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To elucidate the role of Ca**-activated K* (K¢,) 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.

Keywords:

Anesthetized rats
Microdialysis technique
Acetylcholine
Norepinephrine
Epinephrine
Ca**-activated K* channels

hyperpolarization of the membrane, and subsequently limits Ca**
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 Ca®* 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 G872 8092.
E-mail address: takiyama@ri.ncve.go.jp (T. Akiyama).

0197-0186/$ - see front matter ® 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuint.2009.10.010

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 K¢, 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 K¢, 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.

Please cite this article in press as: Akiyama, T., et al., Role of Ca?*-activated K* channels in catecholamine release from in vivo rat adrenal
medulla. Neurochem. Int. (2009), doi: 10.1016/j.neuint.2009.10.010
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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 K¢, (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 mgfkg, 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 mgfkg/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 mim ID; PAN-DX 100,000 ol wt 100% cutoff, Asahi Chemical, Japan)
was inserted into a polyethylene tube (25 cm fength, 0.5 mm 0D, and 0.2 mm ID;
§P-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 2.80 003, 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 wl/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 focally
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~
4 h 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 perforimed based on the previous experiment showing that
dialysate ACh and/or catecholamine responses were reproduciblie 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 medulia, 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 uM) 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
clectrically 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 wM, n = 7), paxilline {100 uM,
n=7), apamin (10 1M, 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 pl) 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 ). Half of the dialysate sample
was used for the measurement of ACh, and the remaining half for the mmeasurement
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 sptanchnic nerves were stimulated before and 30 min after administration of
iberiotoxin (n = 7), paxilline (n = 7), apamin {n =7} or scyflatoxin (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 uM, 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
K¢a channel antagonists, ACh (1 mM) was locally administered again for 1 min.
Phosphate buffer (pH 3.5, 2 i) 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 w1). 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
Kc¢a channel antagonists, we analyzed heart rate and mean arterial pressure,
basal diaiysate 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 4+ 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 i 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 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,

Please cite this article in press as; Akiyama, T.. et al., Role of Ca?’-activated K* chamiels in catecholamiﬁe release from in vivo rat adrenal
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ACh could not be detected in dialysate before nerve m o
stimulation even in the presence of neostigmine. In contrast, 0 on . " on 0

2Hz z z z

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 scyliatoxin
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 £ 1.0 to 14.0 £ 1.0 oM at 4 Hz. NE release increased from 7 + 0.5
to32 + 3nMat2 Hzand from 27 + 3to 74 + 9 nM at 4 Hz. Epi release
increased from 39+ 5 to 78 £ 5nM at 2 Hz, and from 105 + 8 to
193 +£15nM at 4 Hz. Similarly, paxilline enhanced the nerve
stimulation-induced release of ACh and catecholamine (Fig. 1B).
ACh release increased from4.1 £ 0.4t05.9 + 0.5 nM at 2 Hz and from
9.4 + 0.7 t0 13.7 £ 0.9 nM at 4 Hz. NE release increased from 11 4 2
to 26 + 4 nM at 2 Hz, from 31 + 5 to 58 + 8 nM at 4 Hz, Epi release
increased from 41 + 7 to 77 £ 14 oM 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 + 3t0 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 + 4to 50 + 3nMat2 Hzand from 122 + 5
to 152 + 12 nM at 4 Hz.

paxilline (100 uM)

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 wM): 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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W NE s
20 Epi 200 €
- el
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b g
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s 10 100 §
< $
5 4 50 g

0 [}
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(8] Q
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0 : 0
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scyllatoxin (2 uM)

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 Kcq 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
from2:03t010+2nMat2Hzand from12+3to31 +3n0Mat
4 Hz, Epi release increased from 13 + 3t0 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 2 Hz and from 12+4 to
29 + 5 nM at 4 Hz. Epi release increased from 12 + 4t046 + 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 K¢, 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

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 K¢, 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 CaZ*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 scyliatoxin
had no effect on the nerve stimulation-induced ACh release at 2 or
4 Hz (Fig. 2). In perfused cat adrenal glands preloaded with [*H]-
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
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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¢q 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 K¢,
channels on the cell surface are activated by Ca®" release from
intracellular Ca®* 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 aninhibitory 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 minorrole in the nerve stimulation-induced catecholamine
release.
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Kamiya A, Kawada T, Shimizu §, Iwase S, Sugimachi M,
Mano T. Slow head-up tilt causes lower activation of muscle
sympathetic nerve activity: loading speed dependence of ortho-
static sympathetic activation in humans. Am J Physiol Heart Cire
Physiol 297: H53-H58, 2009. First published May 15, 2009;
doi: 10.1152/ajpheart.00260.2009.—Many carlicr human studics have
reported that increasing the tilt angle of head-up tilt (HUT) results in
greater muscle sympathetic nerve activity (MSNA) response, indicat-
ing the amplitude dependence of sympathetic activation in response (o
orthostatic stress. However, little is known about whether and how the
inclining speed of HUT influcnces the MSNA response to HUT,
independent of the magnitude of HUT. Twelve healthy subjects
participated in passive 30° HUT tests at inclining speeds of 1°
{control), 0.1° (slow), and 0.0167° (very slow) per second. We
recorded MSNA (tibial nerve) by microncurography and assessed
nonstationary time-dependent changes of R-R interval variability
using a complex demodulation technigue. MSNA averaged over every
10° tilt angle increased during inclination from 0° 1o 30°, with smaller
increases in the slow and very slow tests than in the control test.
Although a 3-min MSNA overshoot after reaching 30° HUT was
observed in the control test, no overshoot was detected in the slow and
very slow tests. In contrast with MSNA, increases in heart rate during
the inclination and after rcaching 30° were similar in these tests,
probably because when compared with the control test, greater in-
creases in plasma cpinephrine counteracted smaller autonomic re-
sponscs in the very slow test. These results indicate that slower HUT
results in lower activation of MSNA, suggesting that HUT-induced
sympathetic activation depends partially on the speed of inclination
during HUT in humans.

autonomic nervous system: baroveflex: heart rate variability: micro-
neurography

HUMANS 1IAVE BEEN SUBJECTED to ceaseless orthostatic stresses
since they first evolved and assume an orthostatic posture most
of their lives. Thus the maintenance of arterial pressure (AP)
under orthostatic stress against gravity-driven fluid shift is of
great importance. During standing, gravitational fluid shift
toward the lower part of the body (i.e., abdominal vascular bed,
lower limbs) would cause severe orthostatic hypotension if not
counteracted by compensatory mechanisms (27). Orthostatic
sympathetic activation mediated by arterial baroreflex has been
considered to be the mujor compensatory mechanism (2, 26,
27) since denervation of baroreceptor afferents causes pro-
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found postural hypotension (30). Therefore, many earlier hu-
man studies have recorded muscle sympathetic nerve activity
(MSNA) by microneurographic technique and investigated
MSNA response to various orthostatic stresses such as head-up
tilt (HUT) and lower body negative pressure (LBNP) (1, 5, 24).
One of the important findings is that stronger orthostatic stress
results in greater MSNA response during incremental HUT (3,
13, 14, 28) and LBNP (17), indicating the amplitude depen-
dence of orthostatic MSNA activation. However, less attention
has been paid to the effects of loading speed of orthostatic
stress on orthostatic sympathetic activation in humans. Al-
though earlier studies reported that rapid HUT causes dynamic
and transient hemodynamic response (33, 34, 36), they did not
investigate MSNA. Thus it remains unclear whether and how
the inclining speed of HUT affects HUT-induced activation of
MSNA (loading speed dependence of orthostatic MSNA acti-
vation), independent of the magnitude of HUT, This is an
important clinical issue because the speed of upright tilting of
each patient’s bed would influence his/her autonomic nervous
and hemodynamic conditions,

Orthostatic sympathetic activation is mainly mediated by
arterial baroreflex control of MSNA, which exhibits high-pass
filter dynamic transfer characteristics at least in anesthetized
animals such as rabbits (15) and rats (29), indicating that more
rapid change of AP results in greater response of MSNA to
pressure change (15). Accordingly, we hypothesized that a
lower speed of HUT results in less MSNA activation in
humans. To test the hypothesis, we performed passive 30°
HUT tests at three inclining speeds (1°, 0.1°, and 0.0167°/s) in
12 healthy volunteers. We compared the responses of MSNA
measured by microneurography and hemodynamics during
these tests.

METHODS
Subjects

The subjects were 12 healthy volunteers (10 males and 2 females)
with a mean age (£SE) of 24 = 5 yr, mean height of 164 + {1 cm,
and mean weight of 38 + 9 kg. They were carcfully screened by
medical history, physical examination, complete blood count, blood
chemistry analyses, clectrocardiogram, and psychological lesting.
Candidates were excluded if they had evidence of cardiovascular or
other discase, smoked tobacco products, ook medications, or were
obese (body mass index >30 kg/m?). None of the subjects had
experienced spontancous syncope within the past 5 yr. All had a
sedentary lifestyle and were not athletes. All subjects gave informed
consent (o participate in this study, which was approved by the
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