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Influence of w-Conotoxin GVIA, Nifedipine and Cilnidipine on
Catecholamine Release in the Rat Adrenal Medulla
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The present study was designed to establish comparatively the inhibitory effects of cilnidipine (CNP),
nifedipine (NIF), and w-conotoxin GVIA (CTX) on the release of CA evoked by cholinergic stimulation
and membrane depolarization from the isolated perfused model of the rat adrenal medulla. CNP (3
pM), NIF (3 g M), and CTX (3 xM) perfused into an adrenal vein for 60 min produced greatly inhibition
in CA secretory responses evoked by ACh (5.32x10"* M), DMPP (10™* M for 2 min), McN-A-343 (10 *
M for 2 min), high K* (5.6 x10 > M), Bay-K-8644 (10 ° M), and cyclopiazonic acid (10 ® M), respectively.
For the CA release evoked by ACh and Bay-K-8644, the following rank order of potency was obtained:
CNP>NIF > CTX. The rank order for the CA release evoked by McN-A-343 and cyclopiazonic acid was
CNP >NIF > CTX. Also, the rank orders for high K" and for DMPP were NIF > CTX > CNP and NIF >CNP
> CTX, respectively. Taken together, these results demonstrate that all voltage-dependent Ca®* channels
(VDCCs) blockers of cilnidipine, nifedipine, and w-conotoxin GVIA inhibit greatly the CA release evoked
by stimulation of cholinergic (both nicotinic and muscarinic) receptors and the membrane depolari-
zation without affecting the basal release from the isolated perfused rat adrenal gland. It seems likely
that the inhibitory effects of cilnidipine, nifedipine, and w-conotoxin GVIA are mediated by the blockade
of both L- and N-type, L-type only, and N-type only VDCCs located on the rat adrenomedullary
chromaffin cells, respectively, which are relevant to Ca®* mobilization. It is also suggested that N-type
VDCCs play an important role in the rat adrenomedullary CA secretion, in addition to L-type VDCCs.
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INTRODUCTION

Generally, it has been found that adrenal CA secretion
is mediated by muscarinic receptors as well as nicotinic
receptors in various species (Harish et al, 1987; Nakazato
et al, 1988), including the dog (Kimura et al, 1992). The
adrenal medulla possesses characteristics of postganglionic
sympathetic neurons, and both L- and N-type voltage-
dependent Ca®" channels (VDCCs) have been identified in
medullary chromaffin cells (Gandia et al, 1995). Several
types of VDCCs are present on adrenal chromaffin cells,
but the role of each type in the secretion process of
catecholamines (CA) remains controversial. Cat chromaffin
cells possess L- and N-type VDCCs which each carry 50%
of the Ca®" current (Albillos et al, 1994), but the L-type
VDCCs dominate the exocytotic process (Lopez et al, 1994a).
Bovine chromaffin cells possess not only L- (Artalejo et al,
1991) and N-type VDCCs (Hans et al, 1990; Artalejo et al,
1992) but also P- (Mintz et al, 1992; Gandia et al, 1994)
and Q-type VDCCs (Lopez et al, 1994b), and the L- and
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Q-type VDCCs dominate the exocytotic process (Lomax et
al, 1997). Rat chromaffin cells possess L-, N-, P- and Q-type
VDCCs (Gandia et al, 1995). Both L- and N-type Ca**
currents have been shown to be recruited during exocytosis
from rat chromaffin cells (Kim et al, 1995). Thus not all of
the VDCCs present in chromaffin cells may contribute to
the secretion of CA. Some electrophysiological data indicate
that cilnidipine, unlike other DHP Ca®* channel blockers
might be a dual-channel antagonist for peripheral neuronal
N-type and vascular L-type VDCCs (Oike et al, 1990; Fujii
et al, 1997; Uneyama et al, 1997). It has been shown that
the inhibition by cilnidipine of the splanchnic nerve
stimulation (SNS)-induced epinephrine (EP) and norepine-
phrine (NE) secretion and of the muscarine-induced NE
secretion in the anesthetized dogs is related to its blocking
action on N-type VDCCs (Nagayama et al, 1998). Moreover,
previously we demonstrated that the N-type VDCC blocker
w-conotoxin GVIA inhibits the secretion of CA induced by
SNS and exogenous acetylcholine (ACh) and suggested that

ABBREVIATIONS: CA, catecholamine; DMPP, 1.1-dimethyl-4-
phenyl piperazinium iodide; CNP, cilnidipine; NIF, nifedipine;
CTX, w-conotoxin GVIA; VDCCs, voltage-dependent calcium cha-
nnels; VMAT, vesicular monoamine transporter; DHP, dihydro-
pyridine.
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N-type VDCCs may contribute to the CA secretion (Kimura
et al, 1994).

It has also been found that adrenal CA secretion is
mediated by muscarinic receptors in various species (Dou-
glas & Poisner, 1965; Harish et al, 1987; Nakazato et al,
1988; Kimura et al, 1992). Concerning the role of VDCCs
in the muscarinic receptor-mediated CA secretion, obser-
vations obtained with L-type VDCC blockers in vitro
studies remain controversial. Verapamil, an L-type VDCC
blocker, does not affect muscarine-induced CA secretion
from perfused rat adrenal gland (Harish et al, 1987). In
contrast, isradipine, another L-type VDCC blocker, inhibits
the methacholine-induced CA secretion from cat chromaffin
cells (Uceda et al, 1992). However, little is known about the
involvement of N-type VDCCs in the muscarinic receptor-
mediated CA secretion (Uceda et al, 1994). Therefore, the
present study was designed to investigate the effects of
cilnidipine, a dual blocker of both L- and N-type VDCCs,
nifedipine, an L-type selective VDCC blocker, and w-
conotoxin GVIA, an N-type selective VDCC blocker, on the
secretion of CA from the isolated perfused model of the rat
adrenal gland in response to ACh, a direct membrane de-
polarizer, high potassium, a selective neuronal nicotinic
agonist 1,1-dimethyl-4-phenyl-piperazinium (DMPP), and a

selective muscarinic M;, McN-A-343 to elucidate the:

functional role of VDCCs in controlling the adrenal CA
secretion.

METHODS
Experimental procedure

Male Sprague-Dawley rats, weighing 180 to 250 g, were
anesthetized with thiopental sodium (40 mg/kg)
intraperitoneally. The adrenal gland was isolated by the
methods described previously (Wakade, 1981). The abdo-
men was opened by a midline incision, and placing three
hook retractors exposed the left adrenal gland and sur-
rounding area. The stomach, intestine and portion of the
liver were not removed, but pushed over to the right side
and covered by saline-soaked gauge pads and urine in
bladder was removed in order to obtain enough working
space for tying blood vessels and cannulations. A cannula,
used for perfusion of the adrenal gland, was inserted into
the distal end of the renal vein after all branches of adrenal
vein (if any), vena cava and aorta were ligated. Heparin
(400 IU/ml) was injected into vena cava to prevent blood
coagulation before ligating vessels and cannulations. A
small slit was made into the adrenal cortex just opposite
entrance of adrenal vein. Perfusion of the gland was
started, making sure that no leakage was present, and the
perfusion fluid escaped only from the slit made in adrenal
cortex. Then the adrenal gland, along with ligated blood
vessels and the cannula, was carefully removed from the
animal and placed on a platform of a leucite chamber. The
chamber was continuously circulated with water heated at
37+1°C (Fig. 1).

Perfusion of adrenal gland

The adrenal glands were perfused by means of a
peristaltic pump (WIZ Co., USA) at a rate of 0.3 ml/min.
The perfusion was carried out with Krebs-bicarbonate
solution of following composition (mM): NaCl, 118.4; KCI,

cnPew) [ cTX 6w NIF (3 M)
(10) (6) (6)
ACETYLCHOLINE]
120 ] * P<0.05, **: P<0.01

Catecholamine Secretion (%)

CONTROL 0-4

15-19 30-34 45-49 60-64
COLLECTION TIME AFTER EACH CALCIUM ANTAGONIST (miin)

Fig. 1. Time course effect of cilnidipine (CNP), @-contoxin GVIA
(CTX) and nifedipine (NIF) on the secretory responses of cate-
cholamines (CA) evoked by acetylcholine (ACh) from the isolated
perfused rat adrenal glands. The CA secretion by a single injection
of ACh (5.32x10°® M) in a volume of 0.05 ml was evoked at 15
min intervals after preloading with CNP (3 uM), CTX (3 M) and
NIF (3 xM) for 60 min, respectively, as indicated at an arrow mark.
Numbers in the parenthesis indicate number of rat adrenal glands.
Vertical bars on the columns represent the standard error of the
mean (S.E.M.). Ordinate: the amounts of CA secreted from the
adrenal gland (% of control). Abscissa: collection time of perfusate
(min). Statistical difference was obtained by comparing the
corresponding control with the pretreated group with CNP (3 x M),
CTX (3 zM) and NIF (3 uM) for 60 min, respectively. ACh-induced
perfusate was collected for 4 minutes. *p<0.05, **p<0.01. ns:
statistically not significant.

4.7; CaCly, 2.5; MgCls;, 1.18; NaHCOs;, 25; KH.PO4, 1.2;
glucose, 11.7. The solution was constantly bubbled with
95% 02+5% CO2 and the final pH of the solution was
maintained at 7.4~7.5. The solution contained disodium
EDTA (10 zg/ml) and ascorbic acid (100 ¢g/ml) to prevent
oxidation of CA.

Drug administration

The perfusions of DMPP (100 M), McN-A-343 (100 M)
for 2 minutes, Bay-K-8644 (10 xM) and cyclopiazonic acid
(10 gkM) for 4minutes were made into perfusion stream,
respectively. A single injection of ACh (5.32 mM) and KCl
(56 mM) in a volume of 0.05 ml was injected into perfusion
stream via a three-way stopcock.

In the preliminary experiments it was found that upon
administration of the above drugs, secretory responses to
ACh, KCl, McN-A-343, Bay-K-8644 and cyclopiazonic acid
returned to pre-injection level in about 4 min, but the
responses to DMPP in 8 min.

Collection of perfusate

As a rule, prior to stimulation with various secretago-
gues, perfusate was collected for 4 min to determine the
spontaneous secretion of CA (background sample). Imme-
diately after the collection of the background sample, collec-
tion of the perfusates was continued in another tube as soon
as the perfusion medium containing the stimulatory agent
reached the adrenal gland. Stimulated sample’s was
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collected for 4 to 8 min. The amounts secreted in the
background sample have been subtracted from that se-
creted from the stimulated sample to obtain the net
secretion value of CA, which is shown in all of the figures.

To study the effects of Ca®" channel antagonists on the
spontaneous and evoked secretion, the adrenal gland was
perfused with Krebs solution containing Ca®" channel
antagonists for 60 min immediately after the perfusate was
collected for a certain minute (background sample). And
then the medium was changed to the one containing the
stimulating agent and the perfusates were collected for the
same period as that for the background sample. Generally,
the adrenal gland's perfusate was collected in chilled tubes.

Measurement of catecholamines

CA content of perfusate was measured directly by the
fluorometric method of Anton & Sayre (1962) without the
intermediate purification alumina for the reasons described
earlier (Wakade, 1981) using fluorospectrophotometer
(Kontron Co. Italy).

A volume of 0.2 ml of the perfusate was used for the
reaction. The CA content in the perfusate of stimulated
glands by secretogagues used in the present work was high
encugh to obtain readings several folds greater than the
reading of control samples (unstimulated). The sample
blanks were also lowest for perfusates of stimulated and
non-stimulated samples. The content of CA in the perfusate
was expressed in terms of norepinephrine (base) equi-
valents.

Statistical analysis

The statistical significance between groups was deter-
mined by utilizing the Student’s t-test. A p-value of less
than 0.05 was considered to represent statistically signifi-
cant changes unless specifically noted in the text. Values
given in the text refer to means and the standard errors
of the mean (S.E.M.). The statistical analysis of the experi-
mental results was made by computer program described
by Tallarida & Murray (1987).

Drugs and their sources

The following drugs were used: cilnidipine hydrochloride
(UCB Japan Co., Japan), nifedipine hydrochloride, acetyl-
choline hydrochloride, 1,1-dimethyl-4- phenyl piperazinium
iodide (DMPP), norepinephrine bitartrate, nicotine tart-
rate, methyl-1,4-dihydro-2,6-dimethyl-3-nitro-4-2-trifluoro-
methylphenyl) pyridine-5- carboxylate (BAY-K8644), nico-
tine tartrate (Sigma Chemical Co., USA), cyclopiazonic acid
and [3-(m-chloro-phenyl-carbamoyl-oxy]-2-butynyl rimethyl
ammonium chloride [McN-A-343] (RBI, USA), and o
-conotoxin GVIA (Bachem, Bubendorf, Switzerland). Drugs
were dissolved in distilled water (stock) and diluted to the
normal Krebs solution as required except Bay-K- 8644,
nifedipine and clinidipine, which were dissolved in 99.5%
ethanol and diluted appropriately (final concentration of
alcohol was less than 0.1%). Bay-K-8644 and clinidipine are
stored under dark light before use. Concentrations of all
drugs used are expressed in terms of molar base.

RESULTS

Effects of cilnidipine, w-conotoxin GVIA and nifedi-
pine on CA secretion evoked by acetylcholine from th
perfused rat adrenal glands

After the initial perfusion with oxygenated Krebs-bicar-
bonate solution for 1 hr, basal CA release from the isolated
perfused rat adrenal glands amounted to 2142 ng/2 min
(n=8). Previously, it is also demonstrated that the
exogenous ACh-induced CA secretion is inhibited by w-
conotoxin GVIA, an N-type VDCC blocker as well as nife-
dipine and verapamil, L-type VDCC blockers in anes-
thetized dogs (Kimura et al, 1994). Therefore, it was decided
initially to examine the effects of cilnidipine, w-conotoxin
GVIA and nifedipine on ACh-evoked CA secretion from the
isolated perfused rat adrenal glands. ACh was given at 15
min-intervals. Cilnidipine, @-conotoxin GVIA and nifedi-
pine were present for 60 min, respectively.

In the present study, it was found that cilnidipine, w-
conotoxin GVIA and nifedipine themselves did not produce
any effect on the spontaneous CA release (data not shown).
When ACh (5.32<107° M) in a volume of 0.05 ml was
injected into the perfusion stream, the amount of CA
secreted was 33030 ng for 4 min. However, after the
simultaneous perfusion with cilnidipine (3 x 10~° M), ACh-
stimulated CA secretion was relatively time-dependently
inhibited to 48% of the control release (100%) from 10
adrenal glands as shown in Fig. 1. Also, in the presence
of w-conotoxin GVIA (3 x 10"% M) for 60 min, ACh-evoked
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Fig. 2. Time course effect of cilnidipine (CNP), @-contoxin GVIA
(CTX) and nifedipine (NIF) on the secretory responses of
catecholamines (CA) evoked by high potassium from the isolated
perfused rat adrenal glands. The CA secretion by a single injection
of high K* (5.6x107* M) in a volume of 0.05 ml was evoked at
15 min intervals after preloading with CNP (3 M), CTX (8 M)
and NIF (3 #M) for 60 min, respectively, as indicated at an arrow
mark. The other legends are the same as in Fig. 1. High K" -induced
perfusate was collected for 4 minutes. *p<0.05, **p<0.01. ns:
statistically not significant.
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CA secretory response was inhibited to 80% of the control
release, although it was not affected for 0~19 min period
(Fig. 1). Nifedipine (3x107% M), a selective L-type Ca®"
channel antagonist, also inhibited ACh-evoked CA release
by 59% of the corresponding control, as shown in Fig. 1.

Effects of cilnidipine, w-conotoxin GVIA and nifedi-
pine on CA secretion evoked by high potassium from
the perfused rat adrenal glands

Also, it has been found that direct membrane-depolari-
zing agent like KCI stimulates sharply CA secretion. High
K* (5.6x107% M) in a volume of 0.05 ml was given into
the rat adrenal medulla before the treatment with Ca®*"
channel antagonists evoked the CA secretion of 182+18 ng
for 4 min. In the present work, high K* (5.6x107% M)-
stimulated CA secretion after the pretreatment with lower
dose of cilnidipine (3 x 10™% M) was not affected for 0~ 34
min period. However, following 45 min of cilnidipine-treat-
ment it was inhibited to 80% of the corresponding control
secretion (100%) from 8 glands, as shown in Fig. 2. Also,
w-conotoxin GVIA (3 10™° M) and nifedipine (3 x 10 ¢ M),
given for 60 min, reduced high potassium-evoked CA secre-
tory response to 70% and 56% of the corresponding control
responses (100%), respectively, although they were not
affected for early period (Fig. 2).

Effects of cilnidipine, w-conotoxin GVIA and nifedi-
pine on CA secretion evoked by DMP from the perfuse
" rat adrenal glands

When perfused through the rat adrenal gland, DMPP (10~*
M), which is a selective neuronal nicotinic receptor agonist
in autonomic sympathetic ganglia, evoked a sharp and
rapid increase in CA secretion (361+28 ng for 0~8 min).
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Fig. 3. Time course effect of cilnidipine (CNP), w-contoxin GVIA
(CTX) and nifedipine (NIF) on the secretory responses of
catecholamines (CA) evoked by DMPP from the isolated perfused
rat adrenal glands. The CA secretion by a perfusion of DMPP (10*
M) for 2 min was evoked at 20 min intervals after preloading with
CNP (3 M), CTX (3 xM) and NIF (3 xM) for 60 min, respectively,
as indicated at an arrow mark. The other legends are the same
as in Fig. 1. DMPP-induced perfusate was collected for 8 minutes.
*p<0.05, **p<0.01.

As shown in Fig. 3, DMPP-stimulated CA secretion fol-
lowing the loading with cilnidipine (3 X 107 M) for 60 min
was relatively time-dependently inhibited to 41% of the
control secretion (100%) from 10 adrenal glands. In the
presence of @-conotoxin GVIA (3x 107% M), a selective N-
type Ca®' channel antagonist, for 60 min, DMPP-evoked
CA secretory response was inhibited to 69% of the control
release, as shown in Fig. 3. Nifedipine 83%x10°° M) also
reduced markedly DMPP-evoked CA secretion by 32% of
the corresponding control (Fig. 3).

Effects of cilnidipine, w-conotoxin GVIA and nifedi-
pine on CA secretion evoked by McN-A-343 from th
perfused rat adrenal glands

In awaked rats, McN-A-343 induced hypertension and
tachycardia, which are antagonized by propranolol (Martin,
1996). Adrenal demedullation had no effect on the tachy-
cardia, whereas treatment with guanethidine suppressed
both tachycardia and hypertension (Martin, 1996). It has
been shown that muscarinic stimulation generates a
depolarizing signal, which triggers the firing of action
potentials, resulting in the increased CA release in the rat
chromaffin cells (Akaike et al, 1990) and the perfused rat
adrenal gland (Lim & Hwang, 1991). Therefore, it was of
interest to examine the effects of cilnidipine, w-conotoxin
GVIA and nifedipine on CA secretion evoked by McN-
A-343, which is a selective muscarinic M1-receptor agonist
(Hammer & Giachetti, 1982), in the isolated perfused rat
adrenal glands.

As illustrated in Fig. 4, McN-A-343 (10 * M), perfused
into an adrenal vein for 4 min before the treatment with
Ca®" channel antagonists caused an increased CA secretion
by 140+6 ng (0~4 min). However, in the presence of
cilnidipine (3 x 10~% M), the CA secretory response evoked
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Fig. 4. Time course effect of cilnidipine (CNP), w-contoxin GVIA
(CTX) and nifedipine (NIF) on the secretory responses of catechola-
mines (CA) evoked by McN-A-343 from the isolated perfused rat
adrenal glands. The CA secretion by a perfusion of McN-A-343 1o
M) for 2 min was evoked at 15 min intervals after preloading with
CNP (3 uM), CTX (3 uM) and NIF (3 xM) for 60 min, respectively,
as indicated at an arrow mark. The other legends are the same
as in Fig. 1. McN-A-343-induced perfusate was collected for 4
minutes. *p<0.05, **p<0.01. ns: statistically not significant.
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Fig. 5. Time course effect of cilnidipine (CNP), w-contoxin GVIA
(CTX) and nifedipine (NIF) on the secretory responses of
catecholamines (CA) evoked by Bay-K-8644 from the isolated
perfused rat adrenal glands. The CA secretion by a perfusion of
Bay-K-8644 (10" ° M) for 4 min was evoked at 15 min intervals
after preloading with CNP (3 xM), CTX (3 «M) and NIF (3 M) for
60 min, respectively, as indicated at an arrow mark. The other
legends are the same as in Fig. 1. Bay-K-8644-induced perfusate
was collected for 4 minutes. *p<0.05, **p<0.01. ns: statistically
not significant.

by McN-A-343 was diminished by 49% of the control release
(100%) in a relative time-dependent fashion. Also, in the
presence of -conotoxin GVIA (3x 10~ % M) for 60 min, the
CA secretion evoked by McN-A-343 was inhibited by 58%
of the corresponding control release (100%), as shown in
Fig. 4. Nifedipine (3x107% M), given in to the adrenal
medulla, also inhibited time-dependently the CA secretion
evoked by McN-A-343 by 53% of the corresponding control
(Fig. 4).

Effects of cilnidipine, w-conotoxin GVIA and nifedi-
pine on CA secretion evoked by Bay-K-8644 from th
perfused rat adrenal glands

It has been found that Bay-K-8644 is a selective L-type
calcium channel activator, which causes positive inotropy
and vasoconstriction in isolated tissues and intact animals
(Schramm et al, 1982; Wada et al, 1985) and enhances basal
Ca®" uptake (Garcia et al, 1984) and CA release (Lim et
al, 1992). Therefore, it was of interest to determine the
effects of cilnidipine, w-conotoxin GVIA and nifedipine on
the CA secretion evoked by Bay-K-8644 from the isolated
perfused rat adrenal glands. In the absence of Ca®* channel
antagonists, Bay-K-8644 (10" M) given into the perfusion
stream for 4 min produced CA secretion of 117+12 ng (0~4
min). However, in the presence of cilnidipine (3x 10~ ° M),
the CA secretion evoked by Bay-K-8644 was time-
dependently inhibited by 42% of the corresponding control
release (Fig. 5). Also, w-conotoxin GVIA (3x10°° M) and
nifedipine (3 ¥ 10~° M), given into the adrenal gland for 60
min, reduced the CA secretory responses evoked by
Bay-K-8644 to 56% and 50% of the corresponding control
responses (100%), respectively, which were produced rela-
tively in time-dependent fashion (Fig. 5).
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Fig. 6. Time course effect of cilnidipine (CNP), w-contoxin GVIA
(CTX) and nifedipine (NIF) on the secretory responses of
catecholamines (CA) evoked by cyclopiazonic acid from the isolated
perfused rat adrenal glands. The CA secretion by a perfusion of
cyclopiazonic acid (107° M) for 4 min was evoked at 15 min
intervals after preloading with CNP (3 M), CTX (3 M) and NIF
(3 M) for 60 min, respectively, as indicated at an arrow mark. The
other legends are the same as in Fig. 1. Cyclopiazonic acid-induced
perfusate was collected for 4 minutes. *p<0.05, **p<0.01. ns:
statistically not significant.

Effects of cilnidipine, w-conotoxin GVIA and nifedi-
pine on CA secretion evoked by cyclopiazonic acid
from the perfused rat adrenal glands

Cyclopiazonic acid, a mycotoxin from Aspergillus and
Penicillium, has been described as a highly selective inhi-
bitor of Ca® -ATPase in skeletal muscle sarcoplasmic reti-
culum (Georger & Riley, 1989; Seidler et al, 1989). It has
been shown that the mobilization of Ca®” from Ca®" stores
by pharmacological manipulation (e.g., inhibition of Ca®"-
ATPase in the stores by thapsigargin or cyclopiazonic acid)
activates Ca®" entry through store-operated Ca’” channel
(SOC) (Takemura et al, 1989; Fasolato et al, 1994; Berridge,
1995). It was excitable to test the effects of cilnidipine, w
-conotoxin GVIA and nifedipine on the CA secretion evoked
by cyclopiazonic acid from the isolated perfused rat adrenal
glands. As shown in Fig. 6, cyclopiazonic acid (107°
M)-evoked CA secretion prior to the treatment with
cilnidipine (3% 10”° M) was 93+10 ng for 0~4 min. How-
ever, in presence of cilnidipine (3X 1078 M), the cyclo-
piazonic acid (10~° M)-evoked CA secretion was inhibited
by 55% of the control response (100%), although it was not
affected for early 0~ 19 min period. Also, the pretreatment
with -conotoxin GVIA (3x107° M) for 60 min depressed
the CA secretion evoked by cyclopiazonic acid by 62% of
the corresponding control release (100%), as shown in Fig.
6. Nifedipine (3> 10° M), given in to the adrenal medulla,
also time-dependently inhibited the CA secretion evoked by
cyclopiazonic acid by 57% of the corresponding control (Fig. 6).

DISCUSSION

These experimental results demonstrate that all VDCC
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blockers of cilnidipine, w-conotoxin GVIA, and nifedipine
inhibit greatly the release of CA from the isolated perfused
rat adrenal gland evoked by stimulation of cholinergic (both
nicotinic and muscarinic) receptors and the membrane
depolarization without affecting the basal release, respec-
tively. It seems likely that the inhibitory effects of cilni-
dipine, w-conotoxin GVIA, and nifedipine are mediated by
the blockade of both L- and N-type, N-type only, and L-type
only VDCCs located on the rat adrenomedullary chromaffin
cells, respectively. It is also suggested that N-type VDCCs
play an important role in the rat adrenomedullary CA
secretion, in addition to L-type VDCCs.

Generally, it has been found that the adrenal medulla
possesses characteristics of postganglionic sympathetic
neurons, and both L- and N-type VDCCs have been iden-
tified in medullary chromaffin cells (Gandia et al, 1995).
Adrenal CA secretion has been found to be mediated by
muscarinic receptors as well as nicotinic receptors in
various species (Harish et al, 1987; Nakazato et al, 1988),
including the dog (Kimura et al, 1992). However, little is
known about the involvement of VDCCs in contributing to
the muscarinic receptor-mediated CA secretion (Uceda et
al, 1994).

Nifedipine inhibited the increases in CA output induced
by ACh and the nicotinic agonist DMPP as well as by
McN-A-343 and high K'. The inhibitory effects of nife-
dipine on the ACh-induced CA secretion can be explained
by its blocking action on the nicotinic receptor-mediated
pathway. L-type VDCCs may thus contribute to the secre-
tion of CA mediated by nicotinic receptors. Nifedipine also
inhibited the DMPP-induced increase in CA output, sug-
gesting that L-type VDCCs surely contribute to nicotinic
receptor-mediated CA secretion. In support of this idea, it
has been reported that furnidipine, an L-type VDCC
blocker, inhibits the K" -induced norepinephrine secretion
more than that of epinephrine in bovine chromaffin cells
(Lomax et al, 1997). These findings, including the present
results, suggest that the nifedipine's blocking effect of
L-type VDCCs to K" -induced CA secretion is greater than
those to other VDCC blockers. This explains the weaker
inhibitory effect of nifedipine on ACh-induced CA secretion
in comparison with that of cilnidipine, although it was
stronger than that of w-conotoxin GVIA. Here, the question
arises as to why nifedipine influences the nicotinic receptor-
mediated CA secretion differently; a potent inhibition in the
case of DMPP and a weak inhibition in the case of ACh-
evoked CA secretion. This difference might be explained by
assuming a differential distribution of L-type voltage-
dependent Ca®* channels on the CA-containing cell mem-
brane in synaptic zones and extrasynaptic regions (Fig. 7).

If L-type VDCCs are primarily concentrated in extra-
synaptic regions but less so in synaptic zones, they could
affect the depolarization during activation of extrasynaptic
nicotinic receptors but hardly affect the depolarization
during activation of intrasynaptic nicotinic receptors (see
Fig. 7). It has also been reported that the L-type VDCC
blocker isradipine partially inhibits electrical stimulation-
and ACh-induced CA secretion, but potently inhibits
nicotine- and K'-induced secretion in the perfused rat
adrenal gland (Lopez et al, 1992). This observation is con-
sistent with the results in the present study.

Electrophysiological studies have suggested that in rat
chromaffin cells L-type voltage-dependent Ca®* channels
predominate but other subtypes of voltage-dependent Ca®"
channels such as N-, P- and Q-type are also present (Gandia
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Fig. 7. Schematic diagram of possible action site of voltage-depen-
dent Ca®" channel blockers at the cholinergic nerve ending-
chromaffin cell synapse in the rat adrenal gland. This diagram
demonstrates possible localizations of voltage-dependent Ca®*
channels and cholinergic receptors mediating adrenal CA secretion.
Catecholamine-containing cells possess synaptic nicotinic receptors,
extrasynaptic nicotinic and muscarinic receptors, and L-type
voltage-dependent Ca®" channels close to the synaptic and
extrasynaptic nicotinic receptors. N-type voltage-dependent Ca®*
channenls are located on cholinergic nerve endings.

et al, 1995). N-type Ca®" current has been shown to be
recruited during exocytosis from rat chromaffin cells (Kim
et al, 1995), but there has been no direct evidence for the
participation of N-type VDCCs in CA secretion. In the
present study, w-conotoxin GVIA, an N-type VDCC blocker,
inhibited the secretory responses of CA in response to ACh,
DMPP or McN-A-343. Also, w-conotoxin GVIA caused the
weak inhibitory effect on ACh-induced CA secretion, com-
pared to cilnidipine or nifedipine. The weak inhibitory
effect of w-conotoxin GVIA on the CA secretory responses
evoked by ACh may be due to a poor tissue penetration
ability or insufficient concentration, although a submicro-
molar concentration (10 nM) of w-conotoxin GVIA has been
reported to reduce nerve stimulation-induced CA secretion
by 75% in perfused bovine adrenal gland under experi-
mental conditions similar to those used here (O'Farrell et
al, 1997). In the present study, a higher concentration
(3,000 nM) of @-conotoxin GVIA was used. Thus, the
present results suggest that N-type VDCCs have at least
minor role in the secretion of CA from the perfused rat
adrenal gland, in comparison to L-type VDCCs.
Furthermore, in the present investigation, cilnidipine as
well as w-conotoxin GVIA infused into the rat adrenal
gland significantly inhibited CA output evoked by DMPP
as well as McN-A-343 and ACh without affecting the basal
CA output. It has been reported that cilnidipine has potent
inhibitory actions on N-type as well as L-type VDCCs in
rat dorsal root ganglion neurons (Fujii et al, 1997). Pre-
viously, by using experimental conditions similar to those
in the anesthetized dog, it has also been demonstrated that
the SNS-induced CA secretion is inhibited by w-conotoxin
GVIA, an N-type VDCC blocker, but not by nifedipine and
verapamil, L-type VDCC blockers (Kimura et al, 1994).
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Therefore, in terms of these findings, it is probable that
cilnidipine, like @-conotoxin GVIA inhibits the secretion of
CA in response to DMPP as well as McN-A-343 and ACh
through blockade of N-type VDCCs on the rat adreno-
medullary chromaffin cells, in addition to the blocking
action of L-type VDCCs. The present result that -
conotoxin GVIA also inhibited CA secretion by ACh as well
as DMPP and McN-A343 given into the rat adrenal gland
indicates that it can depress the secretion of CA evoked
by those agents through blockade of N-type VDCCs. Pre-
viously, it was also demonstrated that the exogenous ACh-
induced CA secretion is inhibited by w-conotoxin GVIA,
nifedipine and verapamil (Kimura et al, 1994). In support
of this result, it has been found that w-conotoxins, -
conotoxin MVIIA and w-conotoxin GVIA potently block
N-type Ca®" channels (Kasai et al, 1987; McCleskey et al,
1987; Plummer et al, 1989; Regan et al, 1991; Miljanich &
Ramachandran, 1995). From these results, it is suggested
that cilnidipine inhibits the ACh-induced CA secretion
through blockade of both L- and N-type VDCCs. Therefore
it seems likely that the inhibition by cilnidipine of the
ACh-induced CA secretion is attributed at least partly to
its blocking action in N-type VDCCs. The possible ex-
planation for the differential effects of nifedipine on CA
secretion between endogenous and exogenous ACh was
described previously (Kimura et al, 1994).

Nagayama and his coworkers (1998) have reported that
cilnidipine significantly inhibited both EP and NE output
induced by DMPP, as well as SNS and ACh in the ane-
sthetized dog. Previously, it was demonstrated, under the
same experimental conditions, that the SNS-induced secre-
tion of CA is mediated mainly by nicotinic receptors (Shi-
mamura et al, 1991; Kimura et al, 1992). Therefore the
inhibitory effect of cilnidipine and nifedipine on the DMPP-
induced CA secretion indicates that cilnidipine as well as
nifedipine inhibit the CA secretion by affecting the process
mediated by nicotinic receptors. It has also been shown that
ACh simulates the CA secretion by activating both nicotinic
and muscarinic receptors (Kimura et al, 1992). Also, like
nifedipine, the inhibition by cilnidipine of the ACh-induced
secretion of CA can be explained at least in part by its
inhibitory action on nicotinic receptor-mediated pathway.
Moreover, PC12 cells are derived from a rat pheochromo-
cytoma cell line that is very popular for investigation
neuronal differentiation. A typical L-type Ca®" channel
blocker such as nifedipine has been reported to possess a
small effect on the Ca*" channel-operated functions (Une-
yvama et al, 1998). These characteristics are consistent with
those of differentiated PC12 cells, which have charac-
teristics similar to those of peripheral sympathetic neurons,
including the development of N-type Ca®' channel (Greene
& Tischler, 1982; Takahashi et al, 1985; Usowicz et al, 1990;
Mullikin-Kilpatrick & Treistman, 1995). Moreover, Une-
yama and his coworkers (1998) have clearly shown that a
DHP type of antithyperthensive drug, cilnidipine, strongly
inhibited the high K*-evoked CA secretion, [Ca®"]; eleva-
tion, and high voltage-activated Ca®" channel currents in
differentiated rat PC12 cells. In contrast to cilnidipine, the
selective L-type Ca”" channel antagonist nifedipine showed
a weak inhibition on all three parameters in the PC12 cells
after differentiation by nerve growth factor. Cilnidipine
directly blocked the isolated N-type channel current, but
had no effect on the L-type channel current in the
differentiated rat PC12 cells. In the present work, the
results that cilnidipine inhibited CA secretory responses

evoked by cholinergic stimulation as well as by membrane
depolarization suggest that the blockade of N-type Ca®*
channels by cilnidipine results in reduced Ca®" influx
through these channels and thereby reduces CA secretions
closely linked with [Ca®'} elevation, which is evoked by
various depolarizing stimulation.

N-type Ca®' channels play a key role in the regulation
of sympathetic nerve activity. It is well characterized that
Ca®" influx through N-type Ca®" channels is closely related
to the CA secretion at the nerve endings of the sympathetic
neurons as well (Hirning et al, 1988), and a peptide anta-
gonist selective for N-type Ca’' channel, @-conotoxin-
GVIA, blocks NE release from vessels (Nakashima et al,
1991). It has also been found that, in spontaneously hyper-
tensive rats, cilnidipine reduced blood pressure without
elevating heart rate and plasma NE concentrations (Hosono
et al, 1995a). In this model, other DHPs (amlodipine, nife-
dipine, manidipine, nicardipine, benidipine) induced baro-
reflex tachycardia combined with plasma NE elevation.
Therefore, the blockade by cilnidipine of CA secretion from
the isolated perfused model of the adrenal gland might well
explain why cilnidipine failed to induce elevation of plasma
CA concentration by hypotension-evoked baroreflexes in
vivo (Hosono et al, 1995b) or why the drug blocked the NE
release from isolated vessels (Nakashima et al, 1991). The
present results are in agreement with the results in
differentiated PC12 cells (Uneyama et al, 1998) and in
anesthetized dog (Nagayama et al, 1998). In support of this
idea, it has been well known that sources of plasma CA
are mainly sympathetic nerve endings and adrenal chro-
maffin cells, at which N-type Ca®" channels are pre-
dominantly distributed. It has also been reported that the
blockade of peripherally distributed N-type Ca®" channels
by w-conotoxin GVIA led to reduction of plasma CA con-
centration by inhibition of its secretion from the vascular
beds (Friedman & Duckles, 1994) and the anesthetized dog
adrenal glands (Kimura et al, 1994). Especially, it is well
known that CA secretion from sympathetic neurons is
insensitive to L-type VDCC antagonist, but sensitive to
-conotoxin GVIA (Hirning et al, 1988).

Furthermore, cilnidipine had a therapeutic effect even in
the mental stress-induced hypertension model (cold stress
model) whereas other DHPs were ineffective (Hosono et al,
1995b). Thus, it is suggested that dual N- and L-type Ca®"
channel antagonists such as cilnidipine, may be antihyper-
tensive Ca”" channel antagonists to minimize the unfavo-
rable effects of antihypertensive Ca®* channel antagonism.

In the present investigation, the results that cilnidipine
as well as w-conotoxin GVIA inhibits CA. secretion evoked
by stimulation of muscarinic receptors with McN-A-343, a
selective muscarinic M;-receptor agonist, suggest strongly
that muscarinic M;-receptors are involved in the regulation
of the secretory responses in the rat adrenal medulla. In
support of this hypothesis, the muscarinic receptor-medi-
ated secretion of adrenal CA has been thought to be caused
by Ca®* mobilized from intracellular storage sites (Cheek
& Burgoyne, 1985; Misbahuddin & Oka, 1988; Nakazato
et al, 1988; Yamada et al, 1988). Furthermore, it has been
shown that muscarinic stimulation generates a depo-
larizing signal, which triggers the firing of action poten-
tials, resulting in the increased CA release in the rat
chromalffin cells (Akaike et al, 1990), guinea pigs (Inoue &
Kuriyama, 1991) and the perfused rat adrenal gland (Lim
& Hwang, 1991). These observations are in line with a
previous report showing that Bay-K-8644 almost trippled
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the peak secretory response to muscarine in perfused cat
adrenal glands (Ladona et al, 1987; Uceda et al, 1992). In
the present experiment, cilnidipine also depressed greatly
CA secretion induced by Bay-K-8644, which is found to
potentiate the release of CA by increasing Ca®' influx
through L-type Ca®’ channels in chromaffin cells (Garcia
et al, 1984). Also, cilnidipine attenuated CA secretions
evoked by high potassium, a direct membrane-depolarizing
agent. These findings that cilnidipine, like nifedipine
inhibited the CA secretion evoked by Bay-K-8644 as well
as by high K* suggest that cilnidipine directly inhibits the
VDCCs. In the bovine chromaffin cells, stimulation of
nicotinic, but not muscarinic ACh receptors is known to
cause CA secretion by increasing Ca’" influx largely
through VDCCs (Oka et al, 1979; Burgoyne, 1984). There-
fore, it seems that cilnidipine inhibits DMPP-evoked CA
secretion by inhibiting Ca®" influx through VDCCs acti-
vated by nicotinic ACh receptors.

The present study has also shown that cilnidipine
inhibits the CA secretion evoked by cyclopiazonic acid.
Cyclopiazonic acid is known to be a highly selective
inhibitor of Ca®"-ATPase in skeletal muscle sarcoplasmic
reticulum (Geoger & Riley, 1989; Seidler et al, 1989) and
a valuable pharmacological tool for investigating intra-
cellular Ca®” mobilization and ionic currents regulated by
intracellular Ca®" (Suzuki et al, 1992). Therefore, it is felt
that the inhibitory effect of cilnidipine and w-conotoxin
GVIA on CA secretion evoked by cholinergic stimulation as
well as by membrane-depolarization may be associated
with the mobilization of intracellular Ca®* from the cyto-
plasmic calcium store. This indicates that the cilnidipine
as well as w-conotoxin GVIA has an inhibitory effect on
the release of Ca®* from the intracellular pools induced by
stimulation of muscarinic ACh receptors, which is weakly
responsible for the secretion of CA. It has been shown that
Ca”".uptake into intracellular storage sites susceptible to
caffeine (Ilno, 1989) is almost completely abolished by
treatment with cyclopiazonic acid during the proceeding of
Ca’" load (Suzuki et al, 1992). This is consistent with the
findings obtained in skinned smooth muscle fibers of the
longitudinal layer of the guinea-pig ileum, where Ca®"
-uptake was also inhibited by cylopiazonic acid (Uyama et
al, 1992). Suzuki and his coworkers (1992) have shown that
cyclopiazonic acid easily penetrates into the cytoplasm
through the plasma membrane and reduces Ca®*-ATPase
activity in sarcoplasmic/endoplasmic reticulum, resulting in
increase in the subsequent Ca®" release from those storage
sites. Moreover, in bovine adrenal chromaffin cells,
stimulation of muscarinic ACh receptors is also proposed
to cause activation of phosphoinositide metabolism,
resulting in the formation of inositol 1, 4, 5-trisphosphate,
which induces the mobilization of Ca®' from the
intracellular pools (Cheek et al, 1989; Challis et al, 1991).
However, in the present study, it is uncertain whether the
inhibitory effect of cilnidipine and @-conotoxin GVIA on Ca®*
movement from intracellular pools is due to its direct effect
on the PI response or the indirect effects.

Collectively, these results obtained from the present
study demonstrate that all VDCC blockers of cilnidipine,
nifedipine, and w-conotoxin GVIA inhibit the release of CA
evoked by stimulation of cholinergic (both nicotinic and
muscarinic) receptors and the membrane depolarization
from the isolated perfused rat adrenal gland, respectively.
It seems that the inhibitory effects of cilnidipine, nifedipine,
and w-conotoxin GVIA are mediated by the blockade of both

L- and N-type, L-type only and N-type only VDCCs located
on the rat adrenomedullary chromafﬁn cells, respectively.
They look likely to block the Ca®* 1nﬂux into the medullary
chromaffin cells as well as Ca’" release from the cyto-
plasmic calcium store. It is also suggested that N-type
VDCCs play an important role in the rat adrenomedullary
CA secretion, in addition to L-type VDCCs.
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