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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
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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
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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/df,,.x) 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/df,.cx) at week 6 of
treatment. The dP/dt,,,x 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/dz,,, 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 £ 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

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 ax 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-1a. (HIF-1a), 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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