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Activation of BKCa channels via cyclic AMP- and
cyclic GMP-dependent protein kinases by
eugenosedin-A in rat basilar artery myocytes
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Background and purpose: The study investigated whether eugenosedin-A, a 5-hydroxytryptamine and a/b adrenoceptor
antagonist, enhanced delayed-rectifier potassium (KDR)- or large-conductance Ca2þ -activated potassium (BKCa)-channel
activity in basilar artery myocytes through cyclic AMP/GMP-dependent and -independent protein kinases.
Experimental approach: Cerebral smooth muscle cells (SMCs) were enzymatically dissociated from rat basilar arteries.
Conventional whole cell, perforated and inside-out patch-clamp electrophysiology was used to monitor Kþ - and Ca2þ -
channel activities.
Key results: Eugenosedin-A (1 mM) did not affect the KDR current but dramatically augmented BKCa channel activity in a
concentration-dependent manner. Increased BKCa current was abolished by charybdotoxin (ChTX, 0.1mM) or iberiotoxin
(IbTX, 0.1mM), but not affected by a small-conductance KCa blocker (apamin, 100 mM). BKCa current activation by
eugenosedin-A was significantly inhibited by an adenylate cyclase inhibitor (SQ 22536, 10 mM), a soluble guanylate cyclase
inhibitor (ODQ, 10 mM), competitive antagonists of cAMP and cGMP (Rp-cAMP, 100 mM and Rp-cGMP, 100 mM), and cAMP-
and cGMP-dependent protein kinase inhibitors (KT5720, 0.3 mM and KT5823, 0.3 mM). Eugenosedin-A reversed the inhibition
of BKCa current induced by the protein kinase C activator, phorbol myristyl acetate (PMA, 0.1 mM). Eugenosedin-A also
prevented BKCa current inhibition induced by adding PMA, KT5720 and KT5823. Moreover, eugenosedin-A reduced the
amplitude of voltage-dependent L-type Ca2þ current (ICa,L), but without modifying the voltage-dependence of the current.
Conclusions and implications: Eugenosedin-A enhanced BKCa currents by stimulating the activity of cyclic nucleotide-
dependent protein kinases. Physiologically, this activation would result in the closure of voltage-dependent calcium channels
and thereby relax cerebral SMCs.
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11,12-hexahydro-10-methoxy-2,9-dimethyl-1-oxo-9,12-epoxy-1H-diindolo-[1,2,3-fg:30,20,10-kl]pyrrolo[3,4-l]
[1,6]benzodiazocine-10-carboxylic acid methyl ester; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one;
PKA, protein kinase A; PKC, protein kinase C; PKG, protein kinase G; PMA, phorbol 12-myristate 13-acetate;
Rp-cAMP, Rp-adenosine 30,50-cyclic monophosphorothioate; Rp-cGMP, Rp-guanosine 30,50-cyclic monophos-
phorothioate; sGC, soluble guanylate cyclase; SKCa channels, small-conductance Ca2þ -activated potassium
channels; SQ 22536, 9-(terahydro-2-furanyl)-9H-purin-6-amine

Introduction

Eugenosedin-A (4-{2-hydroxy-3-[1-(2-chlorophenyl-piperazi-

nyl)]-propoxy}-3-methoxy-1-propylenyl-benzene) was synthe-

sized by combining isoeugenol-based aryloxypropanolamine

and chlorophenylpiperazine (CPP) (Shen et al., 2004).
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Isoeugenol-based aryloxypropanolamine had b-adrenocep-

tor blocking actions, and the CPP moiety had a2-adrenocep-

tor and 5-hydroxytryptamine (5-HT) receptor antagonist

activities (Malomvolgyi et al., 1991; Shen et al., 2004). In

isolated aortae, eugenosedin-A was shown to inhibit the

cumulative 5-HT-, norepinephrine- and clonidine-induced

contractile responses concentration-dependently (Shen

et al., 2004). Previous evidence (Alioua et al., 2002) suggests

that agonist-induced vasoconstriction by 5-HT, angiotensin

II and phenylephrine involves inhibition of large-conduc-

tance Ca2þ -activated potassium (BKCa) channels by c-Src via

direct phosphorylation of the channel protein. This c-Src-

BKCa signalling pathway plays an important role in regulat-

ing rat and human vasoconstriction (Alioua et al., 2002),

providing a link between electromechanical and pharmaco-

mechanical coupling which is primarily found in cyclic

nucleotide-modulated vasorelaxations (Somlyo and Somlyo,

1968). In addition, activation of BKCa channels increases Kþ

efflux, counteracting the depolarization and constriction

caused by pressure and vasoconstrictors (for review see

Nelson and Quayle, 1995). While eugenosedin-A has been

shown to counteract constrictions, the possibility that the

observed reduction in constriction might also involve the

activation of BKCa channels remains to be addressed. To

clarify the contribution of BKCa channels to eugenosedin-A-

inhibited vasoconstriction, we used patch clamp techniques

to measure its Kþ -channel activity in rat basilar artery.

BKCa channels are activated by increases in intracellular

Ca2þ and membrane depolarization. In arterial smooth

muscle patch clamp experiments, cyclic guanosine mono-

phosphate (cGMP) and cyclic adenosine monophosphate

(cAMP) activate protein kinase G (PKG) and protein kinase A

(PKA), respectively, which leads to activation of BKCa

(Schubert et al., 1996; White et al., 2000). BKCa channels

play an important role in regulating smooth muscle

contractility and in controlling the diameter of small

cerebral arteries (Brayden and Nelson, 1992; Nelson et al.,

1995). Previous reports have shown that protein kinase C

(PKC) inhibits the BKCa channel activity (Bayguinov et al.,

2001; Barman et al., 2004). Therefore, any activation of PKA

or PKG would be likely to reduce activation of PKC and

increase activity of BKCa by means of cross-talk between

signalling cascades (for review see Jaggar et al., 2000).

The main objectives of this study were to investigate (1)

whether eugenosedin-A activates a BKCa current and (2) the

signalling mechanisms that underlie this BKCa activation.

Both conventional and perforated patch clamp techniques

were used to determine whether eugenosedin-A enhanced

the BKCa channel activity through cyclic nucleotide-

dependent and -independent signalling pathways.

Methods

Animal procedures and tissue preparations

All procedures and protocols were approved by the Animal

Care and Use Committee at the Kaohsiung Medical Uni-

versity. Briefly, female Sprague–Dawley rats (10–12 weeks of

age) were killed by carbon dioxide asphyxiation. Brains were

carefully removed and placed in cold phosphate-buffered

saline containing (in mM) 138 NaCl, 3 KCl, 10 Na2HPO4, 2

NaH2PO4, 5 glucose, 0.1 CaCl2 and 0.1 MgSO4 (pH 7.4).

Basilar arteries were dissected free of the surrounding tissue

and cut into 2 mm segments.

Preparation of isolated arterial smooth muscle cells

Smooth muscle cells (SMCs) from rat basilar arteries were

enzymatically isolated as described previously (Wu et al.,

2005, 2007). In brief, arterial segments were placed in a warm

(371C) cell isolation medium containing (in mM) 60 NaCl, 80

Na-glutamate, 5 KCl, 2 MgCl2, 10 HEPES and 10 glucose with

1 mg ml�1 albumin (pH 7.2) for 10 min. After this equilibra-

tion step, arterial segments were initially incubated (371C)

in 1 mg ml�1 papain and 3 mg ml�1 dithioerythritol for

20 min. This was followed by a second incubation (371C) in

isolation medium containing 100mM Ca2þ , 0.7 mg ml�1 type

F collagenase and 0.4 mg ml�1 type H collagenase for 10 min.

After enzyme treatment, the tissue was washed three times in

ice-cold isolation medium and triturated with a fire-polished

pipette to release the myocytes. Cells were stored in ice-cold

isolation medium for use on the same day.

Patch clamp electrophysiology

Conventional whole cell patch clamp electrophysiology

was used to measure the delayed rectifier potassium (KDR)

currents in basilar artery myocytes. In brief, basilar artery

myoctyes were placed in a recording dish and perfused with

a bath solution containing (in mM) 120 NaCl, 3 NaHCO3, 4.2

KCl, 1.2 KH2PO4, 2 MgCl2, 0.1 CaCl2, 10 HEPES and 10

glucose (pH 7.4, NaOH). A recording electrode was pulled

from borosilicate glass (resistance: 4–7 MO). Its tip was

covered with sticky wax and backfilled with pipette solution

containing (in mM) 110 K-gluconate, 30 KCl, 0.5 MgCl2, 10

EGTA, 5 HEPES, 5 Na2ATP, and 1 GTP (pH 7.2, KOH) and

then gently lowered onto an SMC. Negative pressure was

briefly applied to rupture the membrane and a gigaohm seal

was obtained. Cells were subsequently voltage clamped

(�60 mV). Membrane currents were recorded on an Axo-

patch 700A amplifier (Axon Instruments, Union City, CA,

USA), filtered at 1 kHz using a low-pass Bessel filter, digitized

at 5 kHz and stored on a computer for subsequent analysis

with Clampfit 9.0. A 1 M NaCl-agar salt bridge between the

bath and the Ag-AgCl reference electrode was used to

minimize offset potentials. All electrical recordings were

performed at room temperature and cell capacitance aver-

aged 16.570.6 pF.

To study the BKCa current, we inactivated KDR channels by

step depolarization to 0 mV. Under the conditions, BKCa

becomes the dominant outward current. Whole-cell BKCa

and voltage-dependent Ca2þ currents were measured using

the conventional or perforated patch clamp configuration.

Under both recording conditions, the bath solution con-

tained (in mM) 140 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2, 10

HEPES and 10 glucose (pH 7.4, NaOH). The pipette solution

contained (in mM) 110 K-gluconate, 30 KCl, 0.5 MgCl2, 1

EGTA, 5 HEPES, 5 Na2ATP and 1 GTP (pH 7.2, KOH).

Amphotericin B (200 mg ml�1) was included in the pipette

solution for the perforated patch clamp recordings. When
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using the inside-out patch clamp configuration to monitor

single channel BKCa activity, recording pipettes were back-

filled with a solution containing (in mM) 140 NaCl, 6 KCl,

0.5 MgCl2 and 10 HEPES. The bath solution contained (in

mM) 140 KCl, 1 MgCl2, 1.8 CaCl2, 5 EGTA, 10 HEPES and 10

glucose. The free Ca2þ concentration of these solutions was

first calculated (0.1 mM) using Max Chelator Sliders software

(C Patton, Stanford University) and then measured again

(0.3 mM) using a Ca2þ -selective electrode (Corning, Acton,

MA, USA). Single channel activity in excised patches were

recorded at 0 mV, filtered at 2.5 kHz and digitized at 10 kHz.

To measure voltage-dependent Ca2þ currents, 140 mM Kþ

inside the pipette solution was replaced with equimolar CsCl

and pH was adjusted to 7.2 with CsOH, whereas the bathing

solution contained 1 mM tetrodotoxin and 10 mM tetraethyl-

ammonium chloride.

Experimental procedures

To ascertain whether PKG or PKA signalling was involved in

the eugenosedin-A-induced increases in BKCa, the perforated

patch clamp configuration was used. Voltage-clamped cells

were equilibrated for 15min before experimentation. Follow-

ing equilibration, whole-cell KDR and BKCa currents were

monitored in the presence and absence of eugenosedin-A

(1mM), charybdotoxin (ChTX, 0.1mM) or iberiotoxin (IbTX,

0.1mM). Cerebral SMCs were preincubated for 15min with

9-(terahydro-2-furanyl)-9H-purin-6-amine (SQ 22536, 10mM),

1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10mM),

(9R,10S,12S)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-

1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:30,20,10 -kl]pyrrolo[3,4-

l][1,6]benzodiazocine-10-carboxylic acid hexyl ester (KT5720,

0.3mM), (9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-

2,9-dimethyl-1-oxo-9,12-epoxy-1H-diindolo- [1,2,3-fg:30,20,10-

kl]pyrrolo[3,4-l][1,6]benzodiazocine-10-carboxylic acid methyl

ester (KT5823, 0.3mM), Rp-adenosine 30,50-cyclic monophos-

phorothioate (Rp-cAMP, 100mM), Rp-guanosine 30,50-cyclic

monophosphorothioate (Rp-cGMP, 100mM) or phorbol 12-

myristate 13-acetate (PMA, 0.1mM) before eugenosedin-A was

added. SQ 22536, ODQ, KT5720, KT5823 and PMA were

continuously superfused in the bath, while Rp-cAMP and

Rp-cGMP were added to the pipette solution. The effects of

eugenosedin-A and various drug treatments were measured in

the same cell. In general, the net current–voltage (I-V)

relationship was determined at 5 min intervals by measuring

the peak current at the end of 300 ms pulse to voltages

between �70 and þ40 mV for KDR currents, 0 and þ40mV

for BKCa currents. To evoke whole-cell Ca2þ currents, cells

were clamped at �40mV with step depolarizations (200ms)

from �40 to 50mV and the currents were recorded in the

presence and absence of eugenosedin-A.

Cyclic nucleotide radioimmunoassay

cAMP and cGMP levels in endothelium-denuded cerebral

arteries were measured as described previously (Wu et al.,

2001, 2006). In brief, cerebral artery segments were pre-

incubated for 10 min at 371C in 10 ml phosphate-buffered

saline, which were bubbled with 95% O2/5% CO2. Endo-

thelial cells were removed by passing air bubbles through

the vessel lumen (B2 min) and confirmed as described

previously (Wu et al., 2007). Subsequently, the vessel

preparation was incubated with eugenosedin-A (1, 10 mM)

and 3-isobutyl-1-methylxanthine (IBMX, 100 mM) for 30 min,

preventing the breakdown of cAMP/cGMP. The vessel was

then transferred to a 1.5 ml vial, and the reaction was

terminated by adding 1 ml ice-cold 1N hydrochloric acid.

The samples were homogenized and then centrifuged at

2500 g for 15 min at 41C. Then, the supernatants were

lyophilized, and the concentrations of cAMP and cGMP of

each sample were measured using cGMP-[125I] and cAMP-

[125I] radioimmunoassay kits (GE Healthcare Bio-Sciences

Corp, Piscataway, NJ, USA).

Data analysis and statistics

For single channel analysis, BKCa channel activity (NPo) was

determined from continuous gap-free data using Clampfit

9.0. The NPo was calculated from the following equation:

NPo¼ (Stii)/T, where i is the number of channels open, ti the

open time for each level i and T the total time of analysis.

Data are expressed as means7s.e., n indicating the number

of cells. Repeated measures analysis of variance (ANOVA)

compared values at a given voltage. When appropriate, a

Tukey–Kramer pairwise comparison was used for post hoc

analysis. ANOVA followed by Dunnett’s test was performed

to statistically compare the open probability of BKCa

channels. Pp0.05 was considered statistically significant.

Chemicals

Buffer reagents, 4-aminopyridine (4-AP), apamin, ChTX,

chelerythrine, collagenase (type F and H), dithioerythritol,

IBMX, IbTX, KT5720, KT5823, ODQ, papain, PMA, Rp-cAMP,

Rp-cGMP and SQ 22536 were obtained from Sigma-Aldrich

Chemical Co. (St Louis, MO, USA). All drugs and reagents

were dissolved in distilled water unless otherwise noted.

IBMX, chelerythrine, ChTX, eugenosedin-A, ODQ and PMA

were dissolved in dimethylsulphoxide at 10 mM. Serial

dilutions were made in phosphate-buffered solution to a

final solvent concentration of p0.01%.

Results

Lack of modulation of KDR currents by eugenosedin-A

Using conventional whole-cell patch clamp and pipette

solutions (containing 10 mM EGTA) that minimize BKCa

channel activity, the KDR current was isolated in rat basilar

artery SMCs. Brief voltage steps positive to �30 mV generally

activated KDR without an induction of inactivation

(Figure 1b). This KDR current was recognized by the addition

of 4-AP (5 mM) as described previously (Luykenaar et al.,

2004; Wu et al., 2005). Superfused eugenosedin-A (1 mM) had

no significant effect on the KDR current (Figure 1c). In

addition, tail currents (at �40 mV) were recorded after a set

of 300 ms voltage pulses (range �70 to þ40 mV) (Figure 1b,

see inset). Eugenosedin-A also did not change the I–V

relationships of the tail currents (Figure 1d).
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Activation of BKCa currents by eugenosedin-A

Conventional and perforated patch clamp was used to assess

the effect of eugenosedin-A on the regulation of outward

BKCa conductance. BKCa channels were identified based on

the characteristic single channel conductance and were

blocked by ChTX or IbTX as described previously (Jaggar

et al., 2002; Xi et al., 2004). The BKCa channels were also

recognized by their conductance over the voltage range of

�40 to þ40 mV in excised inside-out patch bathed in

symmetrical 140 mM KCl (Figure 2b). The effects of eugeno-

sedin-A on theses channels was studied in rat basilar artery

myocytes, voltage-clamped at 0 mV to inactivate voltage-

dependent Kþ currents (Wu et al., 2005) and continuously

superfused with an isotonic physiological bath solution

containing 1.8 mM Ca2þ . Eugenosedin-A (0.1, 1, 10 mM)

produced concentration-dependent increases in BKCa chan-

nels (Figures 3b and c). Notably, the increase in BKCa current

induced by eugenosedin-A (1 mM) was inhibited by IbTX

(0.1 mM) or ChTX (0.1 mM), but hardly affected by a small-

conductance KCa blocker apamin (100 mM) (Figures 4a and b).

The increases of BKCa current were consistently observable

B10 min after the addition of eugenosedin-A, with the peak

steady-state level occurring by 30 min (Figure 4c).

Eugenosedin-A activates BKCa currents via AC/cAMP- and

sGC/cGMP-dependent mechanisms

To further investigate the signalling mechanisms that lead

to activation of BKCa channels, eugenosedin-A (1 mM) was

applied to voltage-clamped cells in the presence of SQ 22536,

an adenylate cyclase (AC) inhibitor. SQ 22536 (10 mM)

blocked the eugenosedin-A-induced increases in BKCa activ-

ity, which indicated that this compound’s modulatory effect

involved the AC/cAMP pathway (Figure 5). The eugenosedin-

A-induced increase in BKCa activity was also attenuated by

the soluble guanylate cyclase (sGC) inhibitor ODQ (10 mM);

cell superfusion with ODQ (10 mM) and SQ 22536 (10 mM)

strongly inhibited, but did not abolish channel activity

(Figure 5). Eugenosedin-A may have had another effect on

the regulation of BKCa channels besides its activation of the

AC/cAMP and sGC/cGMP pathways.

Eugenosedin-A activates BKCa currents via PKA- and

PKG-dependent pathways

Eugenosedin-A (1 mM)-induced increases in BKCa channel

activity were reduced in the presence of cAMP- and cGMP-

dependent protein kinase inhibitors KT5720 (0.3 mM;
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Figure 6a) and KT5823 (0.3 mM; Figure 6b), respectively; cell

superfusion with KT5720 and KT5823 greatly inhibited, but

did not abolish channel activity (Figure 6b). The competitive

antagonist of cAMP, Rp-cAMP (100 mM), prevented the

stimulatory effect of eugenosedin-A on BKCa when dialysed

into the cell through the patch pipette, though not at 40 mV

(Figure 7a). Further experiments revealed that Rp-cGMP

(100 mM in the pipette), a competitive antagonist of cGMP,

attenuated the effect of eugenosedin-A-induced increases in

BKCa activity, but could not prevent eugenosedin-A’s effect

X30 mV (Figure 7b). Taken together, these results indicate

that PKA- and PKG-dependent signalling pathways are in-

volved in the activation of BKCa channels by eugenosedin-A.

Eugenosedin-A reverses the inhibition of BKCa current induced by

a PKC activator

As shown in Figure 8, the PKC activator PMA (0.1 mM)

significantly inhibited BKCa currents X20 mV. Perfusion with

eugenosedin-A (1 mM) completely reversed the activity of

PMA-inhibited BKCa channels (Figure 8a). Likewise, the PKC

inhibitor chelerythrine (5mM) prevented PMA-induced BKCa

channel inhibition (Figure 8b). Eugenosedin-A, as well as

chelerythrine, also prevented the BKCa channel inhibitory

effects induced by PMA, KT5720 and KT5823 (Figures 8a and b).

These results suggest that BKCa channels are modulated by

eugenosedin-A not only via cyclic nucleotide-dependent pro-

tein kinases but also via a transduction pathway involving PKC.

Eugenosedin-A activates BKCa channels in excised membrane

patches

Because BKCa channel activation by eugenosedin-A was

caused by stimulation of the AC/PKA and sGC/PKG

Em (mV)

I (pA)

-20-40-60

5

10

15

-5

-10

-15

20 60400

40 mV

20 mV

-20 mV

-40 mV

0 mV
500 ms

5 
p

A

� = 250.5 ± 3.2 pS

Figure 2 Large-conductance Ca2þ -activated potassium channels
(BKCa) channels are the prominent ion channels in membranes of rat
basilar artery myocytes. (a) In symmetrical gradients of Kþ

(140 mM), channel activity recorded from the same inside-out patch
varies as a function of membrane potential (n¼8). Channel
openings are upward or downward deflections from baseline
(closed) state. (b) Plot of BKCa current amplitude (I) as a function
of membrane potential (Em). A linear fit revealed an average single-
channel conductance (g) of 250.573.2 pS (n¼7).

0 mV

Control Eugenosedin-A 0.1 µM

100 ms

20
 p

A

Eugenosedin-A 1 µM Eugenosedin-A 10 µM

*

V (mV)
0 10 20 30 40

I (
p

A
/p

F
)

0

2

4

6

*

*

*

*

*
*

Control
Eugenosedin-A 0.1 µM
Eugenosedin-A    1 µM
Eugenosedin-A  10 µM

+40 mV

Figure 3 Concentration-dependent increases in BKCa currents by
eugenosedin-A. Cells were bathed in high-Ca2þ solution containing
1.8 mM CaCl2. (a) Voltage protocol. (b) Representative recordings of
BKCa currents under control conditions and in the presence of
eugenosedin-A (0.1, 1, 10mM). (c) Average I–V relationships under
control conditions and in the presence of eugenosedin-A (0.1, 1,
10mM, n¼7). *denotes significant difference from control. BKCa,
large-conductance Ca2þ -activated potassium.

Eugenosedin-A activates BKCa channels
B-N Wu et al378

British Journal of Pharmacology (2007) 152 374–385



Control Eugenosedin-A
100 ms

20
 p

A

Eugenosedin-A+ChTXEugenosedin-A+IbTX

Time (min)
0 10 20 30 40 50 60 70

C
u

rr
en

ts
 (

p
A

)

10

20

30

40

50

60

Control Eugenosedin-A IbTX Wash

*

V (mV)
0 10 20 30 40

I (
p

A
/p

F
)

0

1

2

3

4

5

*

NS

*

*

Eugenosedin-A+IbTX

Ib TX
Control

Eugenosedin-A

Eugenosedin-A+ChTX
Eugenosedin-A+apamin

*

*

*

*

Eugenosedin-A+apamin

Figure 4 Effects of eugenosedin-A (1mM) on BKCa currents. (a) Representative recordings of BKCa currents under control conditions and in the
presence of eugenosedin-A, eugenosedin-Aþ IbTX (0.1mM), eugenosedin-AþChTX (0.1mM) or eugenosedin-Aþ apamin (100mM). (b) Average I–V
relationships under control conditions and in the presence of eugenosedin-A, eugenosedin-Aþ IbTX, eugenosedin-AþChTX or eugenosedin-Aþ
apamin. (c) Time course of eugenosedin-A on BKCa currents. The horizontal bars of the diagram indicate the periods of drug perfusion (n¼7). *denotes
significant difference from control. BKCa, large-conductance Ca2þ -activated potassium; ChTX, charybdotoxin; IbTX, iberiotoxin; NS, nonsignificant.

Eugenosedin-A activates BKCa channels
B-N Wu et al 379

British Journal of Pharmacology (2007) 152 374–385



pathways, we sought to investigate whether eugenosedin-A

could activate BKCa channels in the complete absence of

intracellular signalling factors. Eugenosedin-A regulation of

BKCa channel activity was measured in excised inside-out

membrane patches with 0.3 mM free Ca2þ present in the bath

solution. At 0 mV, eugenosedin-A (1 mM) increased mean

BKCa channel open probability B3.7-fold (Figure 9). This

increase in channel opening was abolished by a BKCa

inhibitor IbTX (0.1 mM in the pipette), as shown in Figure 9.

These results suggest that eugenosedin-A could directly

activate BKCa channels located on the membrane of the

cerebral artery myocytes, without the involvement of the

enzyme systems contained in the cytosol.

Inhibition of L-type Ca2þ channels by eugenosedin-A

These experiments were conducted with a Csþ -containing

solution. The peak amplitude of voltage-dependent L-type

Ca2þ currents (ICa,L) was at 10 mV in rat basilar artery

myocytes. Perfused eugenosedin-A (1 mM) was found to

significantly suppress the ICa,L (Figure 10). Eugenosedin-A

reduced the amplitude of ICa,L (from 140711 to 10079 pA at

10 mV, n¼6, Po0.05) when cells were depolarized from �40

to 50 mV, but it did not modify the voltage-dependence of

the current in these cells (Figure 10c). The increase in ICa,L

was observable 5–10 min after the addition of eugenosedin-

A, with the peak steady-state level occurring by 30 min

(Figure 10d).

Accumulation of cAMP and cGMP by eugenosedin-A

cAMP and cGMP levels were examined in endothelium-

denuded cerebral arteries. The basal content of cAMP or
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cGMP in the vessels was 7.070.8 and 3.970.4 pmol mg�1,

respectively (n¼3). Eugenosedin-A, at two concentrations

(1, 10 mM), significantly increased the tissue content of both

cAMP (54.574.9 (1mM); 80.376.1 (10 mM) pmol mg�1) and

cGMP (20.472.1 (1mM); 28.673.5, (10 mM) pmol mg�1),

compared with basal values.

Discussion

The eugenosedin-A-induced increase in BKCa current in

cerebral SMCs occurs primarily through the activation of

cAMP/PKA and cGMP/PKG. This would hyperpolarize SMCs,

thereby closing L-type Ca2þ channels, reducing intracellular

Ca2þ and thereby relaxing SMCs (Nelson et al., 1995). In

addition, the increase in cellular cyclic nucleotides induced

by eugenosedin-A could also contribute to its relaxation of

vessels, which is important because dilation to cyclic

nucleotides does not require BKCa activation. In other words,

some part of the relaxation may result from the activation of

cAMP/cGMP independent of changes in membrane poten-

tial. Previous work (Shen et al., 2004) showed that the

vasocontractile inhibitory activity of eugenosedin-A (0.01–

1 mM) was mainly a result of antagonism of 5-HT2A receptors

(pA2¼8.8670.32) and a1-adrenoceptors (pA2¼7.8870.13).

It is unlikely that the increase in cyclic nucleotides observed

herein could be explained by receptor blockade, as these

pathways were not first stimulated in the isolated SMC and

therefore could not be inhibited. However, the actual
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pathway by which eugenosedin-A enhanced cellular levels of

cyclic nucleotides remains to be investigated.

Alterations in BKCa channel activity play a central role in

mediating vasoconstriction and vasodilatation. One pre-

vious study has shown BKCa channels to be involved in

mediating vascular relaxation in response to agents that

elevate cGMP (Zhao et al., 1997). Another study found

8-bromo-guanosine 30,50-cyclic monophosphate (8-Br-cGMP)-

induced relaxation to be attenuated by IbTX (Tanaka et al.,

1998), a finding showing that BKCa channels are indeed a

target of cGMP signalling. One of our previous studies has

confirmed that 8-Br-cGMP increases BKCa currents in basilar

artery myocytes (Wu et al., 2005). Likewise, agents that

elevate cAMP have also been shown to modulate this current
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(White et al., 2000; Wu et al., 2005) and initiate vascular

relaxation (Paterno et al., 1996). Increases in cAMP and

cGMP simultaneously activate PKA and PKG pathways

resulting in the opening of BKCa channels (Torphy, 1994).

In contrast, as PKC is known to inhibit BKCa channel activity

(Bayguinov et al., 2001; Barman et al., 2004), any activation

of PKA/PKG would be likely to cause a reduction in PKC

activation and an increase in BKCa activity through cross-

talk. Thus, cyclic nucleotides are required to initiate the

cross-talk with PKC, thereby enhancing the BKCa current.

Eugenosedin-A-induced increases in BKCa currents are

strongly reduced, but not abolished, by combining inhibi-

tors of AC (SQ 22536) and sGC (ODQ), and by combining

inhibitors of PKA (KT5720) and PKG (KT5823) in basilar
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artery myocytes. To our knowledge, these compounds are

selective inhibitors; they have some inhibition on basal BKCa

currents. Fortunately, their effect is not significantly differ-

ent from the control. Any lack of selectivity would lead to

some doubts regarding the relative role of the AC/cAMP and

sGC/cGMP pathways. In cyclic nucleotide assays, eugenose-

din-A did enhance both cAMP and cGMP levels in endo-

thelium-denuded cerebral arteries. Smooth muscle relaxants

that increase cAMP and cGMP have been shown to activate

BKCa channels through direct phosphorylation effects on

the channel protein (Robertson et al., 1993) and through

elevation of Ca2þ spark frequency. PKA and PKG may in part

increase Ca2þ sensitivity of Ca2þ sparks by increasing

sarcoplasmic reticulum Ca2þ load, which may enhance the

BKCa activity (for review see Jaggar et al., 2000). Based on our

observations of eugenosedin-A-modulated channel activity,

we believe that the activation of BKCa channel is mainly

dependent on both cAMP/PKA and cGMP/PKG. We also

found that PKC activation, by PMA, inhibited BKCa current.

Eugenosedin-A reversed PMA-mediated inhibition of the

BKCa channel, and it also prevented the combination of

PMA, KT5720 and KT5823 from inhibiting BKCa channels as

well. Therefore, we suggest that eugenosedin-A-induced BKCa

channel activation occurs not only as a result of PKA/PKG,

but also as a result of cross-interaction with PKC.

We used inside-out patch clamp electrophysiology in a

number of experiments to explore whether eugenosedin-A

could directly affect the BKCa channel or a closely associated

site. We found that its action could be explained at least in

part by a direct effect on the channel rather than via protein

kinases. Under whole-cell recording conditions, there was

a substantial delay (B10 min) between the addition of

eugenosedin-A and the activation of BKCa currents, com-

pared with the rapid activation of BKCa channels in excised

patches. A possible explanation for this discrepancy is that

eugenosedin-A’s primary site of action is intracellular. The

delay in activation of BKCa channels by eugenosedin-A in

whole-cell configurations might be rationally explained by

the additional time required to penetrate the cell membrane

and to activate the second messenger cascades. This would

lead to the stimulation of Kþ effluxes and consequent

membrane hyperpolarization.

In this study, we provide the first evidence that eugeno-

sedin-A activates BKCa currents in rat basilar arteries. We also

found it to be able to reduce the activity of Ca2þ channels

directly though its Ca2þ channel blocking action and

indirectly by activating BKCa channels producing hyper-

polarization, which would decrease the open probability of

Ca2þ channels via their voltage-dependence. Functionally,

these properties would be likely to lead to the relaxation of

SMCs at the concentrations of eugenosedin-A employed in

the present study. Some of the vasorelaxation could result

from the direct stimulation of cyclic nucleotides, which are

independent of changes in membrane potential. In conclu-

sion, eugenosedin-A-induced activation of BKCa channels is

mainly mediated by PKA and PKG, which phosphorylate the

channels or associated regulatory proteins. This in turn

enhances the Kþ effluxes and leads to membrane hyper-

polarization and closure of voltage-dependent L-type Ca2þ

channels.
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