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Figure | Acetylcholinesterase inhibitors attenuate neovascularization in a mouse model of hindlimb ischaemia

The effect of donepezil or physostigmine on blood flow recovery after hindlimb ischaemia was examined (A-D). The effect of bethanechol or nicotine on blood flow
recovery after hindlimb ischaemia was examined (E—H). (A, E), Representative laser Doppler perfusion images of blood flow after 2 weeks of hindlimb ischaemia are
shown. (B, F) Ratio of blood flow in the ischaemic hindlimb to that in the non-ischaemic hindlimb measured immediately (day 0) and at the days indicated in the
Figure after unilateral femoral artery ligation. (C, G) Immunohistochemical staining for (D31 in the gastrocnemial muscle of ischaemic hindlimb is shown. (D, H)
Capillary density expressed as the number of capillaries per HPF (high-power field). Results are expressed as means = S.EM. (n=1T). *P < 0.05 compared with the

control group.

nAChR (nicotinic ACh receptor; nicotine) on the blood
flow recovery and capillary density of the ischaemic
hindlimb (Figures 1E-1H). Bethanechol reduced blood
flow recovery and capillary density of the ischaemic
hindlimb, suggesting that mAChR is responsible for
the attenuation of blood flow recovery by cholinergic
stimulation. In contrast, nicotine enhanced blood flow
recovery. Although the mechanism is not clear, the net
effect of acetylcholinesterase inhibitors on angiogenesis
favours mAChR stimulation in our model.

Donepezil suppressed VEGF and IL-1

expression in the ischaemic hindlimb

mRINA expression of angiogenic factors and cytokines
in the ischaemic hindlimb harvested at day 7 was
examined (Figure 2A). The expression of VEGF mRNA
was significantly decreased in the donepezil-treated
mice. However, expression of other angiogenic factors
including bFGF, PDGF, PLGF (placental growth factor),

Angpt (angiopoietin) 1 and 2 was not affected by
donepezil treatment. Expression of IL-18 and TNFe«
mRNA in the ischaemic hindlimb was significantly
decreased in the donepezil-treated group, suggesting
an anti-inflammatory effect of donepezil. qRT-PCR
also showed a trend towards reduction of CD3e
(T-lymphocytes) and F4/80 (macrophages) mRNA in
the ischaemic hindlimb of the donepezil-treated mice
compared with that of control mice. Although the
difference was not statistically significant, the results
suggest that treatment with donepezil mildly suppressed
infiltration of inflammatory cells into the ischaemic
hindlimb.

Protein level of IL-18 was significantly suppressed
in an ischaemic hindlimb of donepezil-treated mice
(Figure 2B). Although VEGF level was also decreased
in an ischaemic hindlimb of donepezil-treated mice, the
difference of VEGF level between control and donepezil-
treated mice showed a borderline significance. We could
not detect any changes in the serum levels of IL-18, IL-6,
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Figure 2 mRNA and protein expression in the ischaemic
hindlimb of control and donepezil-treated mice

(A) mRKA expression of angiogenic factors and inflammatory cytokines in the
ischaemic hindlimb of control (bar C) and donepezil-treated (bar D) mice was
quantified with real time RT—PCR. The primer sequences used are indicated in
Supplementary Table SI at http://www.clinsci.org/cs/123/cs1230241add.htm. The
expression level of each mRNA in the ischaemic hindlimb of control mouse was set
as 100% (n=1T). *P < 0.05 compared with the control group. (B) Protein level
of IL-18 and VEGF in the ischaemic hindlimb of control and donepezil-treated
mice was measured by ELISA (n=4). *P < 0.05 compared with the control

group.

or VEGF (results not shown). TNFa was not detectable
in the serum and in ischaemic hindlimb in both groups.
These findings suggest that donepezil locally suppressed
inflammation in an ischaemic hindlimb.

IL-18 reversed the anti-angiogenic effect
of donepezil

A previous report showed that recipient-derived IL-18
plays an important role in blood flow recovery in the
ischaemic hindlimb [10,17]. As IL-18 expression was
decreased in the ischaemic hindlimb of the donepezil-
treated mice, we injected recombinant murine IL-18 into

the ischaemic hindlimb. An injection of IL-18 resto-

B g red the reduced blood flow recovery (Figures 3A and
f & 3B) and capillary formation (Figures 3C and 3D) in the
y 50 e donepezil-treated mice. Donepezil-induced suppression
5 ¢ g€ o of VEGF mRNA expression in the ischaemic hindlimb

was also reversed by the IL-18 injection (Figure 3E). The
IL-18 injection did not cause haemodynamic changes
(see Supplementary Table S3 at http://www.clinsci.
org/cs/123/cs1230241add.htm).

Role of PI3K (phosphoinositide 3-kinase)
pathway in hypoxia-induced IL-1
induction

To gain an insight into the mechanism of donepezil
inhibition of IL-18 expression, we used C2C12 cells,
a mouse embryonic myoblast cell line. As hindlimb
muscles are exposed to hypoxic conditions after femoral
artery ligation, the effect of low oxygen concentration
(1% O3) on IL-18 mRNA expression was determined.
After exposure to the hypoxic condition for 12 h, IL-
18 mRNA level was significantly increased compared
with that in C2C12 cells incubated in normoxic (20 %
O,) conditions (Figure 4A). The induction of IL-18
by hypoxic conditions was significantly inhibited by
pre-incubation with ACh. The Ach-induced suppression
of IL-18 was reversed by the presence of atropine,
a competitive antagonist of mAChR, but not by
mecamylamine, a specific antagonist of nAChR. These
results indicate that mAChR is responsible for the
suppression of hypoxia-induced IL-18 expression. The
findings are consistent with the i vivo results that a
mAChR agonist bethanechol inhibited angiogenesis.

It was reported that PI3K and MAPKs are involved in
IL-18 induction [18]. Treatment with L'Y294002 (PI3K
inhibitor), PD98059 (ERK kinase inhibitor) or SP600125
(JNK inhibitor) significantly decreased hypoxia-induced
IL-18 mRNA expression (Figure 4B). ACh attenuated
hypoxia-induced phosphorylation of Akt, a downstream
kinase of PI3K, but did not affect phosphorylation of
ERK, JNK or p38 MAPK in C2C12 cells (Figures 4C-
4F). These results suggest that ACh may suppress
hypoxia-induced IL-18 expression through inhibition
of the PI3K/Akt pathway. Indeed, the phosphorylation
level of Akt but not other MAPKs was decreased
in the ischaemic hindlimb of donepezil-treated mice
(Figures 4G—4]).

DISCUSSION

We have shown in the present study that treatment
with donepezil attenuated blood flow recovery of
the ischaemic hindlimb in mice through reduction of the
expression of IL-18. It was suggested that mAChR
is involved in this process. ACh as well as PI3K
inhibitor suppressed hypoxia-induced IL-18 induction
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Figure 3 IL-1p reverses donepezil-induced inhibition of neovascularization
(A) Representative laser Doppler perfusion images of blood flow in the ischaemic hindlimb of donepezil-treated mice with or without IL-13 injection are shown.
Control indicates ischaemic hindlimb without donepezil treatment. (B) Ratio of blood flow in the ischaemic hindlimb to that in the non-ischaemic hindlimb. *P < 0.05
compared with control. (C) Immunohistochemical staining for D3| in the gastrocnemial muscle of ischaemic hindlimb is shown. (D) Capillary density that is expressed
as the number of capillaries per HPE. (E) mRNA expression of VEGF was quantified with real-time RT—PCR. Results are expressed as means + S.EM. (n=6—8).
*P < 0.05 compared with control; *P < 0.05 compared with donepezil -+ PBS.
in C2C12 cells. Donepezil suppressed Akt activation plaque and thereby increase its vulnerability, which
in the ischaemic hindlimb, suggesting that an increase results in an increase in the cardiovascular events.
in Ach level by donepezil may inhibit hypoxia-induced =~ However, a very recent double-blind trial that examined
IL-18 induction through suppression of the PI3K/Akt the effect of tiotropium, one of the anti-cholinergics,
pathway, resulting in the inhibition of VEGF induction in patients with COPD showed opposite results [20].
and angiogenesis. Treatment with tiotropium showed an insignificant
A recent meta-analysis by Singh et al. [19] revealed  decrease in the number of death in patients with COPD
that inhalation of anti-cholinergics is associated with a  and significantly decreased the incidence of myocardial
significant increase in the risk of cardiovascular events infarction compared with placebo. Therefore the issue
in patients with COPD (chronic obstructive pulmonary  regarding the effect of anti-cholinergics treatment on
disease). Inhalation of anti-cholinergics significantly cardiovascular events is still controversial.
increased the risk of myocardial infarction and cardiovas- Stimulation of nAChR is reported to enhance prolifer-
cular death without a statistically significant effect onthe  ation of endothelial cells and angiogenesis [13], which is
risk of stroke. This meta-analysis may support the idea  consistent with the present study. Although stimulation
that anti-cholinergics, contrary to acetylcholinesterase  of mAChR by bethanechol suppressed angiogenesis, the
inhibitors, accelerate angiogenesis in the atherosclerotic  mechanism by which acetylcholinesterase inhibitors that
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Figure 4 Ach and donepezil suppresses Akt activation

(A) C2CI2 myoblast cells were pre-incubated with ACh (100 nmol/l) in the
presence of atropine (Atr, 10 zemol/l) or mecamylamine (Mec, 10 zemol/l) prior
to exposure to hypoxia (1 % 0y) for | h. After exposure to hypoxic condition for
12 h, the IL-1 5 mRNA level was determined with real time RT—PCR. N, normoxia.
(B) The effects of PD98059 (PD; an ERK inhibitor, 10 remol/l), $B203580 (SB;
a p38 MAPK inhibitor, 10 zemol/l), LY294002 (LY; a PI3K inhibitor, 10 zemol/l)
and SP600125 (SP; a JNK inhibitor, 10 remol/l) on hypoxia-induced IL-1 8 mRNA
expression in C2C12 cells were examined. mRNA expression of IL-1 8 in (2012 cells

cultured under normoxia (N) is used as control. *P < 0.05 compared with under
normoxic conditions; ¥ P < 0.05 compared with hypoxia; TP < 0.05 compared
with hypoxia + Ach (n=4d). ((—F) Effect of ACh on hypoxia-induced activation
of Akt and MAPK was examined. (G—J) Effect of donepezil on the activation
of Akt and MAPK in the non-ischaemic (Con) and ischaemic (ISC) hindlimb was
examined. The ratio of phosphorylated form to total protein level of each kinase is
shown in the histograms (n = 4). *P < 0.05 compared with control, *P < 0.05
compared with the ischaemic hindlimb without donepezil.

® 2012 The Author(s)

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (hitp://creativecommons.orgflicenses/by-nc/2.5/)
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.

are supposed to stimulate both nAChR and mAChR
mimic the effect of mAChR is not clear.

Our in vitro results suggest that the increased ACh may
be targeting ischaemic muscle of hindlimb, because Ach
inhibited hypoxia-induced IL-18 expression in myoblast
cells and donepezil reduced IL-18 expression in the
ischaemic hindlimb. Therefore the anti-inflammatory
effect of ACh on regenerating skeletal muscle may
be dominant compared with direct effects of Ach
on endothelial cells. Although we cannot exclude
possible non-specific effects of these acetylcholinesterase
inhibitors on angiogenesis, this is unlikely because
the structure of donepezil and physostigmine is
quite different.

The source of ACh in this hindlimb ischaemia model is
notclear at this point. Itis possible thatanincrease in ACh
in the motor nerve ending of neuromuscular junction
may play a role. Recent studies suggest that macrophages
express choline acetyltransferase, which produces Ach
from choline and acetyl-CoA [21]. Therefore infiltrated
inflammatory cells may be another possible source of
ACh. Alternatively, the ischaemic muscle itself may be
the source of ACh, because it was previously reported
that immunoreactivity of choline acetyltransferase is
observed in both myoblasts and myotubes [22]. Another
possibility is that acetylcholinesterase inhibitors may
suppress angiogenesis in an indirect manner. mAChR
in the CNS is reported to be involved in choliner-
gic anti-inflammatory pathway. Intracerebroventricular
administration of muscarine, an agonist for mAChR,
inhibited LPS-induced production of TNFa in the serum
[23]. We cannot exclude the possible effect of these
acetylcholinesterase inhibitors on the CNS in mediating
an anti-angiogenic effect. Further study is needed to
clarify the source and target cells of ACh in the ischaemic
hindlimb.

A recent report showed that chronic hypoxia increased
Akt phosphorylation in human macrophages [24].
Another report showed that TNFa-induced IL-18
expression is dependent on PI3K/Akt and NF-«B
activation [18]. We showed that Ach suppressed hypoxia-
induced IL-18 expression and Akt phosphorylation in
C2C12 cells. And PI3K inhibitor suppressed hypoxia-
induced IL-18 expression. Therefore it is suggested
that Ach suppresses hypoxia-induced IL-18 expression
through inhibition of PI3K/Akt pathway. Although
it is known that PTEN (phosphatase and tensin
homologue deleted on chromosome 10) negatively
regulates PI3K/Akt pathway, we could not detect any
change in PTEN expression in the ischaemic hindlimb
in donepezil-treated mice (results not shown). The
mechanism by which Ach inhibition of hypoxia-induced
PI3K/Akt pathway is not clear and further study is
needed.

The limitation of the present study is that the dose of
donepezil used in this study is very high compared with
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that clinically used for treatment of patients with AD.
Therefore we must be cautious whether donepezil at a
clinical dose affects angiogenesis in patients. A dose of 5-
10 mg/kg of body weight per day of donepezil used in this
study is widely used to examine the effect of donepezil
on dementia in a rodent model [12] despite the fact that
the clinical dose is 5-10 mg/day for patients with AD. It
may be possible that differential susceptibility to the drug
between humans and mice account for the requirement
for high dose of donepezil in rodent models. A recent
study showed a very small increase in skin temperature
in the ischaemic hindlimb by donepezil, suggesting an
angiogenic effect of donepezil [25]. The reason for the
discrepancy between the previous study and our study is
not clear at this point. However, the dose of donepezil
administered to mice is higher in this study compared
with the previous study (5 mg/kg of body weight per
day), which may explain the discrepancy. Alternatively,
the discrepancy may be because the previous report
measured skin temperature rather than blood flow. In
addition, the authors failed to examine the time course
and measured surface temperature at later stage (28 days
after ligation of femoral artery). We could not exclude
the possibility that the difference of blood flow recovery
of ischaemic hindlimb between control and donepezil-
treated mice disappears or reverses after day 14 of
femoral artery ligation. However, most of the study using
C57BL/6 mice showed that blood flow recovery after
hindlimb ischaemia reaches a plateau at day 14 or 21
[26,27]. Therefore this possibility is unlikely. And an
anti-angiogenic effect of acetylcholinesterase inhibitor is
confirmed by physostigmine in our study. Therefore it
is suggested that acetylcholinesterase inhibitor has an
anti-angiogenic effect at least under our experimental
conditions.

In summary, we have shown in the present study
that treatment with donepezil attenuated angiogenesis.
Stimulation of cholinergic system may be a novel anti-
angiogenic therapy.
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Table S1I

Sequences of the primers used in real-time PCR

Angpt | and 2, angiopoietin | and 2; PIGF, placental growth factor.

Sequence (5'—3')

Gene Forward Reverse

THFer AGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG
-1 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IL-6 CCACTTCACAAGTCGGAGGCTTA GCAAGTGCATCATCGTTGTTCATAC
VEGF GCACATAGGAGAGATGAGCTTCC (TCCGCTCTGAACAAGGLT
Angptl (CGAGCCTACTCACAGTACGACAG AMATCGGCACCGTGTAAGATCAA
Angpt2 GGACAGTCATCCAACACCGAGA CAAACTCATTGCCCAGCCAGTA
PDGF (AAAGGCAAGCACCGARAGTTTA (CGAATCAGGCATCGAGACA
bFGF GTGCCAACCGGTACCTTGCTA TCAGTGCCACATACCAACTGGAG
PIGF CCTGTCTGCTGGGAACAACTCA CACCTCATCAGGGTATTCATCCAAG
(D3e CACTCTGGGCTTGCTGATGG TCATAGTCTGGGTTGGGAACAGG
F4/80 GAGATTGTGGAAGCATCCGAGAC GATGACTGTACCCACATGGCTGA
f-Actin GGCTGTATTCCCCTCCATCG (CAGTTGGTAACAATGCCATG

Table $2 HR, BP and body weight in the experimental

groups

Results are means £ S.EM. *P < 0.05 compared with control.

Group HR (beats/min) §BP (mmHg) Body weight (g)
Control 555+ 34 101+ 10 M8+108
Donepezil 450 +31* 97+6 B3I+03
Physostigmine 501 +20 100+12 BIE07
Nicotine 512+ 56 01+ 17 Mu3i+l19
Betahnechol 41+ 47 9518 BILIY

Table $3 HR, BP and body weight in the experimental

groups treated with donepezil with or without IL-18

Results are means £ S.EM.

Group HR (beats/min) SBP (mmHg) Body weight (g)
Control 4- PBS 531+ 104 +6 M1+05
Donepezil 4 PBS 490 26 100 +4 BI+L]
Donepezil + IL-158 501 +8 105 +3 Bo+06
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Usefulness of Non-contact Mapping for Radiofrequency
Catheter Ablation of Inappropriate Sinus Tachycardia:
New Procedural Strategy and Long-term Clinical Outcome
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Abstract

Objectives The present study evaluated the clinical benefits of a new therapeutic method of radiofrequency
catheter ablation (RFCA) using an EnSite system for inappropriate sinus tachycardia (IST).

Materials and Methods Six patients with debilitating IST underwent RFCA using EnSite. Using the beta-
adrenergic blocker and agonist, the heart rate was controlled between 70 to 150 bpm before and after the
RFCA. The areas of the breakout sites (BOSs) were clearly distinguished between those from the normal P-
wave zones during rates of less than 100 bpm and those from more upper rate sites during rates of more than
100 bpm using the EnSite system, in accordance with the appearance of tall P-waves (tall P-wave zone) in
the IST patients. This was selected as the target for ablation.

Results After the RFCA, the BOSs observed during heart rates of more than 100 bpm moved completely
from the tall P-wave zone to the normal P-wave zone in the IST patients. The total number of heart beats
and average heart beat on the 24-h Holter monitoring decreased statistically from that before the RFCA to
that after, and no adverse heart rate responses was observed after the RFCA. Before the RFCA, the brain na-
triuretic peptide was elevated, New York Heart Association functional class was worse, and there was an im-
paired exercise tolerance observed with exercise electrocardiogram testing. The RFCA for the IST signifi-

cantly improved those parameters.

Conclusion This new therapeutic method for IST using EnSite is effective and produces clinical benefits.

Key words: inappropriate sinus tachycardia, non-contact mapping, catheter ablation
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Introduction

Inappropriate sinus tachycardia (IST) is an uncommon
clinical syndrome that is characterized by an elevated resting
heart rate or disproportionate increase in the rate with mini-
mal exertion (1). This condition is predominantly encoun-
tered in women and common symptoms include palpitations,
presyncope/syncope, chest pain, dizziness, shortness of
breath, anxiety and depression (2). Radiofrequency (RF)
catheter ablation (RFCA) is an acceptable treatment modal-
ity for drug refractory IST, and several procedural strategies

for sinus node (SN) modification have been described (1-3).
Here we report our new observations using a non-contact
mapping system, EnSite (St. Jude Medical, Minnetonka,
MN, USA) in patients with drug refractory IST.

Materials and Methods

Study population and laboratory analysis

From 2006 to 2009, 6 consecutive patients (3 males and 3
females with a mean age of 43 + 3 years old) with drug re-
fractory (including beta-blockers, calcium-channel blockers,
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and digitalis) IST underwent RFCA in our hospital. All pa-
tients had their history recorded, and underwent a physical
examination, laboratory analysis, chest X-ray, 12-lead elec-
trocardiogram, 24-h Holter monitoring, M-mode, two-
dimensional and Doppler echocardiograms, and exercise
electrocardiogram testing on admission or within at least 1
month before the admission, and 2 or 3 days after the
RFCA. These examinations yielded no evidence of clinically
overt structural heart disease, including coronary artery dis-
ease, valvular heart disease, congenital heart disease, LV hy-
pertrophy, or RV abnormalities in any of the patients. The
serum brain natriuretic peptide (BNP) concentration and
New York Heart Association (NYHA) functional class were
evaluated on admission and 6 to 12 months after the RFCA.
The mean follow-up period was 29 + 2 months.

Definition of IST

IST was defined as: 1) a P-wave axis and morphology
during the tachycardia similar to that during sinus rhythm,
and tall P-waves during the tachycardia which were at least
2-fold taller than those during sinus rhythm, especially in
leads II, III, and aVF, 2) a heart rate of greater than 100
beats per minute (bpm) at rest or with minimal exertion, 3)
exclusion of any secondary causes of tachycardia, 4) 24-h
Holter monitoring demonstrating a mean heart rate of
greater than 90 bpm, and 5) a heart rate of greater than 130
bpm within the first 90 seconds of a standard Bruce proto-
col on the treadmill test (1, 4, 5).

Mapping and catheter ablation procedure

All procedures were performed after written informed
consent was obtained. The patients were studied in the fast-
ing state without sedation. Antiarrhythmic drugs and beta-
blockers were discontinued for at least five half-lives before
the procedure. Under local anesthesia, two multipolar elec-
trode catheters (St. Jude Medical, Tokyo, Japan) were placed
percutaneously in the coronary sinus and high right atrium
(RA), and His-bundle and right ventricle, respectively. A
multielectrode array catheter utilizing EnSite 3.2 or EnSite
6.0J was positioned in the RA approximately at the level of
the superior vena cava and RA junction with the distal end
oriented superiorly using a guidewire (Fig. 1A, B). Thus,
the distance between EnSite array and sinus node was less
than 4 cm. A 7-F deflectable quadripolar ablation catheter,
Ablaze or Fantasista (Japan Lifeline Co., Ltd., Tokyo, Ja-
pan) with a 4-mm-tip electrode was also introduced percuta-
neously into the RA, and the baseline RA geometry was ac-
quired. An electrophysiological study (EPS) was performed
before and after RFCA to verify the mechanism of arrhyth-
mia and to exclude the coexistence of other arrhythmias.

Using an intravenous administration of the beta-adrenergic
blocker, landiolol (5 to 40 pg/kg/min) and agonist, isoproter-
enol (ISP) (2 to 5 pg intravenous administration), the heart
rate was controlled between 70 to 150 bpm before and after
the RFCA. Then, the origins which indicated the SN during
sinus rhythm and IST were defined as the earliest sites

showing a single spot on the isopotential map and a QS
pattern in the noncontact unipolar electrograms, as previ-
ously described (6). The breakout sites (BOSs) during sinus
rhythm and IST were also defined as the earliest sites that
showed an rS pattern with a sudden increase in the peak
negative potential of the noncontact unipolar electrogram.
These origins and BOSs were tagged for each heart rate on
the RA geometry (Fig. 1C-H, 2A-J)). In all patients, com-
pared to that during heart rates of less than 100 bpm with
normal P-waves (normal P-wave zone), the BOSs steadily
moved to more upper rate sites during heart rates of more
than 100 bpm in accordance with the appearance of tall P-
waves (tall P-wave zone) (Fig. 1C-J, 2A-J). The SN and
BOSs within normal P-wave zones and tall P-wave zones
could easily and clearly be separated by this method. The
RF energy was delivered to the tall P-wave zones,
and not to the SN or normal P-wave zones, for 30 to 60
seconds with a preset temperature of 50C and power limit
of 30W. In 4 of 6 patients, repetitive atrial response was ob-
served. The average distance between SN and ablation site
was 12.7 £ 0.7 mm. A successful RFCA was defined as that
when the BOSs observed during heart rates of more
than 100 bpm (100 to 150 bpm) moved completely
from the tall P-wave zone to the normal P-wave zone
(Fig. 2C, D, E, H-J) with and without the intravenous ad-
ministration of isoproterenol in accordance with the abolish-
ment of the tall P-waves on the 12-lead electrocardiogram
during the RF energy delivery (arrows in Fig. 1K). All 12-
lead electrocardiograms and the bipolar intracardiac electro-
grams (filtered at 30 to 400 Hz) were recorded and stored
using a 96-channnel acquisition system (CardioLabEP,
Prucka Engineering Inc., Houston, TX, USA). During the
procedure, intravenous heparin was given as a 5,000-unit
bolus dose.

Statistical analysis

The numerical results are expressed in the text as the
mean + standard deviation. Paired data were compared by a
Student’s ¢ test. A value of p<0.05 was considered to indi-
cate statistical significance.

Results

Patient characteristics

Although patients primarily women in this syndrome,
50% were male in this study. An RFCA procedure for IST
was performed in 6 patients. Procedural success was
achieved in all 6 (100%) of the patients. No patients suf-
fered from any procedure-related complications including
SN dysfunction (sick sinus syndrome), cardiac tamponade,
diaphragmatic paralysis, or superior vena cava syndrome.
During 1-year follow-up, no recurrence of IST was observed
in any of the patients. However, in 1 of the 6 patients the
IST recurred and that patient underwent a repeat RFCA with
a successful result a year and a half after the first RFCA.
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Fluoroscopic images in the right (RAO; panel A) and left (LAQO; panel B) anterior

Ficure 1.
oblique views showing the location of the multipolar electrode catheters, multielectrode array
(MEA) catheter, and radiofrequency ablation (RFCA) catheter placed in the high right atrium
(HRA), coronary sinus (CS), and right atrium (RA) approximately at the level of the superior vena
cava, respectively. The EnSite images of the RA in the RAO view of 6 cases (panel C-H) show the or-
igin which indicates the location of the sinus node (SN) and breakout sites (BOSs) for each heart
rate determined by the EnSite. The SN and BOSs, and normal P-wave zone and tall P-wave zone
could easily and clearly be separated by the EnSite system. Compared to that for heart rates of less
than 100 bpm associated with normal P-waves (arrows in panels I and J), the tall P-waves (arrows
in panels J and K) were determined in the electrocardiogram, especially in leads II, III, aVF at heart
rates of more than 100 bpm. Crista indicates the crista terminalis. SVC indicates superior vena
cava, The bars in panel I and J indicate 1 mV. The bars in panel F indicate 400 ms.

24-h Holter monitoring (Table 1)

The total number of heart beats and average heart beat
statistically differed between that before and that after the
RFCA (p<0.01) (Table 1). Although the heart rate was
greater than 100 bpm at rest or with minimal exertion be-
fore the RFCA (Fig. 3A), an adverse heart rate response was
not observed after the RFCA (Fig. 3B).

Serum BNP concentration and NYHA functional
class

The serum BNP concentration and NYHA functional
class were evaluated in all patients on admission and 6 to 12
months after the RFCA. The serum BNP was elevated be-
fore the RFCA. However, it significantly decreased 6 to 12
months after the RFCA (p<0.05) (Fig. 4A). The NYHA
functional class was demonstrated to be significantly worse
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Figure 2. EnSite images of the right atrium in the right an-
terior oblique view. Before the radiofrequency catheter abla-
tion (RFCA), compared to that for heart rates of less than 100
bpm associated with normal P-waves (normal P-wave zone),
the breakout sites (BOSs) steadily moved to more upper sites
during heart rates of more than 100 bpm associated with the
appearance of tall P-waves (tall P-wave zone) (A-E). On the
other hand, after the RFCA in the tall P-wave zone, the BOSs
during heart rates of more than 100 bpm (100 to 150 bpm)
moved completely from the tall P-wave zone to the normal P-
wave zone with and without the intravenous administration of
isoproterenol (F-J). The black lines on the geometry in panels
A-J indicate the crista terminalis. RAA indicates right atrial
appendage. The breakout sites (BOSs) during sinus rhythm
and IST were usunally defined as the earliest sites that showed
an rS pattern with a sudden increase in the peak negative po-
tential of the noncontact unipolar electrogram. However, QS
patterns in the tracking virtual are seen in these figures. Since
the origin is located in the epicardium or deep myocardium,
the BOS was sometimes recoded as a QS pattern"® in this
present case. There is a possibility that the origin may be lo-
cated adjacent to the BOS in this case.

before the RFCA (Fig. 4B). The RFCA significantly im-
proved the NYHA functional class as compared to that be-
fore the intervention (p<0.01).

Exercise electrocardiogram testing (Table 1)

One of the 6 patients could not perform an exercise elec-
trocardiogram test due to a gait disturbance caused by ne-
crosis of the head of the femur. Compared to that before the
RFCA, the resting heart rate significantly decreased after the
RFCA (p<0.05). The time to achieve a heart rate of 130
bpm took significantly longer after the RFCA than before (p
<0.01). Moreover, the RFCA significantly improved the ex-

ercise tolerance of the IST-patients (p<0.03).

Response to beta-adrenergic receptor stimulators
(Table 1)

Before the RFCA, a low dose of ISP could steadily in-
crease the patients’ heart rate to 150 bpm. However, com-
pared to that before the RFCA, a high dose of ISP was
needed to increase the heart rate to 150 bpm (p<0.01) after
the RFCA.

Patient symptoms and medications (Table 2)

On admission, all patients had IST-associated symptoms
including palpitations (100%), general fatigue (83%), de-
pression (67%) and fainting (33%). All patients had been
taking antiarrhythmic agents before admission, such as beta-
blockers (100%), calcium channel antagonists (33%) and
digitalis (17%). However, those agents were not sufficiently
effective in eliminating the IST-associated tachycardia and
symptoms. All of the patients with a successful procedure
reported the absence of any IST-associated tachycardia or
symptoms after the RFCA. In 4 of the 6 patients it was pos-
sible to discontinue those antiarrhythmic agents. Two of the
6 patients continued to receive the beta-blockers for their
hypertension.

Discussion

Major findings and clinical implications

The major findings of this study are as follows: 1) in a
short time EnSite could steadily and clearly separate the SN,
normal P-wave zone, and tall P-wave zone which was the
targeted site of the RFCA (Fig. 1C-H, 2A-J), 2) the RFCA
could easily and efficaciously treat the IST without any
complications, and 3) all patients were free from any further
IST-associated tachycardia (Fig. 3A, B) or symptoms (Ta-
ble 2) in accordance with a decrease in their heart rate (Ta-
ble 1), and experienced a dramatic improvement in the inap-
propriate increase in their heart rate with minimal exertion
(Table 1), serum BNP level (Fig. 4A), NYHA functional
class (Fig. 4B), and exercise tolerance (Table 1). Some pre-
vious studies demonstrated that the recurrence rate was 20
to 50% and some patients underwent a pacemaker implanta-
tion (1, 3, 7-9). However, with this method, the recurrence
rate was only 1 out of 6 patients (17%) during a mean
follow-up period of 29 + 2 months. The characteristic point
of this method which differs from that of the previous stud-
ies is that the target site of the RFCA was the BOSs in the
tall P-wave zone, and not the SN. Thus, the RF energy
could safely and easily be delivered at the target sites
(BOSs) without any complications. As a result, this method
could achieve an acceptable long-term clinical outcome.
This method should be a new safe and effective procedural
strategy for IST.
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Table 1. Parameters before and after Radiofrequency Cath-
eter Ablation

Before After
24-h Holter Monitoring Analysis (n=6)
total HB (x10° beats/day) 134+2 L1134 2%
average HB (beats/minute) 931 79+ 1 **
Exercise Eelectrocardiogram Testing
Analysis (n=5)
Resting HR. (beats/minute) 108+2 952 %
Time-HR 130 (seconds) 76%5 212+ 5%
Exercise tolerance (Mets) 6.8+0.4 93+ 0.6%
Response to Beta-adrenergic Receptor
Stimulator (n=6)
ISP dose achieved HR150 bpm (pg) 28+02 48£03%*

**p<0.01, *p<0.05 versus before RFCA, HB = heart beats; HR = heart rate;
Time-HR130 = time achieved 130 bpm of the heart rate; ISP = isoproterenol.

A Before

Heart rate (bpm)

Heart rate (bpm)

Time {o'clock)

Figure 3. The 24-h Holter monitoring before and after the
radiofrequency catheter ablation (RFCA). The heart rate was
greater than 100 bpm at rest or with minimal exertion before
the RFCA (A). However, that adverse heart rate response was
not observed after the RFCA (B).

Mechanism of IST

Although the mechanism(s) of IST has not been com-
pletely elucidated, several potential mechanisms have been
raised include the following: 1) autonomic dysfunction
including an increased sympathetic tone and/or receptor
sensitivity, blunted parasympathetic tone, or sympathovagal
imbalance (2, 10), 2) abnormal automaticity of the
SN (2, 11), 3) an atrial tachycardia focus near the SN (2),
and 4) dysautonomia involving the anterior right ganglion-
ated plexi (ARGP) (12, 13).

In this method, the target of the RFCA sites was the
BOSs in the tall P-wave zone, and not the SN, indicating
that abnormal automaticity of the SN may not be the poten-
tial mechanism of IST (14). The distinction between a focal
atrial tachycardia and IST is often difficult to make. Occa-
sionally, this distinction can be made clinically in that atrial
tachycardia may not be related to activity with an unpredict-
able onset of the tachycardia at rest or with minimal exer-

tion. Moreover, the BOSs of the tachycardia shifts for each
different heart rate. This point may differentiate IST from
focal atrial tachycardia.

It has been reported that epinephrine injected into the
ARGP, which is located in the fat pad at the base of the
right pulmonary veins adjacent to the caudal end of the SN,
induces IST, and ablation of the ARGP eliminated the IST
without damaging the SN (12, 13). Since the ablation sites
were near the SN in this study, it may be possible that the
ARGP may have been ablated. However, we could not suffi-
ciently explain why the BOSs moved from the tall P-wave
zone to the normal P-wave zone. Further studies may be
needed to explain this.

We assumed that two types of autonomic regulation may
exist, because there are two types of BOSs, those associated
with a tall P-wave zone and those with a normal P-wave
zone. Since the response to beta-adrenergic receptor stimula-
tors differed before and after the RFCA (Table 1), one type
of autonomic regulation may be an increased sympathetic
tone and/or receptor sensitivity. Thus, the ablation of these
abnormal autonomic regulation sites may abolish the IST-
associated tachycardia, and improve the response to beta-
adrenergic receptor stimulators. As a result, the BOSs
shifted from the tall-P wave zone, possibly autonomic regu-
lation sites, to the normal P-wave zone, possibly normal
autonomic regulation sites.

Limitation of this study

The patient number of this study is comparably small.
This arrhythmia involves several mechanisms such as pri-
mary sinus node abnormality, depressed efferent cardiovagal
reflex and beta-adrenergic hypersensitivity (11). Not all of
the patients with this arrhythmia may show a similar re-
sponse to landiolol or isoproterenol. The similar trend in the
response might occur only in a small subgroup of patients
with this arrhythmia.

Conclusion

Finally, this new therapeutic method for ablating IST us-
ing the EnSite system was effective and safe. Although IST
is an uncommon clinical syndrome, it has disabling symp-
toms. Thus, physicians should be aware of this condition
when examining a patient with a tachycardia characterized
by an elevated resting heart rate or a disproportionate in-
crease in the heart rate with minimal exertion. Since IST is
often drug-refractory, RFCA utilizing EnSite may be consid-
ered as the first choice of therapy in such patients.
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Figure 4. The serum brain natriuretic peptide (BNP) concentration and New York Heart Associa-
tion (NYHA) functional class before and 6 to 12 months after the radiofrequency catheter ablation
(RFCA). The serum BNP level was elevated before the RFCA, however, it significantly decreased 6
to 12 months after the RFCA (p<0.05) (panel A). Although the NYHA functional class was demon-
strated to be significantly worse before the RFCA (panel B), the RFCA significantly improved the
NYHA functional class as compared to that before the intervention (p<0.01).

Table 2. Patient Symptoms and Medi-
cations before and after Radiofrequency
Catheter Ablation
Before After
Symptoms
palpitations 100% 0%
general fatigue 83% 0%
depression 67% 0%
fainting 33% 0%
Medications
beta-blockers 100% 33%
calcium-channel blockers 33% 0%
digitalis 17% 0%
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Activation of mineralocorticoid receptors in the rostral
ventrolateral medulla is involved in hypertensive
mechanisms in stroke-prone spontaneously
hypertensive rats

Toshiaki Nakagaki'?, Yoshitaka Hirooka’, Ryuichi Matsukawa!, Masaaki Nishihara!, Masatsugu Nakano!,
Koji Ito!, Sumio Hoka? and Kenji Sunagawa!'

Mineralocorticoid receptor (MR) is recognized as a target for therapeutic intervention in hypertension and heart failure. MRs in
the central nervous system are thought to have an important role in blood pressure regulation. Thus, we examined whether
activation of the MR pathway in the rostral ventrolateral medulla (RVLM) of the brainstem contributes to the neural mechanism
of hypertension in stroke-prone spontaneously hypertensive rats (SHRSPs). We microinjected eplerenone, aldosterone or Na*-rich
artificial cerebrospinal fluid (aCSF) into the RVLM of anesthetized Wistar-Kyoto (WKY) rats and SHRSPs. Arterial pressure (AP),
heart rate (HR) and renal sympathetic nerve activity (RSNA) were recorded. The expressions of the MR protein and the serum-
and glucocorticoid-regulated kinase protein (Sgk1), which is a marker of MR activity, in the RVLM were measured by western
blot analysis. Bilateral microinjection of eplerenone into the RVLM decreased AP and RSNA in WKY rats and SHRSPs, and the
decreases in those variables were significantly greater in SHRSPs than WKY rats. Microinjection of aldosterone or Na*-rich aCSF
into the RVLM increased AP and RSNA dose-dependently. The increases in those variables were significantly greater in SHRSPs
than in WKY rats. The pressor responses of aldosterone or Na*-rich aCSF were attenuated by the prior injection of eplerenone

in SHRSPs. Sgkl expression levels in the RVLM were significantly greater in SHRSPs than in WKY rats. These findings suggest

that activation of MRs in the RVLM enhances sympathetic activity, thereby contributing to the neural mechanism of

hypertension in the SHRSP.

Hypertension Research (2012) 35, 470-476; doi:10.1038/hr.2011.220; published online 12 January 2012
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INTRODUCTION

Accumulating evidence indicates that the sympathetic nervous system
has an important role in the pathogenesis of hypertension.'”> Miner-
alocorticoid receptor (MR) is recognized as a target for therapeutic
intervention in hypertension and heart failure.** The beneficial effects
of the MR antagonist spironolactone or the more specific antagonist
eplerenone on end-organ damage have been studied in animal
models.51% It has been reported that MRs regulate epithelial Na
channels (ENaCs) that are important for the regulation of sodium
transport and the maintenance of extracellular fluid volume and
arterial pressure (AP) in the kidney.!! Recent studies have reported
the distribution of MRs or ENaCs in the choroid plexus, ependyma
and neurons, such as those in the supraoptic nucleus, paraventricular
nucleus and nucleus tractus solitarius.!?!3 In addition, the expression

of MR mRNA has been reported in the brainstem,' including the
rostral ventrolateral medulla (RVLM) and caudal ventrolateral
medulla.'>!¢ These findings suggest that MRs in the central nervous
system, especially in neurons, regulate Na* influx via ENaCs, leading
to hypertension and sympathoexcitation. However, it remains to be
determined whether activation of MRs in the brainstem contributes to
blood pressure regulation via the sympathetic nervous system.

The RVLM of the brainstem is one of the most important
vasomotor centers that determines sympathetic nervous system activ-
ity, and it is essential for the maintenance of basal vasomotor
tone.»'7!® There is a evidence that increased activity of the RVLM
leads to sympathetic hyperactivity in various model of hyperten-
sion.!®20 For example, both the pressor response to the microinjec-
tion of angiotensin II into the RVLM and the stimulation of AT,
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receptors were enhanced in spontaneously hypertensive rats (SHRs).?!
The activation of endogenous AT, receptors has also been demon-
strated in SHRs and stroke-prone spontaneously hypertensive rats
(SHRSPs).2%23 It has been reported that microinjection of aldosterone
into the RVLM increases AP, and that the MR blocker spironolactone
decreases AP2* The purpose of the present study was thus to
determine whether the MR pathway in the RVLM contributes to the
neural regulation of blood pressure through the sympathetic nervous
system, and whether the activation of endogenous MRs in the RVLM
leads to sympathetic hyperactivity and hypertension in SHRSPs.
Furthermore, we examined neuronal sensitivity to Na* in the
RVLM, because activation of MRs would induce ENaC upregulation.!!
SHRSPs are widely used as a model of hypertension, because they
develop exaggerated blood pressure elevation with high sympathetic
nervous system activity, thereby causing stoke and death.?® In addi-
tion, oral administration of eplerenone prevented salt-induced cardiac
fibrosis in SHRSPs.® For this purpose, we investigated the effects of
aldosterone, Na*-rich artificial cerebrospinal fluid (aCSF) and the MR
blocker eplerenone administered into the RVLM on arterial blood
pressure, heart rate (HR) and renal sympathetic nerve activity
(RSNA). The expression of MRs and serum- and glucocorticoid-
regulated kinase (Sgkl) expression levels, which indicate MR activity,
were also evaluated.

METHODS

This study was reviewed and approved by the Animal Experiments Ethics
Committee, Kyushu University Graduate School of Medical Sciences, and was
conducted according to the Guidelines for Animal Experiments of Kyushu
University.

Animals and general procedures

Male Wistar-Kyoto rats (WKY/Izm) and SHRSP/Izm (12-16 weeks old; SLC
Japan, Hamamatsu, Japan) were used. Food and tap water were available ad
libitum throughout the study. The rats were kept in a temperature- and
humidity-controlled room with a 12-h light period between 0800 hours to
2000 hours.

Microinjection into the RVLM and recording of blood pressure, HR
and RSNA
SHRSPs and WKY rats were initially anesthetized with sodium pentobarbital
(50mgkg~"! i.p., followed by a maintenance dosage of 20mgkg~! per h i.v.).
A catheter was inserted into the femoral artery to record AP and HR. A tracheal
cannula was connected to a ventilator, and the rats were artificially ventilated.
Body temperature was monitored with a rectal thermometer and maintained in
the range of 36.5-37.5 °C with a heating pad. The left renal nerve was exposed
using a left retroperitoneal flank incision. A pair of stainless steel bipolar
electrodes was placed beneath the renal nerve to record multifiber RSNA.> All
signals were recorded on a computer using a PowerLab system (AD Instru-
ments, Nagoya, Japan). The signal from the electrodes was amplified, passed
through a band pass filter and then rectified and integrated (resetting every
0.1s). The rats were placed in a stereotaxic frame, and the dorsal surface of the
medulla was surgically exposed to allow for positioning of the microinjection
pipettes in the RVLM (with the pipette angled rostrally 18 °C, 1.8 mm lateral,
3.5mm below the calamus scriptorius), as previously described.?® The micro-
injections (all microinjections were in a volume of 50-100nl unless otherwise
indicated) into the RVLM were made according to the following protocols: (1)
bilateral microinjections of the MR blocker eplerenone (100 pmol each); (2)
unilateral microinjection of aldosterone (10pmol-1nmol); (3) unilateral
microinjection of aldosterone (100 pmol) 30 min after bilateral microinjections
of eplerenone (100 pmol each); (4) unilateral microinjection of Na*-rich aCSF
(0.15-0.2m); and (5) unilateral microinjection of Na™-rich aCSF (0.2Mm in
50nl) 30 min after bilateral microinjections of eplerenone (100 pmol each).
aCSF (which contained (in mmoll™!) 121 NaCl, 3.4 KCl, 1.2 MgCl,, 0.6
NaH;POQy, 29 NaHCOj and 3.4 glucose) was used as a vehicle, and Na*-rich
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aCSF was prepared by adjusting the [Na*] of aCSF with additional NaCl>
Aldosterone was obtained from Sigma-Aldrich (St Louis, MO, USA). The MR
blocker eplerenone was a gift from the Pfizer Pharmaceutical Company, (New
York, NY, USA). Drug doses were based on previous reports®?” or our
preliminary experiments. Before microinjection of the drugs, the RVLM was
identified by monitoring the mean arterial pressure (MAP) after injecting a
small dose (1 nmol) of L-glutamate. For bilateral injections, injections were first
made on one side, and then the pipette was moved to the contralateral side; the
two injections were made ~ 3 min apart.

Western blot analysis for the MR and Sgkl in the RVLM

To obtain RVLM tissues, the rats were deeply anesthetized with sodium
pentobarbital (100mgkg™' i.p.) and transcardially perfused with phosphate-
buffered saline. The brain was quickly removed. The RVLM tissue was
homogenized and then sonicated in a lysing buffer containing 40 mmoll~!
of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1% Triton X-
100, 10% glycerol, 1 mmoll~! phenylmethanesulfony! fluoride and 1 protease
inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN, USA). The tissue
lysate was centrifuged at 6000 r.p.m. for 5 min at 4 °C in a microcentrifuge. The
lysate was collected, and the protein concentration was determined using a
bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Aliquots of
protein (50 pg) from each sample were separated on a 7.5% sodium dodecyl
sulfate-polyacrylamide gel. Subsequently, the separated proteins were trans-
ferred onto polyvinylidene difluoride membranes (Immobilon-P membrane;
Millipore, Billerica, MA, USA). The membranes were incubated with goat IgG
polyclonal antibody against MR (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), with rabbit IgG polyclonal antibody against SGK1 (Abcam,
Tokyo, Japan) and with rabbit IgG polyclonal antibody against glyceraldehyde-
3-phosphate dehydrogenase (1:1000; Santa Cruz Biotechnology) for 24 to 48 h.
The membranes were then washed and incubated with horseradish peroxidase-
conjugated horse anti-goat IgG or anti-rabbit antibody (1:10000; Santa Cruz
Biotechnology) for 40 min. Immunoreactivity was detected by autoradiography
using enhanced chemiluminescence and a western blotting detection kit
(Amersham, Piscataway, NJ, USA).

Statistical analysis

All values are expressed as the mean *s.e.m. The changes in MAP, HR and
RSNA values during the eplerenone microinjection studies and the MR and
Sgk1 receptor expression were compared between SHRSPs and WKY rats using
an unpaired f-test. Intergroup differences in MAP and RSNA after aldosterone
and Na*-rich aCSF microinjection were compared using two-way analysis of
variance. P values of <0.05 were considered statistically significant.

RESULTS

Effect of blockade of MR in the RVLM on arterial pressure, HR and
RSNA

The basal MAP and HR were significantly higher in SHRSPs than
in WKY rats (183.1%4.1 vs. 103.2+27mmHg, 355.7+3.1 vs
318.1+£3.3b.p.m., P<0.01, n=>5 for each). Bilateral microinjection
of the MR blocker eplerenone into the RVLM induced a significant
decrease in MAP, HR and RSNA in both SHRSPs and WKY rats.
The magnitudes of the decreases in AP and RSNA were significantly
greater in SHRSPs than in WKY rats (AMAP, —31.5%2.7 vs
—12.0+ 1.2mmHg, P< 0.01; RSNA Abaseline, —14.6 £2.1 vs. —4.3
*+0.5%, P<0.01, n=5 for each; Figures 1a and b). In contrast, the
decrease in HR was not significantly different between SHRSPs and
WKY rats (AHR, —22.9+ 7.8 vs. —17.4 £9.2b.p.m.; NS, n=5). These
changes occurred several minutes after injection, peaked at 40-60 min,
and gradually recovered over time, but they lasted more than 2 h.

Effect of microinjection of aldosterone into the RVLM on arterial
pressure, HR and RSNA

The basal MAP and HR were significantly higher in SHRSPs than
in WKY rats (185.7.£5.6 v 91.9%+2.7mmHg, 356.5+4.2 ws
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Figure 1 The responses of arterial pressure (AP), heart rate (HR) and renal sympathetic nerve activity (RSNA) to bilateral microinjection of the
mineralocorticoid receptor (MR) blocker eplerenone into the RVLM of Wistar—Kyoto (WKY) rats and stroke-prone spontaneously hypertensive rats (SHRSPs).
(a) Raw data of the changes in AF, HR and RSNA evoked by bilateral microinjection of eplerenone in WKY rats and SHRSPs. (b) Group data of the changes
in mean arterial pressure (MAP), HR and RSNA in response to bilateral microinjection of eplerenone (100 pmol). Values are expressed as the mean s.e.m.
*P<0.05 (n=5 for each).
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Figure 2 The responses of arterial pressure (AP), heart rate (HR) and renal sympathetic nerve activity (RSNA) to microinjection of aldosterone into the rostral
ventrolateral medulla (RVLM). (a) Raw data of the changes in AP, HR and RSNA after unilateral injection of aldosterone (10 pmol-1 nmol) into the RVLM in
Wistar-Kyoto (WKY) rats and stroke-prone spontaneously hypertensive rats (SHRSPs). (b) Group data of the changes in mean arterial pressure (MAP) and HR
evoked by unilateral microinjection of aldosterone (10 pmol-1 nmol) into the RVLM in WKY rats and SHRSPs. (c) Group data of the changes in MAP in
response to microinjection of aldosterone (100 pmol) without pretreatment (Aldo) and microinjection of aldosterone with pretreatment of eplerenone
(100 pmol) (Aldo + EPL) in WKY rats and SHRSPs. Values are expressed as the mean £ s.e.m. *P<0.05 (n=4 for each).
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302 £ 5.1 b.p.m., P<0.01, n=4 for each). Unilateral microinjection of
aldosterone into the RVLM significantly increased MAP and RSNA in
both SHRSPs and WKY rats. The pressor response induced by
aldosterone occurred in a dose-dependent manner (Figures 2a and
b). No significant changes in HR were observed in either strain of rats
(data not shown). The magnitude of the increases in these variables
was significantly greater in SHRSPs than in WKY rats (P<0.05, n=4
for each; Figure 2b). Pretreatment with eplerenone nearly prevented
the aldosterone-induced pressor responses in SHRSPs and WKY rats.
However, the blocking effect of MRs was significantly greater in
SHRSPs (P<0.05, n=>5 for each; Figure 2c).
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Figure 3 Western blot analysis demonstrating (a) mineralocorticoid receptor
(MR) and (b) serum- and glucocorticoid-regulated kinase (Sgkl) expression
in the rostral ventrolateral medulla (RVLM) in 12-week-old Wistar-Kyoto
(WKY) rats and stroke-prone spontaneously hypertensive rats (SHRSPs). The
densitometric average was normalized to the values obtained from the
analysis of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an
internal control. Expressions are shown relative to those seen in WKY rats,
which were assigned a value of 1. Values are expressed as the mean £s.e.m.
*P<0.05 (n=4 for each).
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MR and Sgkl expression levels in the RVLM

The protein expression levels of MRs in the RVLM did not differ
between SHRSPs and WKY rats. However, the levels of Sgkl, which is
induced by MRs and is a marker of the activity of MRs, were
significantly greater in SHRSPs than in WKY rats (P<0.05, n=4 for
each; Figure 3).

Effect of microinjection of Na*-rich aCSF into the RVLM on
arterial pressure, HR and RSNA

Similarly, the basal MAP and HR were significantly higher in SHRSPs
than in WKY rats (180.8. £4.1 vs. 87.1 £9.9mm Hg, 357.9£5.6 vs.
312.5+ 6.4 b.p.m., P<0.01, n=5 for each). Microinjection of Na*-rich
aCSF into the RVLM increased both MAP and RSNA in a dose-
dependent manner (Figures 4a and b), whereas microinjection of
0.15M aCSF into the RVLM caused no significant changes in MAP,
HR or RSNA. The magnitudes of the increases in these variables were
significantly greater in SHRSPs than in WKY rats (P<0.05, n=5 for
each; Figure 4b). In addition, pretreatment with bilateral microinjec-
tion of eplerenone into the RVLM significantly attenuated the Na*-
rich aCSF-induced pressor responses in SHRSPs, but did not sig-
nificantly change them in WKY rats (P<0.05, n=5 for each;
Figure 4c).

DISCUSSION

The findings of this study were as follows: (1) blockade of MRs in the
RVLM decreased MAP and RSNA in both SHRSPs and WKY rats, but
the decreases were apparently greater in SHRSPs than in WKY rats;
(2) microinjection of aldosterone or Na*-rich aCSF into the RVLM
increased MAP via sympathetic nerve activity in both SHRSPs and
WKY rats, but the increases were greater in SHRSPs than in WKY rats;
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Figure 4 The response to unilateral microinjection of Na*-rich artificial cerebrospinal fluid (aCSF) (0.15-0.2 ) into the rostral ventrolateral medulla (RVLM).
(a) Raw data of the changes in mean arterial pressure (AP), heart rate (HR) and renal sympathetic nerve activity (RSNA) in Wistar—Kyoto (WKY) rats and

stroke-prone spontaneously hypertensive rats (SHRSPs). (b) Group data of the changes in mean arterial pressure (MAP) and renal sympathetic nerve activity

(RSNA) evoked by unilateral microinjection of Na*-aCSF (0.2 m) into the RVLM in WKY rats and SHRSPs. (c) Group data of the changes in mean MAP in

response to microinjection of Na*-rich-aCSF (0.2 m) without pretreatment (Na*-rich aCSF) and microinjection of Na* rich-aCSF (0.2 m) with pretreatment of

eplerenone (100 pmol) (EPL + Na) in WKY rats and SHRSPs. Values are expressed as the mean ts.e.m. *P<0.05 (n=5 for each).
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observations, it is possible that Na*-rich aCSF in the RVLM increases
sympathetic nerve activity and MAP.

The pressor effect was greater in SHRSPs than in WKY rats, and this
difference between the strains might have been related to the different
neural responsiveness to Na*-rich aCSF via ENaCs in the RVLM. This
pressor effect was partially blocked by the MR blocker eplerenone in
SHRSPs, indicating that the effect of Na* might be mediated by MR
activation. ICV infusion of the MR blockers, spironolactone®® or
benzamil,*” prevented Na*-induced sympathoexcitatory and pressor
responses in WKY rats. It has also been reported that ICV infusion of
eplerenone attenuated ENaC expression in mice with pressure over-
load.*® Taken together, these findings suggest that MRs mediate Na*
via ENaCs or transporters on the cell surface of neurons in the RVLM.

Study limitations

MRs are largely occupied by the glucocorticoid corticosterone,
which is present in a higher concentration than aldosterone in the
brain.*! The enzyme 11f-hydroxysteroid dehydrogenase type 2 (11pB-
HSD2), which is distributed the brainstem, including the nucleus
tractus solitarius,*® rapidly converts corticosterone to an inactive
metabolite. Thus, the coexpression of 11p-HSD2 with MRs may
identify brain regions that are particularly sensitive to aldosterone.
Although the precise expression of 11p-HSD2 in the RVLM has not
yet been determined, we found that aldosterone in the RVLM
increased blood pressure, and this pressor response was prevented
by the MR blocker eplerenone. Therefore, our findings suggest that
aldosterone acts on the MRs in the RVLM. We still cannot exclude the
possibility that corticosterone, instead of aldosterone, may act on the
MRs in the RVLM. Together with the origin of aldosterone in the
RVLM as well as the central nervous system, the study regarding
ligand-specifying mechanisms has just begun. In addition, we did not
determine whether ENaC activity is involved in the neural respon-
siveness to Na*-rich aCSF in the RVLM, because we did not measure
ENaC activation in the RVLM. However, it is possible that MRs and
ENaCs in the RVLM may be involved in this mechanism.

In conclusion, these findings indicate that MRs in the RVLM
contribute to the neural mechanisms of hypertension via sympathetic
nerve activity, and that increased activity of MRs may be involved in
the elevation of blood pressure in SHRSPs.
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