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Conclusion

Using a model analysis, we have shown that the beneficial
effect of 1.5VR depends on the RV stiffness constant. 1.5VR
is the most beneficial for hypoplastic RV with 150-250% of
normal RV stiffness constant. The beneficial range of 1.5VR
may also be changed by individual parameters other than the
RV stiffness constant, but the beneficial range certainly
exists. Therefore, determination of management strategy
should be based not only on the morphologic parameters but
also on the physiologically determined properties.
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We assessed in vivo interstitial norepinephrine (NE) levels at the sinoatrial node in rabbits, using
microdialysis technique. A dialysis probe was implanted adjacent to the sinoatrial node of an anesthetized
rabbit and dialysate was sampled during sympathetic nerve stimulation. Atrial dialysate NE concentration
correlated well with heart rate. Desipramine significantly increased dialysate NE concentrations both before
and during sympathetic nerve stimulation compared with the absence of desipramine. However,
desipramine did not affect the relation between heart rate and dialysate NE concentration. These results
suggest that atrial dialysate NE level reflects the relative change of NE concentration in the synaptic cleft.
Microdialysis is a powerful tool to assess in vivo interstitial NE levels at the sinoatrial node.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heart rate is determined by the frequency of depolarization of
sinoatrial (SA) nodal cell during sinus rhythm. The SA node is
innervated by sympathetic nerve fibers. These sympathetic nerves,
together with parasympathetic nerves, play an important role in the
regulation of SA node pacemaker activities. Direct measurement of
electrical axonal activity of efferent cardiac sympathetic nerve
(Kawada et al,, 2004) and indirect measurement of norepinephrine
(NE) spillover from plasma NE concentration in the coronary sinus
(Meredith et al., 1993) have been used as indices of sympathetic nerve
terminal activity on the effector, i.e. sinoatrial node. However, due to
the heterogeneity of sympathetic innervation in the heart, quantita-
tive assessment of sympathetic nerve terminal activities on the SA
node is essential for better understanding of the sympathetic control
of heart rate.

Recently we have developed a microdialysis technique that allows
direct monitoring of acetylcholine release into the SA node (Shimizu
et al., 2009). In the present study, we monitored interstitial NE levels
in the right atrial myocardium adjacent to the SA node using the
microdialysis technique and investigated the relation between
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interstitial NE levels and heart rate in response to sympathetic
nerve stimulation. This study may prove the usefulness of micro-
dialysis in assessing the relative change of sympathetic nerve terminal
activity on the SA mode.

2. Materials and methods
2.1. Surgical preparation

Animal care was provided in accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physiological
Sciences approved by the Physiological Society of Japan. All protocols
were approved by the Animal Subject Committee of the National
Cardiovascular Center. Fourteen Japanese white rabbits weighing 2.4
to 2.8 kg were used in this study. Anesthesia was initiated by an
intravenous injection of pentobarbital sodium (50 mg/kg) via the
marginal ear vein, and then maintained at an appropriate level by
continuous intravenous infusion of c-chloralose and urethane
(16 mg/kg/h and 100 mg/kg/h) through a catheter inserted into the
femoral vein. The animals were intubated and ventilated mechani-
cally with room air mixed with oxygen. Systemic arterial pressure was
monitored by a catheter inserted into the femoral artery. Esophageal
temperature, which was measured by a thermometer (CTM-303,
Terumo, Japan), was maintained between 38 and 39 °C using a
heating pad. Bilateral vagal nerves were exposed through a midline
cervical incision and sectioned at the neck.

With the animal in supine position, a full median sternotomy was
performed to expose the heart. The right cardiac sympathetic nerve
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was exposed through the sternotomy and sectioned intrathoracically.
A pair of bipolar stainless steel electrodes was attached to the efferent
side of the right cardiac sympathetic nerve. The nerve and electrode
were immobilized using a quick-dry silicone gel (Kwik-Cast and
Kwik-Sil, World Precision Instruments, Inc., FL, USA). When sympa-
thetic stimulation was required, the efferent sympathetic nerve was
stimulated by a digital stimulator (SEN-7203, Nihon Kohden, Japan),
at a pulse duration of 1 ms and an amplitude of 5 V. Three stainless
electrodes were attached around the incision of sternotomy for the
body surface electrocardiogram. The heart rate was determined from
the electrocardiogram using a cardiotachometer. Heparin sodium
(100 1U/kg) was administered intravenously to prevent blood
coagulation. A dialysis probe was implanted and dialysis was
conducted as described in Dialysis Technique below. At the end of
the experiment, the animal was euthanized with an overdose
injection of pentobarbital sodium. In the postmortem examination,
the right atrial wall was resected with dialysis fiber. We observed the
inside of atrial wall macroscopically and confirmed that the dialysis
membrane was not exposed to right atrial lumen.

2.2, Dialysis technique

The materials and properties of the dialysis probe have been
described previously. (Akiyama et al., 1991; Shimizu et al,, 2009) A
dialysis fiber of semipermeable membrane (4 mm length, 310 pm
outer diameter, 200 pm inner diameter; PAN-1200, 50,000 molecular
weight cutoff; Asahi Chemical, Tokyo, Japan) was attached at both
ends to polyethylene tubes (25 cm length, 500 pm outer diameter,
200 pm inner diameter). A fine guiding needle (30 mm length, 510 pm
outer diameter, 250 pm inner diameter) with a stainless steel rod
(5 mm length, 250 pm outer diameter) was used for the implantation
of the dialysis probe. A dialysis probe was implanted into the right
atrial myocardium near the junction between the superior vena cava
and the right atrium. After implantation, the dialysis probe was
perfused with Ringer's solution (NaCl 147 mM, KCl 4 mM, CaCl,
3 mM) at a speed of 2 pl/min, using a microinjection pump (CMA/102,
Carnegie Medicin, Sweden). Experimental protocols were started
120 min after implantation of the dialysis probe. We took account of
the dead space between the dialysis membrane and the sample tube
at the start of each dialysate sampling. Four-ul phosphate buffer
(pH 3.5) was transferred into each sample tube before dialysate
sampling. Dialysate sampling periods were set at 10min (1 sample
volume =20 pl). Dialysate NE concentration was analyzed by high
performance liquid chromatography (Akiyama et al., 1991).

2.3. Experimental protocols

2.3.1. Protocol 1

To examine whether atrial interstitial NE level reflects NE release
from cardiac sympathetic nerve endings, we investigated the effect of
sympathetic nerve stimulation on dialysate NE concentration and
analyzed the relationship between the dialysate NE concentrations
and heart rate (n=7). We sampled control dialysate after transecting
the right sympathetic nerve. Then we stimulated the right sympa-
thetic nerve for 10 min each at frequencies of 2, 5 and 10 Hz, and
collected the dialysate during each stimulation. There was a 30-min
interval between the different stimulation frequencies. Twenty min
after sympathetic nerve stimulation, we sampled the dialysate again
to check for recovery of NE level.

2.3.2. Protocol 2

Most of the released NE is removed by neuronal uptake mechanism
in the heart (Goldstein et al., 1988). To examine whether an increase in
atrial interstitial NE level reflects the increase in synaptic NE levels
associated with inhibition of neuronal uptake, we investigated the
effects of sympathetic nerve stimulation on dialysate NE concentration

in the presence of neuronal uptake inhibition and analyzed the
relationship between dialysate NE concentration and heart rate
(n=17). After intravenous administration of a neuronal uptake inhibitor,
desipramine (1.0 mg/kg), we stimulated the right sympathetic nerve
and sampled the dialysate in a similar fashion as in Protocol 1.

2.4. Statistical analysis

All data are presented as means =+ SE. Heart rate and dialysate NE
concentrations (logarithmic transformation) in response to sympa-
thetic stimulation were compared between the absence and presence
of desipramine by two-way analysis of variance (ANOVA). If there was
not a significant interaction between desipramine and stimulation
effects, heart rate and dialysate NE concentrations (logarithmic
transformation) in response to sympathetic stimulation were com-
pared using Dunnett's test. After logarithmic transformation of
dialysate NE concentration, a linear regression analysis was per-
formed to examine the relation between dialysate NE concentration
and heart rate. The differences in slope and intercept between two
regression lines were examined. (Glantz, 2005) Differences were
considered significant at P<0.05.

3. Results

In Protocol 1 (stimulation alone), right cardiac sympathetic nerve
stimulation significantly increased heart rate from 260 4- 8 bpmin the pre-
stimulation control to 298 4 11 bpm during stimulation at 2 Hz (P<0.01
vs.control), 3194 10bpm at 5 Hz (P<0.01 vs. control) and 318 +- 11 bpm
at 10 Hz (P<0.01 vs. control) (ANOVA, P<0.001). Heart rate recovered to
26149bpm 20 min after stimulation. Right cardiac sympathetic nerve
stimulation significantly increased dialysate NE concentration from 0.4 +
0.1nM in the pre-stimulation control to 1.0 4- 0.1 nM during stimulation at
2 Hz (P<0.01 vs. control), 22 4+0.5nM at 5 Hz (P<0.01 vs. control) and
2.940.9nM at 10 Hz (P<0.01 vs. control) (ANOVA, P<0.001). Dialysate
NE concentration recovered to the pre-stimulation level 20min after
stimulation (0.6 +-0.1nM) (Fig. 1).

In Protocol 2 (desipramine + stimulation), intravenous administration
of desipramine significantly increased baseline heart rate (295411 vs.
263411 bpm, P<0.01, paired t test) and baseline dialysate NE
concentration (1.5 0.2 vs. 0.8 +-0.2nM, P<0.01, paired t test) compared

[] stimulation Alone (n=7)
_ Desipramine + Stimulation (n=7)

- - -
o N -

Dialysate NE Concentration (nM)
(-
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Fig. 1. Dialysate NE concentrations of controls and during electrical stimulation of right
cardiac sympathetic nerve at different frequencies. The two-way analysis of variance
(ANOVA) revealed the significant effect of sympathetic nerve stimulation on dialysate
NE concentration (P<0.001) and the significant difference in dialysate NE concentra-
tion (P<0.001) between the absence and presence of desipramine. The interaction
between desipramine and stimulation effects was not significant. Values are means +
SE; NE: norepinephrine; SNS: electrical sympathetic nerve stimulation; n: number of
rabbits; *: P<0.01 vs. the pre-stimulation control by Dunnett's test.
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to Protocol 1. Right cardiac sympathetic nerve stimulation significantly
increased heart rate from 295 + 11 bpm in the pre-stimulation control to
349+ 9bpm during stimulation at 2 Hz (P<0.01 vs. control), 361+
8bpm at 5 Hz (P<0.01 vs. control) and 351 +-9bpm at 10 Hz (P<0.01 vs.
control) (ANOVA, P<0.001). Heart rate recovered to 2954 13bpm
20 min after stimulation. Right sympathetic nerve stimulation also
increased dialysate NE concentration from 1.5+0.2nM in the pre-
stimulation control to 4.6 4- 0.8 nM during stimulation at 2 Hz (P<0.01 vs.
control), 10.041.6nM at 5 Hz (P<0.01 vs. control) and 10.8 +2.6nM at
10 Hz (P<0.01 vs. control) (ANOVA, P<0.001). Dialysate NE concentra-
tion recovered to the pre-stimulation level 20 min after stimulation (1.9 +
0.3nM) (Fig. 1). Heart rate and dialysate NE concentrations in Protocol 2
(desipramine + stimulation) were significantly higher than those in
Protocol 1 (stimulation alone) (ANOVA, P<0.001). The interaction
between desipramine and stimulation effects was not significant.

The relation between heart rate and dialysate NE concentration is
shown in Fig. 2. Dialysate NE concentration correlated well with heart
rate in both Protocols 1 and 2 (Protocol 1: HR=290 4 87 x log[NE(nM)],
R*=0.71; Protocol 2: HR=283 + 74 x log[NE(nM)], R>=0.70) There
was no significant difference in the intercept or slope between the two
regression lines obtained from Protocols 1 and 2. (Glantz, 2005)

4. Discussion

We were able to monitor in vivo interstitial NE levels at the SA
node using microdialysis technique. A neuronal uptake inhibitor,
desipramine, significantly increased dialysate NE concentration in the
right atrial myocardium. However, desipramine scarcely affected the
relation between interstitial NE levels and heart rate.

4.1. Characteristics of dialysate NE concentration in right atrial
myocardium

Dialysate NE concentration in the right atrial myocardium
increased in response to electrical stimulation of the right cardiac
sympathetic nerve and decreased to the pre-stimulation level after
stimulation. These results indicate that atrial dialysate NE concentra-
tion reflects NE release from cardiac sympathetic nerve endings
innervating the right atrium. Furthermore, a semi-log plot demon-
strated a linear relationship between the right atrial dialysate NE
concentration and heart rate. Judging from this relation, a 10-fold
increase in dialysate NE concentration corresponds to an increase in
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Fig. 2. Relation between dialysate NE concentration (logarithmic scale) and heart rate.
Dialysate NE concentration in the right atrial myocardium correlates well with heart
rate. Solid line: regression line fitting 35 data points obtained from Protocol 1
(stimulation alone) (R?=0.71); dotted line: regression line fitting 35 data points
obtained from Protocol 2 (desipramine + stimulation) (R? = 0.70). NE: norepinephrine.

heart rate of 87bpm. The relative changes in NE release monitored by
microdialysis correlate well with the frequency in depolarization of
the SA nodal cell. Thus, we consider that dialysate NE concentration
does reflect the relative changes in synaptic NE level. The relation
between exogenous NE concentration and heart rate has been
investigated in the isolated rabbit's atria (Toda, 1969). However,
there is no report of a direct method to assess the endogenous NE
release into the SA node. Microdialysis enables the monitoring of
endogenous NE release into the SA node.

4.2. Effect of neuronal uptake on dialysate NE concentration

In the presence of desipramine, a neuronal uptake inhibitor,
dialysate NE concentration also increased in response to sympathetic
nerve stimulation and decreased to the pre-stimulation levels after
stimulation. However, dialysate NE concentrations were 3.1-4.6 times
higher than the corresponding values in the absence of desipramine.
These results are consistent with earlier experimental studies
demonstrating that a large part of released NE is removed by neuronal
uptake (Goldstein et al., 1988). In the present study, we were able to
monitor the change in neuronal NE uptake function induced by
desipramine using microdialysis technique.

Linked with the increase in dialysate NE concentrations in the
presence of desipramine, heart rates were 33-51bpm higher than the
corresponding values in the absence of desipramine. Thus, desipra-
mine does not alter the relation between dialysate NE concentration
and heart rate. The intercept and the slope of regression line also did
not differ significantly in the presence and absence of desipramine.
These results indicate that neuronal uptake removes effective NE from
the synaptic cleft without affecting the sensitivity of the SA nodal cell,
and that neuronal NE uptake function plays an important role in the
regulation of heart rate. The increase in synaptic NE concentration
induced by inhibition of neuronal uptake affects the frequency of
depolarization of the SA nodal cell.

Endoh (1975) reported that desipramine shifted the dose-
response curve for exogenous NE to the lower NE levels. Since
desipramine suppresses the neuronal uptake of both endogenous and
exogenous NE, the increase in effective NE on the sinoatrial node may
yield this apparent shift in the dose-response curve. Our results
suggest that desipramine-inhibited neuronal uptake scarcely affects
the relation between synaptic NE concentration and heart rate.
Therefore, microdialysis may be a powerful tool to assess the change
of synaptic NE concentration in the SA node.

4.3. Limitation

There were several limitations in the present study. First, since we
did not section the left cardiac sympathetic nerve, the influence of left
sympathetic nerve on the dialysate NE concentration cannot be
excluded. Therefore, intravenous administration of desipramine could
inhibit neuronal NE uptake at the left sympathetic nerve endings and
increase dialysate NE concentration. Second, desipramine may affect
the dynamic response of heart rate to sympathetic activation. We
have already reported that desipramine decreases the natural
frequency of the transfer function from sympathetic nerve activity
to heart rate (Kawada et al., 2004). However, cardiac microdialysis
using shorter dialysis fiber requires 10-min sampling time to detect
changes in myocardial interstitial NE levels. Therefore, we were not
able to investigate the dynamic response of heart rate to sympathetic
activation in this study.

4.4. Conclusion
We were able to monitor endogenous NE release into the SA node

and detect the changes in neuronal uptake function using microdialysis
technique. Neuronal NE uptake together with NE release functions play
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an important role in the regulation of synaptic NE concentration in the
SA node. Microdialysis is a powerful tool to assess the changes of
synaptic NE concentration in the SA node.
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To elucidate the role of Ca**-activated K* (Kc,) channels in the presynaptic acetylcholine (ACh) release
from splanchnic nerve endings and the postsynaptic catecholamine release from chromaffin cells, we
applied microdialysis technique to the left adrenal medulla of anesthetized rats and investigated the
effects of local administration of K¢, channel antagonists through dialysis probes on the release of ACh
and/or catecholamine, induced by electrical stimulation of splanchnic nerves or local administration of
ACh through the dialysis probes. Nerve stimulation-induced release: in the presence of a cholinesterase
inhibitor, neostigmine, large-conductance K¢, (BK) channel antagonists, iberiotoxin and paxilline
enhanced the presynaptic ACh release and postsynaptic norepinephrine (NE) and epinephrine (Epi)
release. Small-conductance K¢, (SK) channel antagonists, apamin and scyllatoxin enhanced the Epi
release without any changes in ACh or NE release. In the absence of neostigmine, ACh release was not
detected. Iberiotoxin and paxilline enhanced NE and Epi release. Apamin and scyllatoxin had no effect on
NE or Epi release. Exogenous ACh-induced release: iberiotoxin and paxilline enhanced the Epi release, but
had no effect on the NE release. Apamin and scyllatoxin enhanced both NE and Epi release. In conclusion,
BK channels on splanchnic nerve endings play an inhibitory role in the physiological catecholamine
release from adrenal medulla by limiting presynaptic ACh release while SK channels do not. BK channels
on Epi-storing cells may play an inhibitory role in nerve stimulation-induced Epi release. SK channels on
NE- and Epi-storing cells play a minor role in nerve stimulation-induced catecholamine release.

© 2009 Elsevier Ltd. All rights reserved.
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hyperpolarization of the membrane, and subsequently limits Ca2*
entry through voltage-dependent Ca**channels. Thus, K¢, channels

1. Introduction

The physiological release of catecholamine from adrenal
medulla is controlled by central sympathetic neurons through
splanchnic nerves. Splanchnic nerve endings make synaptic-like
contacts with chromaffin cells (Coupland, 1965). Activation of
splanchnic nerve endings causes Ca®* influx through voltage-
dependent Ca?* channels, which evokes exocytotic acetylcholine
(ACh) release. This ACh release activates cholinergic receptors on
chromaffin cells, which causes Ca?" influx through voltage-
dependent Ca?* channels and evokes exocytotic catecholamine
release from chromaffin cells (Garcia et al., 2006).

Ca?*-activated K* (Kc,) currents are consistently found at
neuronal cells or nerve terminals (Meir et al., 1999). K¢, channels
are located in the vicinity of voltage-dependent CaZ* channels and
activated by Ca?* influx through voltage-dependent Ca** channels.
Activation of the K¢, channels induces outward efflux of K*, causes

* Corresponding author. Tel.: +81 6 6833 5012x2380; fax: +81 6 6872 8092.
E-mail address: takiyama@ri.ncvc.go.jp (T. Akiyama).

0197-0186/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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may be present at two different sites in the adrenal medulla:
splanchnic nerve endings and chromaffin cells, and are then
involved in the physiological regulation of presynaptic ACh release
and/or postsynaptic catecholamine release. In fact, it has been
reported that Kc; channels on chromaffin cells play an important
role in catecholamine release (Montiel et al., 1995; Uceda et al.,
1992; Wada et al., 1995). Little information is, however, available
on the role of Kc; channels in the presynaptic ACh release from
splanchnic nerve endings.

We have recently developed a dialysis technique to simulta-
neously monitor the release of presynaptic ACh and postsynaptic
catecholamine in the in vivo adrenal medulla (Akiyama et al.,
2004a). This method makes it possible to investigate the functional
roles of K¢, channels in the ACh release from splanchnic nerve
endings and the catecholamine release from adrenal medulla in the
in vivo state. In the present study, we applied the microdialysis
technique to the adrenal medulla of anesthetized rats and
investigated the effects of K¢, channel antagonists on the release
of presynaptic ACh and postsynaptic catecholamine.
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In electrophysiological studies, K¢, channels can be divided into
two types based on their single channel conductance: large-
conductance (BK) and small-conductance Kc, (SK) channels (Blatz
and Magleby, 1987). We tested two types of BK channel
antagonists: the selective peptidergic BK channel antagonist,
iberiotoxin (Candia et al, 1992) and the non-peptidergic BK
channel antagonist, paxilline (Kanus et al., 1994). Similarly we
tested two types of SK channel antagonists: the selective
peptidergic SK channel antagonist, apamin (Blatz and Magleby,
1986) and the selective peptidergic SK channel antagonist different
in amino acid sequence, scyllatoxin (Auguste et al., 1990).

2. Materials and methods
2.1. Animal preparation

Animal care was provided in strict accordance with the Guiding Principles for the
Care and Use of Animals in the Field of Physiological Sciences approved by the
Physiological Society of Japan. All protocols were approved by the Animal Subject
Committee of the National Cardiovascular Center. Adult male Wistar rats weighing
380-460 g were anesthetized with pentobarbital sodium (50-55 mg/kg, i.p.). A
cervical midline incision was made to expose the trachea, which was then
cannulated. The rats were ventilated with a constant-volume respirator using room
air mixed with oxygen. The left femoral artery and vein were cannulated for
monitoring arterial blood pressure and administration of anesthetic, respectively.
The level of anesthesia was maintained with a continuous intravenous infusion of
pentobarbital sodium (15-25 mg/kg/h, i.v.). The electrocardiogram was monitored
to record the heart rate. A thermostatic heating pad was used to keep the
esophageal temperature within a range of 37-38 °C. With the animal in the lateral
position, the left adrenal gland and left splanchnic nerve were exposed by a
subcostal flank incision, and the left splanchnic nerve was transected. In protocols
requiring nerve stimulation, shielded bipolar stainless steel electrodes were applied
to the distal end of the nerve, which was then stimulated with a digital stimulator
(SEN-7203, Nihon Kohden, Japan) with a rectangular pulse (10V and 1 ms in
duration).

2.2. Dialysis technique

Dialysis probe construction was the same as that used in our previous dialysis
experiments (Akiyama et al., 2003, 2004a,b). Each end of a dialysis fiber (0.32 mm
0D, and 0.25 mm ID; PAN-DX 100,000 mol wt 100% cutoff, Asahi Chemical, Japan)
was inserted into a polyethylene tube (25 cm length, 0.5 mm OD, and 0.2 mm ID;
SP-8) and glued. The length of the dialysis fiber exposed was 3 mm. At a perfusion
speed of 10 wl/min, in vitro recovery rates of ACh, norepinephrine (NE) and
epinephrine (Epi) were (%): 3.21 + 0.07, 2.68 + 0.03, and 2.80 + 0.03, respectively
(number of dialysis probes: 3).

The left adrenal gland was gently lifted, and the dialysis probe was implanted in
the medulla of the left adrenal gland along the long axis using a fine guiding needle.
The dialysis probe was perfused with Ringer's solution or Ringer's solution
containing pharmacological agents at a speed of 10 pl/min using a microinjection
pump (CMA/100, Carnegie Medicin, Sweden). Ringer's solution consisted of (in mM)
147.0 NaCl, 4.0 KCl, 2.25 CaCl,. All K¢, channel antagonists tested were locally
administered by perfusion through the dialysis probe after being dissolved in
Ringer’s solution. We started the protocols followed by a stabilization period of 3—-
4h and sampled dialysate taking the dead space volume between the dialysis
membrane and sample tube into account. Dialysate ACh and catecholamine
concentrations were separately measured using each high-performance liquid
chromatography with electrochemical detection as previously described (Akiyama
et al.,, 2004a,b).

2.3. Experimental protocols

The experiment was performed based on the previous experiment showing that
dialysate ACh and/or catecholamine responses were reproducible on repetition of
the pharmacological or electrical stimulation (Akiyama et al., 2004a,b). At the end of
the experiment, the rats were sacrificed with pentobarbital sodium, and the
implant sites were examined. The dialysis probes were confirmed to have been
implanted in the adrenal medulla, and no bleeding or necrosis was found
macroscopically.

2.4. Protocol 1

We perfused the dialysis probe with Ringer's solution containing a cholinester-
ase inhibitor, neostigmine (10 pM) and investigated the effects of BK and SK
channel antagonists on the nerve stimulation-induced responses of dialysate ACh
and catecholamine concentration. The left splanchnic nerves were firstly
electrically stimulated for 2 min at 2 Hz. Then, after a 30-min interval, nerves
were subjected to a second stimulation for 2 min at 4 Hz. After these control

stimulations, local administration of iberiotoxin (1 .M, n = 7), paxilline (100 .M,
n=7), apamin (10 pM, n=7) or scyllatoxin (2 uM, n=7) was started. Thirty
minutes after local administration of K¢, channel antagonists, nerves were
stimulated for 2 min at 2 Hz. Next, after a 30-min interval, nerves were stimulated
again for 2 min at 4 Hz. Phosphate buffer (pH 3.5, 4 j.l) was transferred into each
sample tube before dialysate sampling. Two dialysate samples were continuously
collected per nerve stimulation: one before and one during stimulation. One
sampling period was 2 min (1 sample volume = 20 p.1). Half of the dialysate sample
was used for the measurement of ACh, and the remaining half for the measurement
of NE and Epi.

2.5. Protocol 2

We investigated the effects of K¢, channel antagonists on the nerve stimulation-
induced catecholamine release in the absence of neostigmine. Like in protocol 1, the
left splanchnic nerves were stimulated before and 30 min after administration of
iberiotoxin (n=7), paxilline (n=7), apamin (n=7) or scyllatoxin (n=7) and two
dialysate samples were collected per nerve stimulation. The dialysate sample was
used for the measurement of NE and Epi.

2.6. Protocol 3

We investigated the effects of K, channel antagonists on exogenous ACh-
induced catecholamine release. The dialysis probe was perfused with Ringer's
solution. ACh (1 mM) was locally administered to the adrenal medulla through the
dialysis probe for 1 min. After first administration of ACh, local administration of
iberiotoxin (1 pM, n=7), paxilline (100 uM, n=7), apamin (10 uM, n=7) or
scyllatoxin (2 wM, n = 7) was started. Thirty minutes after local administration of
Kca channel antagonists, ACh (1 mM) was locally administered again for 1 min.
Phosphate buffer (pH 3.5, 2 pl) was transferred into each sample tube before
dialysate sampling. Two dialysate samples were continuously collected per local
administration of ACh: one before and one during administration. One sampling
period was 1 min (1 sample volume = 10 p.l). The dialysate sample was used for the
measurement of NE and Epi.

2.7. Drugs

Drugs were mixed fresh for each experiment. Neostigmine methylsulfate
(Shionogi, Japan), iberiotoxin (Peptide Institute, Japan), apamin (Peptide
Institute) and scyllatoxin (Peptide Institute) were dissolved and diluted in
Ringer's solution. Paxilline (Sigma Chemical, USA) was dissolved in DMSO and
diluted in Ringer's solution. The final concentration of DMSO in the working
solution was 0.5% (v/v).

2.8. Statistical methods

To examine the effects of nerve stimulation, local administration of ACh, and
Kca channel antagonists, we analyzed heart rate and mean arterial pressure,
basal dialysate NE and Epi content, and dialysate ACh, NE and Epi responses, by
using one-way analysis of variance with repeated measures. When statistical
significance was detected, the Newman-Keuls test was applied (Winer, 1971).
Statistical significance was defined as P <0.05. Values are presented as
means + SE.

3. Results
3.1. Changes in heart rate and mean arterial pressure

Local administration of neostigmine, K¢, channel antagonists,
and ACh through the dialysis probe did not change basal heart rate
or mean arterial pressure. In protocol 1, nerve stimulation
increased mean arterial pressure from 113 + 3 mmHg in control
to 131 +£ 2 mmHg at 2 Hz (n=28, P < 0.05) and 132 + 2 mmHg at
4 Hz (n =28, P < 0.05), and decreased heart rate from 436 + 4 beats/
min in control to 424 4+ 4 beats/min at 2 Hz (n =28, P < 0.05) and
420 + 4 beats/min at 4 Hz (n=28, P < 0.05). In protocol 2, nerve
stimulation increased mean arterial pressure from 115 4+ 4 mmHg
in control to 129+ 3 mmHg at 2Hz (n=28, P<0.05) and
131 +£ 3 mmHg at 4 Hz (n =28, P < 0.05), and decreased heart rate
from 423 + 3 beats/min in control to 410 + 4 beats/min at 2 Hz
(n=28, P<0.05) and 404 + 3 beats/min at 4 Hz (n =28, P < 0.05).
Heart rate and mean arterial pressure recovered to basal levels after
nerve stimulation. After administration of K¢, channel antagonists,
nerve stimulation evoked the same responses of heart rate and mean
arterial pressure.
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Before administration 49+04 171+1.1
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Values are means + SE. n, no. of rats; NE, norepinephrine; Epi, epinephrine, *P < 0.05 % § @
vs. values before administration. o 15 * § 150 %
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5 § g \ 0 8
ACh could not be detected in dialysate before nerve \ \ \ 3
ACh : —" N N
stimulation even in the presence of neostigmine. In contrast, 0 o . 0

substantial amounts of NE and Epi were observed in dialysate
before nerve stimulation or ACh administration. Local admin-
istration of neostigmine did not influence this basal catecho-
lamine release. BK channel antagonists, iberiotoxin and paxilline
did not change basal NE release but increased basal Epi release.
Similarly, the SK channel antagonists, apamin and scyllatoxin
did not change basal NE release, but increased basal Epi release
(Table 1).

ACh was detected in dialysate only during nerve stimulation
in the presence of neostigmine. Thus, we expressed this detected
dialysate ACh concentration as an index of ACh release
induced by nerve stimulation. In contrast, we subtracted
basal dialysate NE and Epi content before nerve stimulation
or ACh administration from those during stimulation or ACh
administration, and expressed these subtracted values as indices
of NE and Epi release induced by nerve stimulation or ACh
administration.

3.3. Effects of Kcq channel antagonists on the nerve stimulation-
induced ACh and catecholamine release in the presence of neostigmine

Iberiotoxin enhanced the nerve stimulation-induced release of
presynaptic ACh and postsynaptic catecholamine (Fig. 1A). ACh
release increased from 4.5 + 0.8 to 7.4 + 0.7 nM at 2 Hz and from
9.4 4+ 1.0 to 14.0 + 1.0 nM at 4 Hz. NE release increased from 7 + 0.5
to32 + 3 nMat2 Hzand from 27 + 3 to 74 + 9 nM at4 Hz. Epirelease
increased from 39+ 5 to 78 +5 nM at 2 Hz, and from 105 + 8 to
193+ 15nM at 4Hz. Similarly, paxilline enhanced the nerve
stimulation-induced release of ACh and catecholamine (Fig. 1B).
AChrelease increased from 4.1 - 0.4 t0 5.9 + 0.5 nM at 2 Hz and from
9.4 4+ 0.7 to 13.7 + 0.9 nM at 4 Hz. NE release increased from 11 + 2
to 26 +4 nM at 2 Hz, from 31 4+ 5 to 58 4+ 8 nM at 4 Hz. Epi release
increased from 41 + 7 to 77 + 14 nM at 2 Hz and from 108 + 14 to
195+ 17 nM at 4 Hz.

Apamin had no effect on the nerve stimulation-induced release
of ACh and NE, but enhanced the nerve stimulation-induced Epi
release (Fig. 2A). Epi release increased from 45 + 3 to 59 + 4 nM at
2 Hz and from 108 + 7 to 139 &+ 17 nM at 4 Hz. Scyllatoxin had no
effect on the nerve stimulation-induced release of ACh and NE either,
but enhanced the nerve stimulation-induced Epi release (Fig. 2B). Epi
release increased from 37 +4 to 50 + 3 nM at 2 Hz and from 122 £ 5
to 152 + 12 nM at 4 Hz.

2Hz 4 Hz 2Hz 4 Hz

paxilline (100 pM)

Fig. 1. Effects of BK channel antagonists on the nerve stimulation-induced release of
acetylcholine (ACh), norepinephrine (NE) and epinephrine (Epi) in the presence of
neostigmine (10 M): iberiotoxin (A) and paxilline (B) enhanced the release of ACh,
NE and Epi at 2 and 4 Hz. Values are means =+ SE from seven rats. *P < 0.05 vs. ACh, NE
or Epi release at the same frequency as before administration of BK channel
antagonists.
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2Hz 4 Hz 2Hz 4 Hz

scyllatoxin (2 pM)

Fig. 2. Effects of SK channel antagonists on the nerve stimulation-induced release of
ACh, NE and Epi in the presence of neostigmine (10 M): apamin (A) and scyllatoxin
(B) had no effect on the release of ACh or NE, but enhanced the Epi release at 2 and
4 Hz. Values are means + SE from seven rats. *P < 0.05 vs. ACh, NE or Epi release at the
same frequency as before administration of SK channel antagonists.
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Fig. 3. Effects of BK channel antagonists on the nerve stimulation-induced release of
NE and Epi in the absence of neostigmine: iberiotoxin (A) and paxilline (B)
enhanced the release of NE and Epi at 2 and 4 Hz. Values are means =+ SE from seven
rats. *P < 0.05 vs. NE or Epi release at the same frequency as before administration of
BK channel antagonists.

3.4. Effects of K¢, channel antagonists on the nerve stimulation-
induced catecholamine release in the absence of neostigmine

Iberiotoxin enhanced the nerve stimulation-induced catecho-
lamine release at both 2 and 4 Hz (Fig. 3A). NE release increased
from 2 + 0.3 to 10+ 2 nM at 2 Hz and from 12 + 3 to 31 +3 nM at
4 Hz. Epirelease increased from 13 + 3 to 27 + 9 nM at 2 Hz and from
47 +£15 to 76 + 18 nM at 4 Hz. Similarly, paxilline enhanced the
nerve stimulation-induced catecholamine release (Fig. 3B). NE release
increased from 3+ 0.6 to 15+ 2nM at 2Hz and from 12 +4 to
29 + 5 nM at 4 Hz. Epi release increased from 12 + 4 to 46 + 5 nM at
2 Hz and from 34 + 10 to 91 &+ 6 nM at 4 Hz. Apamin and scyllatoxin
had no effect on the nerve stimulation-induced catecholamine release
at 2 or 4 Hz (Fig. 4A and B).

3.5. Effects of Kcq channel antagonists on the exogenous ACh-induced
catecholamine release

Iberiotoxin had no effect on the exogenous ACh-induced NE
release, but enhanced the exogenous ACh-induced Epi release. Epi
release increased from 108 &+ 11 to 127 + 10 nM (Fig. 5A). Similarly,
paxilline had no effect on the exogenous ACh-induced NE release but
enhanced the exogenous ACh-induced Epi release. Epi release
increased from 93 £ 5 to 137 & 13 nM (Fig. 5B). Apamin enhanced
the exogenous ACh-induced catecholamine release (Fig. 6A). NE
release increased from 37+4 to 49+4nM and Epi release
from 103 +£8 to 122 + 9 nM. Similarly scyllatoxin enhanced the

scyllatoxin (2puM)

Fig. 4. Effects of SK channel antagonists on the nerve stimulation-induced release of
NE and Epi in the absence of neostigmine: apamin (A) and scyllatoxin (B) had no
effect on the release of NE or Epi at 2 or 4 Hz. Values are means + SE from seven rats,

exogenous ACh-induced catecholamine release (Fig. 6B). NE release
increased from 32 + 3 to 47 & 3 nM and Epi release from 108 + 6 to
140 +£ 11 nM.

4. Discussion

4.1. Roles of Kcq channels on splanchnic nerve endings in presynaptic
ACh release

We found that, in the in vivo adrenal medulla, both iberiotoxin
and paxilline enhanced the nerve stimulation-induced release of
presynaptic ACh at 2 and 4Hz by ~50% in the presence of
neostigmine (Fig. 1). BK channels currents have been confirmed on
cholinergic nerve endings including motor nerves in the neuro-
muscular junction (Flink and Atchison, 2003), presynaptic nerves
in the chick ciliary ganglion (Sun et al, 1999) and tracheal
parasympathetic nerves (Zhang et al., 1998). Activation of the K¢,
conductance is considered to limit Ca®* entry through voltage-
dependent Ca®"channels, and subsequently reduce transmitter
release (Meir et al., 1999). Our results strongly suggest that BK
channels are present on the splanchnic nerve endings and involved
in the control of ACh release. In the perfused cat adrenal gland,
charybdotoxin, a BK channel antagonist, enhanced catecholamine
release when transmural electrical stimulation was applied at low
external Ca%* concentrations, but not when exogenous ACh was
administered (Montiel et al., 1995). In the perfused rat adrenal
gland, charybdotoxin enhanced the release of Epi and NE induced
by transmural electrical stimulation, but not the release induced
by administration of ACh (Nagayama et al., 2000b). These indirect
studies suggested that BK channels may be involved in the control
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Fig. 5. Effects of BK channel antagonists on the exogenous ACh-induced release of
NE and Epi: iberiotoxin (A) and paxilline (B) had no effect on NE release, but
enhanced Epi release. Values are means =+ SE from seven rats. *P < 0.05 vs. NE or Epi
release before administration of BK channel antagonists.

of catecholamine release at the presynaptic site. But there has been
no direct study investigating the effect of BK channel antagonists
on ACh release from splanchnic nerve endings. This is the first
direct study to demonstrate that BK channels are involved in the
control of ACh release from splanchnic nerve endings. In the in vivo
adrenal medulla, we observed a substantial enhancement of ACh
release by BK channel antagonists at a frequency of 2 Hz with this
degree of enhancement being similar to that at a frequency of 4 Hz
(Fig. 1). BK channels on splanchnic nerve endings could be
functional under physiological conditions. In our previous study,
the nerve stimulation-induced catecholamine release was in large
part cholinergic in the presence or absence of neostigmine
(Akiyama et al., 2003). Thus, BK channels play an inhibitory role
in the physiological catecholamine release from adrenal medulla
by limiting presynaptic ACh release.

In contrast to BK channel antagonists, apamin and scyllatoxin
had no effect on the nerve stimulation-induced ACh release at 2 or
4 Hz (Fig. 2). In perfused cat adrenal glands preloaded with [3H]-
choline, apamin did not modify the efflux of [*H]-labeled
compound evoked by transmural electrical stimulation (Montiel
et al., 1995). SK channels seem to be absent on splanchnic nerve
endings or play a minor role in the ACh release from splanchnic
nerve endings.

4.2. Role of K¢, channels on chromaffin cells in catecholamine release
Iberiotoxin and paxilline had no effect on the exogenous ACh-

induced NE release, but enhanced exogenous ACh-induced Epi
release (Fig. 5). Adrenal chromaffin cells are divided into two

5
(A) 250
= W NE
Z 200 Epi
[0}
w
8
o 150
(0]
£
E 100
o
=
3
= 50
(&)

0 i

1 mM ACh 1 mM ACh
apamin (10uM)
(B) 250
I NE

= N i
T 200 Epi
[0
7]
3
o 150}
()]
£
E 100
o
L
2
= 50
o

0

1 mMACh 1mMACh

scyllatoxin (2pM)

Fig. 6. Effects of SK channel antagonists on the exogenous ACh-induced release of
NE and Epi: apamin (A) and scyllatoxin (B) enhanced the release of NE and Epi.
Values are means +SE from seven rats. *P < 0.05 vs. NE or Epi release before
administration of SK channel antagonists.

populations: NE- and Epi-storing cells (Coupland, 1984). While BK
channels seem to be absent on NE-storing cells or play a minor role
in the nerve stimulation-induced NE release, BK channels seem to
be present on Epi-storing cells. It has been reported that BK
channels present at rat chromaffin cells are activated by Ca®" influx
and contribute to the rapid termination of action potentials
(Prakriya and Lingle, 1999), while iberiotoxin augments the
nicotinic receptor-mediated catecholamine secretion from bovine
adrenal chromaffin cells (Wada et al., 1995). The enhancement by
BK channel antagonists of nerve stimulation-induced Epi release
may be in part ascribed to their direct effects on Epi-storing cells.
BK channels on Epi-storing cells may be involved in the control of
nerve stimulation-induced Epi release. In perfused rat and cat
adrenal glands, charybdotoxin, a BK channel antagonist, does not
affect the exogenous ACh-induced catecholamine release (Montiel
etal,, 1995; Nagayama et al., 2000b). Our results of Epi release were
inconsistent with these studies, possibly due to differences in the
BK channel antagonists used and/or in methodology because
charybdotoxin is pharmacologically less selective than iberiotoxin
for BK channels (Garcia et al., 1991).

Both apamin and scyllatoxin enhanced the nerve stimulation-
induced Epi release in the presence of neostigmine without
changes in ACh release (Fig. 2), and the exogenous ACh-induced
release of NE and Epi (Fig. 6). These results suggest that SK
channels are present on both NE- and Epi-storing cells and that
such enhancement is due to the direct effects of SK channel
antagonists on chromaffin cells. Neither apamin nor scyllatoxin,
however, had any effect on the nerve stimulation-induced NE
release in the presence or absence of neostigmine, and the nerve
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stimulation-induced Epi release in the absence of neostigmine
(Figs. 2 and 4). SK channels on chromaffin cells may play a minor
role in the nerve stimulation-induced catecholamine release. It has
been reported that SK channels on chromaffin cells are activated by
muscarinic receptor stimulation (Nagayama et al., 2000a; Uceda
et al., 1992). In our previous study of the same preparation, we
demonstrated that muscarinic receptors are present on NE- and
Epi-storing cells but play a minor role in the nerve stimulation-
induced release of NE and Epi, and that cholinesterase inhibitor
elicited muscarinic receptor-mediated Epi release when splanch-
nic nerve was stimulated (Akiyama et al., 2003). Therefore, SK
channels on NE- and Epi-storing cells play an important role in the
catecholamine release induced by activation of muscarinic or non-
cholinergic receptors including PACAP receptor (Fukushima et al.,
2002).

In the perfused rat adrenal gland, apamin enhanced NE release
induced by transmural electrical stimulation and a nicotinic
receptor agonist (Nagayama et al., 2000b). Therefore, SK channels
on NE-storing cells could be activated by nicotinic as well as
muscarinic receptors. But, our results of NE release induced by
nerve stimulation were inconsistent with this study. In anesthe-
tized dogs, scyllatoxin enhanced catecholamine release induced
by a nicotinic receptor agonist but did not affect catecholamine
release induced by splanchnic nerve stimulation (Nagayama
et al, 1998). Thus, this inconsistency may be due to the
difference in the method of nerve stimulation and SK channels
on NE-storing cells may be activated by nicotinic receptors in the
extrasynaptic region.

4.3. Roles of K¢, channels in basal NE and Epi release

In the present study, substantial basal release of NE and Epi was
observed in dialysate before nerve stimulation or ACh adminis-
tration. Both BK and SK channel antagonists enhanced the basal Epi
release but not the basal NE release. In our preparation, splanchnic
nerves had been transected before control sampling and basal
catecholamine release was not enhanced by a cholinesterase
inhibitor, neostigmine. Furthermore, using the same preparation
we demonstrated that basal catecholamine release is resistant to
not only cholinergic antagonists, but also N-, P/Q-, and L-type Ca®*
channel antagonists (Akiyama et al., 2004b). Basal catecholamine
release seems to be non-cholinergic and independent of Ca** influx
through voltage-dependent Ca®* channels. Ca?* release from
intracellular Ca?* stores may be involved in this basal catechola-
mine release. It has been suggested in chromaffin cells that Kc,
channels on the cell surface are activated by Ca®* release from
intracellular Ca2* stores (Ohta et al., 1998). On Epi-storing cells, BK
and SK channels may play a role in the Epi release induced by Ca®*
release from intracellular Ca®* stores.

4.4. Methodological considerations

Because previous results suggested that distribution across the
dialysis membrane is required (Akiyama et al., 2003, 2004a), we
used the K¢, channel antagonists at a concentration 10 times
higher than that required for complete channel blockade in
experimental settings in vitro. Then, we tested two different types
of selective BK and SK channel antagonists in the present study
because higher concentrations of K¢, channel antagonists might
induce other pharmacological effects.

Cholinesterase inhibitor was necessary to monitor endogen-
ous ACh even during the splanchnic nerve stimulation
because released ACh is rapidly degraded by acetylcholinester-
ase before reaching the dialysis fiber. Then, we examined the
effects of K¢, channel antagonists in the presence or absence of
neostigmine because neostigmine may influence the effects of

Kca channel antagonists. Local administration of neostigmine
enhanced the nerve stimulation-induced catecholamine release
to about 2-fold before and after administration of K¢, channel
antagonists (Figs. 1 and 3). This enhancement could be due to
the elevation of synaptic ACh levels by inhibition of acetylcho-
linesterase.

5. Conclusion

We applied dialysis technique to the adrenal medulla of
anesthetized rats and investigated the effects of K¢, channel
antagonists on the presynaptic ACh release from splanchnic nerve
endings and the postsynaptic catecholamine release from
chromaffin cells. BK channels on presynaptic splanchnic nerve
endings play an inhibitory role in the physiological catecholamine
release from adrenal medulla by limiting presynaptic ACh release
while SK channels do not. BK channels on Epi-storing cells may
play an inhibitory role in the nerve stimulation-induced Epi
release. SK channels are present on NE- and Epi-storing cells, but
play a minor role in the nerve stimulation-induced catecholamine
release.
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REVIEW

Oxidative Stress and Central Cardiovascular Regulation

— Pathogenesis of Hypertension and Therapeutic Aspects —
Yoshitaka Hirooka, MD; Yoji Sagara, MD; Takuya Kishi, MD; Kenji Sunagawa, MD

Oxidative stress is a key factor in the pathogenesis of hypertension and target organ damage, beginning in the
earliest stages. Extensive evidence indicates that the pivotal role of oxidative stress in the pathogenesis of hyper-
tension is due to its effects on the vasculature in relation to the development of atherosclerotic processes. It
remains unclear, however, whether oxidative stress in the brain, particularly the autonomic nuclei (including the
vasomotor center), has an important role in the occurrence and maintenance of hypertension via activation of the
sympathetic nervous system. The aim of the present review is to describe the contribution of oxidative stress in
the brain to the neural mechanisms that underlie hypertension, and discuss evidence that brain oxidative stress is
a potential therapeutic target. (Circ J 2010; 74: 827 —-835)

Key Words: Blood pressure; Brain; Heart rate; Hypertension; Sympathetic nervous system

nervous system plays an important role in the patho-

genesis of hypertension.!-* Activation of the sym-
pathetic nervous system is involved in the stages, clinical
forms, 24-h blood pressure patterns, end-organ damage, and
metabolic abnormalities of hypertension.!-* Although periph-
eral factors are also involved, the central nervous system
(CNS) mechanisms are considered crucial.>7 The results
of recent studies strongly suggest that central sympathetic
outflow is increased in hypertension.>” Increased oxidative
stress is also involved in the pathogenesis of hypertension.?
Although there have been many studies regarding target
organ damage in hypertension, relatively few studies have
addressed the role of oxidative stress in sympathetic nervous
system activation.®!! Based on the role of angiotensin II
(Ang II) in the generation of reactive oxygen species (ROS),
the relationship between brain angiotensin and central sym-
pathetic outflow has been examined.'>!* Our group was the
first to report that increased ROS generation in the brain-
stem contributes to the neural mechanisms of hypertension
in hypertensive rats,* and we and other investigators have
reported additional evidence to support this concept and the
potential therapeutic aspects.®~!! This review focuses on the
role of oxidative stress within the brain in the neural patho-
genesis of hypertension.

!- ccumulating evidence indicates that the sympathetic

Increased Oxidative Stress
in the Brain in Hypertension
Among the target organs of hypertensive vascular diseases,

the brain is most affected by aging and oxidative stress.!516
Cell membranes in the brain contain a high concentration

of polyunsaturated fatty acids. These fatty acids are targeted
by ROS, which elicit chain reactions of lipid peroxidation.
Oxidative stress is determined by measuring levels of thio-
barbituric acid-reactive substances (TBARS), end products
of lipid peroxidation. The levels of TBARS reflect those of
malondialedehyde, although the assay is not specific for
malondialedehyde.!s'7 There are some important points,
however, for assessing the levels of TBARS.!” The medium
used for tissue preparation needs to contain a chelating agent
and an antioxidant, and conditions for the assay must be kept
constant. Therefore, we used another method for assessing
the ROS production, which is electron spin resonance (ESR)
spectroscopy. The amount of ROS was quantified by moni-
toring the time-dependent decay of the amplitude of the ESR
spectra produced by the nitroxide radical 4-hydroxy-2,2,6,6-
tetramethyl-piperidine-N-oxyl (hydroxyl-TEMPO) as a spin
probe.>* The signal decay of ESR spectroscopy reflects
oxidative stress more directly. Also, it has an advantage for
in vivo study.!® We evaluated oxidative stress in the brains
of stroke-prone spontaneously hypertensive rats (SHRSP)
compared with normotensive Wistar—Kyoto (WKY) rats.®!4
The rostral ventrolateral medulla (RVLM) is the major vaso-
motor center that determines basal sympathetic nervous sys-
tem activity and it is essential for the maintenance of basal
vasomotor tone.>’ Spontaneously hypertensive rats (SHR)
or SHRSP exhibit increased sympathetic nervous system
activity during the development of hypertension and are
commonly used in experimental studies as models of human
essential hypertension.>” We previously investigated whether
ROS are increased in the RVLM of SHRSP.* First, we found
that ROS levels measured by TBARS and ESR spectroscopy
were increased in the RVLM of SHRSP compared with WKY

Received February 19, 2010; revised manuscript received March 25, 2010; accepted March 26, 2010; released online April 15, 2010
Department of Cardiovascular Medicine, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan
Mailing address: Yoshitaka Hirooka, MD, Department of Cardiovascular Medicine, Kyushu University Graduate School of Medical

Sciences, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan.

ISSN-1346-9843  doi:10.1253/circj.CJ-10-0153

E-mail: hyoshi @cardiol.med.kyushu-u.ac.jp

All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: ¢j@j-circ.or.jp

Circulation Journal Vol.74, May 2010



828 HIROOKA Y et al.
RVLM
(mmHg)
200 * L-glutamate
Stublin
Figure 1. In vivo gene transfer of dominant-negative Rac1 into the rostral ventrolateral medulla (RVLM). (A) Schematic diagram

showing the transfection sites. Gene transfer of adenovirus encoding dominant negative Rac1 (AdDNRac1) bilaterally into the
RVLM (1.4x10° pfu/ml; 500nl/site). (B) Transfection sites were confirmed by prior microinjection of L-glutamate. (C) Time course
of AdDNRac1 expression levels in the RVLM on western blot. HA, hemagglutinin.

rats. In addition, superoxide dismutase (SOD) expression and
activity, which are ROS scavenging factors, were decreased
in the RVLM of SHRSP compared with WKY rats. Func-
tionally, microinjection of the membrane-permeable radical
scavenger tempol into the RVLM decreased blood pres-
sure, heart rate, and sympathetic nervous system activity in
SHRSP but not in WKY rats. More importantly, overexpres-
sion of Mn-SOD, an antioxidant enzyme, in the RVLM of
SHRSP decreased blood pressure and sympathetic nervous
system activity. These findings strongly indicate that oxida-
tive stress in the RVLM is increased in SHRSP and contrib-
utes to the neural mechanisms of hypertension. As described
here, brain ROS is one of the results of generalized target
organ damage, appearing earlier in the brain due to its sus-
ceptibility. The brain ROS would increase blood pressure
via activation of the sympathetic nervous system and this
would ultimately result in a vicious cycle. It would be pos-
sible, however, that brain ROS is involved in the early stage
of hypertension in SHR or SHRSP, because we found that
oxidative stress in the brain assessed on in vivo ESR was
enhanced in young (6-week-old) SHR or SHRSP compared
with age-matched WKY rats (unpublished data). The levels
of TBARS were not different, probably because the levels
of TBARS reflect lipid peroxidation caused by ROS. Other
investigators also found that an increase in superoxide anions
in the RVLM is associated with hypertension in SHR, and
reduced expression and activity in Cu/Zn-SOD and Mn-SOD
within the RVLM contribute to oxidative stress and neuro-
genic hypertension in SHR.?® An increase in oxidative stress
within the RVLM also plays an important role in maintaining
high arterial blood pressure and sympathetic activation in 2-
kidney 1-clip (2K-1C) hypertensive rats, which is a renovas-
cular hypertension model.?! In that study, Oliveira-Sales et al

demonstrated that the mRNA expression of NAD(P)H oxi-
dase subunits (p47phox and gp91phox) in the RVLM was greater
in 2K-1C than in the control group. Interestingly, there were
no differences in Cu/Zn-SOD expression between the two
groups. TBARS levels in the RVLM were significantly greater
in the 2K-1C than in the control group, suggesting enhanced
oxidative stress. Functionally, microinjection of vitamin C into
the RVLM decreased blood pressure and renal sympathetic
nerve activity in 2K-1C but not in controls. Importantly, in a
subsequent study, these authors suggested that the paraven-
tricular nucleus of the hypothalamus is also involved.?* Nota-
bly, although 2K-1C is a model of renovascular hypertension,
suggesting that circulating Ang II is increased, angiotensin
type I (AT1) receptor gene expression levels within the RVLM
and paraventricular nucleus were upregulated in this model,
indicating that ROS was produced via the activation of nico-
tinamide-adenine dinucleotide phosphate [NAD(P)H] oxidase.

Sources of ROS Production in the Brain

As a source of ROS production in the CNS, NAD(P)H oxi-
dase is a major player. NAD(P)H oxidase is composed of two
membrane-bound subunits, gp91phox and p22phox; several cyto-
plasmic subunits, p47°hox, p4Qrhox and p67°hox; and the small
G-protein Rac1.2326 Stimulation of AT1 receptors activates
NAD(P)H oxidase by which the cytoplasmic subunits of
RacINAD(P)H oxidase such as Racl bind to the membrane
subunits, thereby activating the enzyme leading to super-
oxide generation. Rac1 requires lipid modification to migrate
from the cytosol to the plasma membrane, which is a neces-
sary step for activating ROS-generating NAD(P)H oxidase.
NAD(P)H oxidase activity is greater in the brainstem of
SHRSP than in that of WKY.?”:28 We transfected adenovirus
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Figure 2. Rac1 activity is elevated in
the rostral ventrolateral medulla of stroke-
prone spontaneously hypertensive rats
(SHRSP) compared to Wistar—Kyoto
(WKY) rats. GDP, guanosine 5'-diphos-
phate; GTP-yS, guanosine 5'-O-(3-thio-
triphospahte).

encoding dominant-negative Racl into the RVLM of SHRSP
and WKY rats (Figure 1).2” Racl activity in the RVLM tissue
was increased in SHRSP compared to WKY rats (Figure 2).%
Importantly, we demonstrated that inhibition of Racl-derived
ROS in the RVLM decreased blood pressure, heart rate, and
urinary norepinephrine excretion in SHRSP (Figure 3).27 A
similar response occurs after inhibition of Racl-derived ROS
in the nucleus tractus solitarius (NTS).28

In addition to the cytosolic production of ROS, mitochon-
dria are the primary source of ROS production in many cells.
Ang Il increases mitochondrial ROS production in the RVLM,
leading to sympathoexcitation.?’ Furthermore, NAD(P)H oxi-
dase-derived ROS might trigger Ca?* accumulation, which
leads to mitochondrial ROS production.? This suggestion
is based on the finding that gene transfer of dominant nega-
tive Racl attenuated the Ang II-induced increase in reduced
Mito-Tracker red fluorescence.?” In contrast, impairment
of mitochondrial electron transport chain complexes in the
RVLM might be involved in the neural abnormality underly-
ing hypertension in SHR.*® This issue was recently discussed
by Zimmerman and Zucker.>! Although we did not detect
impairment of brain mitochondrial respiratory complexes in
SHRSP, we propose that mitochondria-derived ROS mediate
sympathoexcitation via NAD(P)H oxidase activation.?

Another possibility for ROS generation is uncoupling nitric
oxide synthase (NOS). In the absence of L-arginine or with
tetrahydrobiopterin, NO production from inducible NOS
(iNOS) causes uncoupling from the oxidation of NADPH,
resulting in superoxide generation.? iNOS overexpression in
the RVLM causes hypertension and sympathoexcitation that
is mediated by an increase in oxidative stress.*> This might
be relevant to our observation that iNOS expression levels
in the RVLM are greater in SHRSP than in WKY rats.* In
addition, microinjection of iNOS antagonists into the RVLM
reduces blood pressure only in SHR, but not in WKY rats.>

ROS-Mediated Activation
of Transcriptional Factors
Tt has been suggested that an Ang II-mediated influx of Ca?*

in neurons depends on increased superoxide generation by a
Racl-dependent NAD(P)H oxidase.** Ang II also regulates
neuronal activity via inhibition of the delayed rectifier potas-
sium current.’> Ang [I-mediated upregulation of L-type Ca?*
currents in neurons isolated from the NTS is inhibited by
scavenging ROS, indicating a role for NAD(P)H oxidase-
derived superoxide in the activation of Ca?* channels in the
NTS.2#

NAD(P)H oxidase-derived superoxide mediates an Ang
II-induced pressor effect via the activation of p38 mitogen-
activated protein kinase (MAPK) in the RVLM.* Recently,
we suggested that AT1 receptor-activated caspase-3 acting
through the Ras/p38 MAPK/extracellular signal-related pro-
tein kinase pathway in the RVLM is involved in sympatho-
excitation in SHRSP.?” These pathways may be downstream
effectors of ROS in the RVLM, which in turn plays a crucial
role in the pathogenesis of hypertension. Interestingly, the
pro-apoptotic proteins Bax and Bad were enhanced and the
anti-apoptotic protein Bcl-2 was decreased in the RVLM of
SHRSP, and inhibition of caspase-3 normalized these changes
in pro- and anti-apoptotic protein levels.’” These alterations
in the RVLM of SHRSP were stimulated by Ang II via acti-
vation of the AT1 receptors, which are upregulated in this
strain and other hypertensive models.* It would be reason-
able to consider that different mechanisms may be responsi-
ble for sympathoexcitation in different brain sites (influx of
Ca? for RVLM, apoptosis for NTS), and activation of the
apoptotic pathway is involved in sympathoexcitation in the
RVLM.¥ The exact physiologic implication of these obser-
vations requires further evaluation.

Effects of Angiotensin Receptor Blockers
on Brain Oxidative Stress

The existence of an independent renin—angiotensin system
in the brain is well established. Activation of the brain renin—
angiotensin system substantially contributes to the develop-
ment and maintenance of hypertension through activation
of the sympathetic nervous system, vasopressin release, and
drinking behavior.3*# There is considerable evidence that
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Figure 3. Inhibition of Rac1-dependent superoxide production in the rostral ventrolateral medulla (RVLM) decreases blood
pressure, heart rate, and urinary norepinephrine excretion in stroke-prone spontaneously hypertensive rats (SHRSP). (A) Time
course of mean blood pressure (BP) and heart rate (HR) before and after gene transfer of dominant negative Rac1 (DNRac1).
(B) Twenty-four-hour urinary norepinephrine excretion before and after gene transfer of DNRac1 into the RVLM. d, day; WKY,

Wistar—Kyoto rats.

peripherally administered angiotensin receptor blockers
(ARBs) penetrate the blood—brain barrier, although there are
some differences among ARBs.%1:42 AT1 receptors are abun-
dant in the circumventricular organs, such as the subfornical
organ and the organum vasculosum lamina terminalis, and
the area postrema, which lack a blood—brain barrier.3*-42
Therefore, peripherally administered ARBs can also bind to

those areas, thereby inhibiting the central actions of Ang II.
Oral treatment with the ARB telmisartan appears to inhibit
the central responses to AngIl in awake rats.* Although
other ARBs also inhibit the central actions of Ang Il within
the brain beyond the blood-brain barrier,*424 these effects
might differ depending on the pharmacokinetics and prop-
erties of each drug (ie, lipophilicity etc).*> We evaluated the
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effect of treatment with telmisartan at either a high dose
(10mg-kg'-day!) or a low dose (3mg-kg!-day™?), or
hydralazine for 30 days on hypertension.* Systolic blood
pressure (SBP) and heart rate were measured using the tail-
cuff method. Urinary norepinephrine excretion was measured
as a marker of the sympathetic nervous system activity. We
evaluated ROS in the brain (cortex, cerebellum, hypothal-
amus, and brainstem) of SHRSP on ESR spectroscopy and
TBARS. Oral treatment with telmisartan reduced SBP dose-
dependently and hydralazine reduced SBP to a similar level to
the high dose of telmisartan (Figure 4). Telmisartan reduced,
while hydralazine increased, urinary norepinephrine excre-
tion (Figure 4). TBARS levels were significantly increased
in each area of the brain of SHRSP compared with WKY
rats (Figure 5). Oral treatment with telmisartan reduced the
TBARS levels, but hydralazine did not (Figure 5). These
findings suggest that (1) anti-hypertensive treatment with

telmisartan reduces ROS in the brain of SHRSP; (2) telmis-
artan decreases blood pressure, at least in part, via a reduc-
tion of the sympathetic nervous system activity in SHRSP;
and (3) these effects induced by telmisartan might be associ-
ated with protection of the brain of SHRSP from oxidative
stress. We also measured the concentration of hydroxyl radi-
cals using a modified procedure based on the hydroxylation
of sodium salicylate by hydroxyl radicals,* leading to the
production of 2,3-dihydroxybenzoic acid (2,3-DHBA).?47
Inhibition of Racl in the RVLM and oral treatment with
telmisartan significantly decreased the production of hydroxyl
radicals in the RVLM (Figure 6).%

Recently, we used in vivo ESR to assess oxidative stress
in the brain, and found that oral treatment with another ARB,
olmesartan, reduces oxidative stress in the brain of SHRSP
without inducing reflex activation of the sympathetic nervous
system.*8 In that study we evaluated the in vivo ESR signal
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Figure 5. Antioxidant effects of telmisartan in different brain areas. Thiobarbituric acid-reactive substances (TBARS) levels after
treatment with telmisartan (3 or 10mg/kg), hydralazine, or vehicle in SHRSP.
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decay rates of the brain using methoxycarbonyl-PROXYL, a
nitroxyl radical species, as a blood—brain barrier-permeable
spin probe.* Oral treatment with olmesartan attenuated the
exaggerated pressor response to an excitatory amino acid,
L-glutamate, in the RVLM of SHR compared to WKY rats.>
Further, the pressor response to microinjection of Ang II into
the RVLM was diminished in SHR treated with olmesartan.*
Thus, the importance of oxidative stress in the brain and
hypertension is supported by our studies as well as those of
others.!!

Several questions, however, remain to be answered. A

recent study suggested that systemic administration of can-
desartan reduces brain Ang II levels because it attenuates the
mRNA expression of both angiotensinogen and angiotensin-
converting enzyme in Ang I-infused rats.5! Whether systemic
treatment with ARBs indirectly regulates brain AngII re-
mains to be determined.

Effects of Other Cardiovascular Drugs
on Brain Oxidative Stress

Considering that ARBs act to inhibit NAD(P)H oxidase activ-
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ity, it is reasonable that ARBs have an antioxidant effect,
although there are some unresolved questions, as mentioned
previously. Calcium channel blockers, azelnidipine and amlo-
dipine, but not nicardipine, which also have antioxidant
properties, have a sympatho-inhibitory effect on the brain.534
In particular, treatment with azelnidipine reduces oxidative
stress in the RVLM associated with a decrease in the activity
of NAD(P)H oxidase, Cu/Zn-SOD, and Mn-SOD.** These
effects might be related to an improvement in NO produc-
tion, because we also demonstrated that overexpression of
endothelial NOS in the NTS or RVLM decreases blood pres-
sure and heart rate via the inhibition of sympathetic nervous
system activity.5¢° Surprisingly, we also found that atorvas-
tatin inhibits the sympathetic nervous system as a result of
upregulating NO activity and reducing oxidative stress.5-63
Further studies are needed to determine if this mechanism is
also applicable in humans.

Salt-Sensitive Hypertension
and Brain Oxidative Stress

Activation of the sympathetic nervous system, in particular,
an increase in central sympathetic outflow, plays an impor-
tant role in the pathogenesis of salt-sensitive hypertension
as well as that of kidney diseases.®%5 Recent studies suggest
that oxidative stress in the brain contributes to blood pres-
sure elevation in salt-sensitive hypertension.%6” We dem-
onstrated that high salt intake exacerbates blood pressure
elevation and sympathetic nervous system activity during
the development of hypertension in SHR, and these responses
are mediated by increased ROS generation, probably because
of an upregulation of AT1 receptors and NAD(P)H oxidase
in the RVLM.% The findings of a recent study from Kyushu
University Graduate School of Medical Sciences indicate that
mice with pressure overload acquired brain salt-sensitivity.5
This means that high salt intake increases the transport from
the blood to the cerebrospinal fluid and the response of the
sympathetic nerve activity to salt administered into the brain.
These results suggest that pressure overload affects salt sen-
sitivity, thereby enhancing central sympathetic outflow and
cardiac function.5® Left ventricular hypertrophy is an inde-
pendent risk of cardiovascular event and high salt intake is an
important environmental factor of hypertension, both of which
increased ROS, and sympathoexcitation may be involved in
the pathogenesis of the development of hypertension. A recent
clinical trial suggested that left ventricular hypertrophy is
related to cardiovascular events in Japanese high-risk hyper-
tensive patients.*

Summary and Future Perspectives

Currently in Japan, many patients with hypertension also
have metabolic syndrome. Importantly, the prevalence of
metabolic syndrome increases linearly with an increase in
heart rate among Japanese men and women,”® suggesting that
activation of the sympathetic nervous system is involved in
the pathogenesis of hypertension.” The prevalence of obstruc-
tive sleep apnea has increased as a result of the increase in
the number of obese patients with hypertension. Obese
patients with sleep apnea have enhanced central sympathetic
outflow, which worsens hypertension and leads to cardiovas-
cular events.”? Further, there is considerable evidence that
psychological stress is a major risk factor for cardiovascular
diseases and events associated with hypertension.”® Another
therapeutic target for the treatment of hypertension is heart

failure with a preserved ejection fraction.”* As suggested
here, salt-sensitivity might also be enhanced in these patients,
thereby further enhancing central sympathetic outflow.%®
Oxidative stress in the brain as well as other organs might
underlie these mechanisms. Future studies of the effects of
oxidative stress in the brain are warranted and will provide
useful information for the treatment of hypertension.
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