti-
remodeling, and neurohumoral effects as electrical vagal
stimulation may also be translated into survival. Further
studies on survival are needed to test the clinical applica-
tion of donepezil.

We did not prepare sham-operated rats that would serve
as a true control. To compensate for this limitation in study
design, we used historical control values for hemodynamic
measurements (dP/dt,x 11,237 £ 1,389 mmHg/s,
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LVEDP 6.5 £ 2.3 mmHg; RAP 1.9 &+ 1.3 mmHg), neu-
rohumoral factor measurements (NE 392 + 205 pg/ml, Epi
164 £ 46 pg/ml, BNP 62 + 7 pg/ml), and biventricular
weight (2.22 + 0.11 g/kg) obtained from the same strain
and similar age of rats. These control values indicate that
hemodynamic deterioration, neurohumoral activation, and
cardiac remodeling were only partially reversed, with the
exception of NE. Notwithstanding, the results with the
electrical stimulation of vagal nerves indicate that these
small benefits may accompany a larger improvement in
survival.

We selected donepezil, a novel cholinesterase inhibitor,
in order to be able to maximize inhibitor action on neuronal
acetylcholinesterase but not on hepatic butyrylchoinester-
ase inhibitor [14]. We intentionally used donepezil, a drug
acting both peripherally and centrally, to simulate electrical
stimulation of the vagus nerve. Electrical stimulation
affects both the afferent and efferent pathways of the vagus
nerve, although detailed knowledge of the therapeutic
mechanisms, including which of the two pathways plays a
greater role in the therapeutic effect, is not yet available.
However, a drug with dual central and peripheral action is
certainly inappropriate for deepening mechanistic insights.

A mechanistic study would be important as donepezil
itself may not be clinically applicable. The dose we chose
in our study was aimed at decreasing the heart rate in the
rats by 10%; it is 50-fold larger than the dose used for
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treating Alzheimer’s disease. Although the objective of our
study was not to elucidate how large the contribution of
each effect of donepezil is on the peripheral vagus nerve,
ganglion, and central nervous system, we would like to add
discuss some mechanistic aspects in terms of designing
future studies.

Regarding the mechanism downstream of the neuro-
effector junction, the neurotransmitter acetylcholine per se
may provide some protective effect for cardiomyocytes.
Based on their results from acute studies, Sato et al. have
obtained several lines of evidence supporting this hypoth-
esis. First, acetylcholine promotes the phosphorylation of
connexin 43, a gap junction molecule located between
cardiomyocytes, which in turn normalizes the intercellular
ion flow and prevents the occurrence of fatal arrhythmia
[19]. Second, acetylcholine directly enhances the phos-
phorylation of Akt via PI3K in the cardiomyocytes and
activates the PI3/Akt pathway to enhance the expression of
hypoxia-inducible factor-1o. (HIF-1e), which may protect
the cardiomyocytes from the hypoxic state induced by
ischemia [20]. As shown by these findings, the acetylcho-
line concentration increases in the neuro-effector junction
by vagal efferent activation; this acetylcholine possesses
various functions that support the survival of cardiomyo-
cytes. Further studies are required to study the contribution
of acetylcholine in cardiomyocytes at the molecular level.
Vagal enhancement at the effector site may potentiate its
anti-inflammation effects [21] and may ameliorate pro-
gression of heart failure through alpha 7-nicotinic
receptors.

On the other hand, experiments using rat and canine
models of heart failure suggest the presence of abnormal-
ities in the ganglia of the vagus nerve. For example, a
comparison of control rats to those with heart failure fol-
lowing myocardial infarction revealed that the bradycar-
diac response to pre-ganglionic vagus stimulation in the
rats with infarction was attenuated, while the bradycardiac
response to acetylcholine was unchanged [22]. In dogs with
heart failure induced by tachypacing, pre-ganglionic vagus
stimulation showed lower heart rate responses, while
postganglionic stimulation at the fat pad showed no dif-
ference in heart rate response compared to control dogs
[23]. Taken together the above observations, in our model
system, donepezil may act on the ganglia of the vagus
nerve.

As donepezil passes the blood-brain barrier, the drug
can act on the central nervous system. To gain an insight
into the central effect, we conducted an analysis of heart
rate variability. Heart rate variability, especially its HF
component (at respiratory frequency) reflects background
vagal tone and has been shown to be a strong prognostic
determinant [15, 16]. Our results revealed that donepezil
increased the HF of heart rate variability during the night,

indicating enhanced vagal activity. On the other hand, the
HF of the heart rate variability tended to increase, although
not significantly, during the day. These finding may suggest
a central effect of donepezil, but again a secondary effect
of improved hemodynamics cannot be ruled out. Regard-
less of the detailed mechanism, increased HF may be
associated to a better outcome in these rats, as shown in the
ATRAMI study [24, 25]. These issues require further
investigations.

In summary, the results of the study reported here sug-
gest that donepezil treatment, similar to electrical stimu-
lation of the vagus nerve, confers beneficial effects in terms
of the prevention of cardiac remodeling in rats with heart
failure following myocardial infarction. Future studies
should examine if survival would be improved by the
administration of donepezil in rats with healed myocardial
infarction.
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