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Mechanisms involved in the regulation of bovine
pulmonary vascular tone by the 5-HT;z receptor

C McKenzie, VR Alapati, A MacDonald and AM Shaw

Department of Biological & Biomedical Sciences, Glasgow Caledonian University, Glasgow, UK

Background and purpose: 5-HT;g receptors may have a role in pulmonary hypertension. Their relationship with the activity
of BKc,, a T-type voltage-operated calcium channel (VOCC) and cyclic nucleotide-mediated relaxation was examined.
Experimental approach: Ring segments of bovine pulmonary arteries were mounted in organ baths in modified Krebs—
Henseleit buffer (37°C) under a tension of 20 mN and gassed with 95% 0,/5% CO,. Isometric recordings were made using
Chart 5 software.

Key results: Contractile responses to 5-HT (10 nM-300 uM) were inhibited similarly by the 5-HTg receptor antagonist
SB216641 (100 nM) and the T-type VOCC blockers mibefradil (10 uM) and NNC550396 (10 uM) with no additive effect
between SB216641 and mibefradil. Inhibition by SB216641 was prevented by the potassium channel blocker, charybdotoxin
(100 nM). 5-HTg receptor activation and charybdotoxin produced a mibefradil-sensitive potentiation of responses to U46619.
Bradykinin (0.1 nM-30 uM), sodium nitroprusside (0.01 nM-3 uM), zaprinast (1 nM-3 uM), isoprenaline (0.1 nM-10 uM) and
rolipram (1 nM-3 uM) produced 50% relaxation of arteries constricted with 5-HT (1-3 uM) or U46619 (30-50 nM) in the
presence of 5-HT;g receptor activation, but full relaxation of arteries constricted with U46619, the 5-HT.a receptor agonist 2,5
dimethoxy-4 iodoamphetamine (1 uM) or 5-HT in the presence of 5-HT:s receptor antagonism. Enhanced relaxation of
5-HT-constricted arteries by cGMP-dependent pathways, seen in the presence of the 5-HT;g receptor antagonist, was reversed
by charybdotoxin whereas cCAMP-dependent relaxation was only partly reversed by charybdotoxin.

Conclusions and implications: 5-HTig receptors couple to inhibition of BK¢,, thus increasing tissue sensitivity to contractile
agonists by activating a T-type VOCC and impairing cGMP-mediated relaxation. Impaired cCAMP-mediated relaxation was only
partly mediated by inhibition of BKc,.
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Abbreviations: 4-AP, 4-aminopyridine; BKc,, large conductance voltage and calcium-activated potassium channel; BRL15572,
1-(3-chlorophenyl)-4-[3,3-diphenyl (2-(s,r)hydroxypropanyl) piperazine]hydrochloride; ChTx, charybdotoxin;
GR127935,  N-[4-methoxy-3-(4-methyl-1-piperazinyl-O-phenyl]2’-methyl-4’(5-methyl-1,2.4-oxadiazol-3-yl
[1,1,-biphenyl]-4-carboxamide hydrochloride monohydrate; CP93129, 1,4-dihydro-3-(1,2,3,6-tetrahydro-4-
pyridinyl)-5H-pyrro 1[3,2-b]pyridin-5-one dihydrochloride); Karp, ATP-activated potassium channel; K,,
voltage-activated potassium channel; mibefradil, (1S,2S)-2-[2[[3-(2-benzimidazolylpropyl]methylamino]
ethyl]-6-fluoro-1,2,3,4-tetrahydro-1-isopropyl-2-naphthyl ~ methoxyacetate  dihydrochloride  hydrate;
NS1619, 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-9trifluoromethyl)-2H-benzyimidazol-2-one;
NNC550396, (1S,25)-2-(2-(N-[(3-benzimidazol-2-yl)propyl]-N-methylamino)ethyl)-6-fluoro-1,2,3,
4-tetrahydro-1-isopropyl-2-naphthy! cyclopropanecarboxylate dihydrochloride; PNU37883,
N-cyclohexyl-N’-tricyclo[3.3.1.13,7]dec-1-yl-4-morpholinecarboximidamine  hydrochloride;  SB216641,
N-[3-[3-(dimethylamino)ethoxy]-4-methoxyphenyl]-2’-meth yl-4’-(5-methyl-1,2,4-oxadiazol-3-yl)-[1,
1’-biphenyl]-4-carboxamide hydrochloride; SNP, sodium nitroprusside; TRAM 34, (1-[(2-chlorophenyl)
diphenylmethyl]-1H pyrazole); U46619, 9,11-dideoxy-90, 110-methanoepoxy prostaglandin F,

Introduction

o ] ] ] 5-Hydroxytryptamine (5-HT) is a pulmonary vasoconstrictor
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follows Alexander et al., 2008) are involved in mediating pul-
monary artery vasoconstriction in the normal lung (MacLean
et al., 2000). While the 5-HT,, receptor is clearly contractile,
the 5-HTy receptor is often reported to be ‘silent’ requiring
pharmacological synergy, an agonist-induced tone, to expose
its contractile properties (MacLean, 1999; Banes and Watts,
2001; Wang, 2001). The 5-HT;; receptor couples to Gy, (Hoyer
et al., 1994); however, the transduction pathways and mecha-
nisms by which this receptor influences vascular tone are not
well understood.

We have investigated the role of voltage-operated calcium
channels (VOCC) in the contractile response to 5-HT and the
thromboxane A, mimetic U46619 in bovine pulmonary arter-
ies (BPA) (Alapati et al., 2007). In endothelium-intact BPA the
contractile response to 5-HT is sensitive to verapamil and
mibefradil but is insensitive to nifedipine. Verapamil is a
non-selective L-type VOCC blocker, inhibiting both medium
(Cay 1.3), and high voltage-activated L-type channels (Ca, 1.1
and 1.2; nomenclature follows Alexander etal., 2008),
whereas nifedipine is a selective blocker of the high voltage-
activated L-type channels, which suggests that the inhibitory
action of verapamil is due to inhibition of Ca*" entry via the
medium voltage-activated channel. As mibefradil has a high
specificity for each of the low voltage-activated T-type chan-
nels (Ca, 3.1-3.3, Alexander et al., 2008) its inhibitory action
is due to inhibition of Ca* entry via a T-type VOCC. This may
indicate that the contractile response mediated by 5-HT
involves activation of low/medium voltage-activated L- (Ca,
1.3) and T-type VOCC.

In contrast to 5-HT, the contractile response mediated by
the thromboxane A, mimetic U46619 in the endothelium-
intact BPA (Alapati et al., 2007) and rat pulmonary arteries
(McKenzie et al., 2009) is insensitive to VOCC blockade. This
response, however, is potentiated by the K* channel blockers,
4-aminopyridine and charybdotoxin, inhibitors of voltage-
activated potassium channels (Ky) and large conductance
calcium-activated potassium channels (BKc,) respectively
(McKenzie et al., 2009), indicating that both Ky and BKc, exert
an inhibitory influence on the U46619 contractile response.
Interestingly, the potentiation associated with inhibition of
Ky is nifedipine-sensitive whereas inhibition of BKc, evokes a
mibefradil-sensitive potentiation (McKenzie et al., 2009). This
latter observation suggests that inhibition of BKc, may be
associated with activation of a mibifradil-sensitive T-type
VOCC and raises the possibility that the mibefradil-sensitive
component of the 5-HT-induced contraction may be due to a
5-HT receptor-linked inhibition of BKc,.

The role of BKc, in regulating vascular tone remains to be
fully understood. Its activation following agonist-induced
increases in [Ca*]; or depolarization is thought to be impor-
tant in limiting the contractile response (Jaggar et al., 1998;
Brayden, 2002; Nilsson and Aalkjaer, 2003) and, in pulmo-
nary arteries, increased Iy is associated with several vasocon-
strictors including noradrenaline, histamine and endothelin
(Wang and Large, 1992; Salter and Kozlowski, 1995; Wang
et al., 1997). BKc, can also be activated by cyclic nucleotide-
dependent kinases, to provide a hyperpolarizing stimulus that
contributes to cyclic nucleotide-mediated relaxation (Robert-
son etal.,, 1993; Archer etal., 1994; Schubert et al., 1999;
White et al., 2000; Barman et al., 2003).
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In bovine pulmonary conventional arteries, activation of
the 5-HTip,5 receptor does not directly induce a contractile
response but does potentiate the contractile response medi-
ated by the 5-HT,, receptor (Shaw et al., 2000). The purpose of
the present study was to investigate the hypothesis that the
5-HTipss receptor in BPA may activate a T-type VOCC and
inhibit cyclic nucleotide-mediated relaxation by linking to
inhibition of BKc,.

Methods

Tissue preparation

Bovine lungs were obtained from a local abattoir within
50 min of slaughter. Ring segments were dissected from 4th-
5th generation conventional arteries (3—-4 mm diameter and
3-4 mm in length) and freed of surrounding connective tissue.
Care was taken not to damage the luminal surface of the
preparation. The vessels were suspended between two stainless
steel wire hooks in 10 mL Linton vessel chambers containing
modified Krebs-Henseleit physiological salt solution of the
following composition (mM): NaCl (119), KCI (4.7), NaHCO;
(24.8), MgSO, (1.2), KH,PO, (1.2), CaCl (2.5), glucose (11.1).
Tissues were maintained at 37°C under a tension of 20 mN, and
gassed with a mixture of 95% 0O,/5% CO,. Solutions of high K*
physiological salt solution (60 mM) were made by equimolar
replacement of NaCl with KCI. Changes in isometric tension
were recorded using Chart 5 software.

Experimental protocols

The tissues were allowed to equilibrate for 60 min before each
experiment. Rings were initially contracted with KCl
(60 mM). Agonists were added to the organ baths
cumulatively in 0.5 log unit to construct cumulative
log concentration-response curves. Agonist responses are
expressed as a percentage of the initial KCI response. Where
necessary, the integrity of the endothelium was assessed using
the endothelium-dependent vasodilator bradykinin as
described in Tracey et al. (2002).

Investigations into the influence of 5-HTp/5-HT 3 receptors, the
effect of charybdotoxin and the involvement of a T-type VOCC
on contractile responses
The involvement of the 5-HT;, and 5-HT;; receptors on con-
tractile responses to 5-HT was assessed by examining the
effect of the mixed 5-HT;p;s receptor antagonist GR127935
(100 nM) (Skingle et al., 1996) and subtype selective antago-
nists (Price et al.,, 1997) BRL15572 (5-HT;p) and SB216641
(5-HTy3) on the concentration-response curves to 5-HT
(1 nM-300 uM). BRL15572 and SB216641 were used at
100 nM, which produced maximal effects. Antagonists were
pre-incubated for 40 min before the addition of the agonist.
The involvement of VOCC in the contractile responses to
5-HT was assessed using the L-type VOCC blocker verapamil
(Ca,1.1, 1.2, 1.3) and the T-type VOCC blockers (Huang et al.,
2004) mibefradil and NNC550396 (Ca, 3.1-3.3). Both vera-
pamil and mibefradil were used at 10 uM, which produced
maximal effects. Although mibefradil is selective for the
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T-type channels, its metabolites may also block L-type chan-
nels (Wu et al., 2000). For this reason we included the non-
hydrolysable analogue of mibefradil, NNC550396 (10 uM) in
these studies.

To assess the relationship between BKq, on T-type VOCC
activation, concentration-response curves to U46619 were
constructed in the absence and presence of the BKc./IKc,
inhibitor charybdotoxin (ChTx, 100 nM, Félétou and Van-
houtte, 2006) alone and in the presence of mibefradil (10 uM)
or NNC550396 (10 uM). The effect of charybdotoxin was also
examined on concentration-response curves to 5-HT in the
presence and absence of the 5-HT,; receptor antagonist
SB216641.

To assess the influence of 5-HT; receptor and T-type VOCC
activation, concentration-response curves for U46619 were
constructed in the absence and presence of 5-HT (5 uM) with
the 5-HT;, receptor antagonist ritanserin (1 pM) alone and in
the presence of mibefradil (10 uM).

Studies investigating the effect of the 5-HT,p or 5-HTy receptor
and charybdotoxin on relaxation mediated by cyclic nucleotides
Arteries were constricted to a similar extent by 5-HT or
U46619; mean values 41.6 = 2.3 and 44.1 = 1.9 mN for 5-HT
(1-3 uM) and U46619 (30-50 nM) respectively. Thereafter,
concentration-response curves were constructed for relax-
ation using agents known to relax vascular smooth muscle by
elevating intracellular cAMP (isoprenaline, rolipram) or cGMP
[bradykinin, sodium nitroprusside (SNP), zaprinast]. To assess
the influence of 5-HT, receptor subtypes on the relaxation of
5-HT-constricted vessels responses were repeated in the
presence of GR127935 (100 nM), BRL15572 (100 nM) or
SB216641 (100 nM).

The influence of the 5-HT, receptor on relaxation by iso-
prenaline and bradykinin was further assessed by comparing
the relaxation in vessels contracted with 5-HT, the selective
5-HT,s agonist 2,5 dimethoxy-4 iodoamphetamine (DOI,
1 uM) or U46619 in the absence and presence of the 5-HT,
agonist 5-carboxamidotryptamine (5-CT, 1 uM) or the selec-
tive 5-HT; agonist CP93129 (1 uM).

To assess the involvement of Ix in cyclic nucleotide-mediated
relaxation responses to isoprenaline and bradykinin in some
experiments were examined in high (25 mM) [K'], and com-
pared with the response in normal (5.9 mM) [K'],. The involve-
ment of BKc, in cyclic nucleotide-mediated relaxation was
assessed by comparing concentration-response curves for
relaxation to isoprenaline, bradykinin, SNP, zaprinast and
rolipram of U46619-constricted vessels in the absence and
presence of charybdotoxin (ChTx, 100 nM). Similar experi-
ments, using charybdotoxin were performed with vessels con-
stricted with 5-HT in the absence and presence of the 5-HT;
receptor antagonist SB216641 (10 uM). In some experiments
the involvement of IK¢, in cyclic nucleotide-mediated relax-
ation was assessed using TRAM34 (1 uM).

Drug incubation

Unless otherwise stated all drugs, or an equal volume of the
drug vehicle, in control tissues, were incubated for approxi-
mately 40 min before the addition of U46619 or 5-HT.
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Data analysis
All data were collected using Chart for Windows (ADInstru-
ments). Maximum contractile responses to agonists were cal-
culated as a percentage of the contraction produced by KCl
(60 mM) and are expressed as the means = SEM. Relaxations
were expressed as % decrease in the U46619- or 5-HT-induced
contraction and expressed as means = SEM.

The mean log concentration-response curves to agonists
were analysed by fitting to a four-parameter logistic equation
(giver below) using nonlinear regression (Graph Pad Prism):

Y = bottom + (top — bottom)/(1 + 1008 ECS0-Hill slope )

where X is the logarithm of the molar concentration of
agonist and Y is the response. The upper limit is the
maximum contraction (or relaxation) (Ema.) and log ECs, is
the agonist concentration that produces 50% of the
maximum response. The lower limit is the resting tone in the
absence of any contractile agonist (or the pre-contraction
used for relaxation). Comparison between mean sensitivity
(pECso) or maximum contraction (Rmax) were carried out using
unpaired Student’s t-test (two-tailed). Where necessary mul-
tiple comparisons were conducted using one-way ANOVA with
Tukey post test. All differences were considered as statistically
significant when P < 0.05. In all cases, n = the number of
arteries from different animals

Materials

U46619 was purchased from Biomol Research Laboratories
Inc. 5-HT, mibefradil, NNC550396, verapamil hydrochloride,
charybdotoxin and SNP were purchased from Sigma-RBI.
TRAM 34, 4-AP (4-aminopyridine), isoprenaline, BRL15572,
GR127935, SB216641, zaprinast, rolipram and CP93129 were
purchased from Tocris Bioscience. U46619, verapamil, TRAM
34, BRL15572 and rolipram were dissolved in ethanol. SNP
and zaprinast were dissolved in DMSO. All other drugs were
dissolved in distilled water.

Results

Effect of the 5-HT), receptor antagonists GR127935 (5-HT1p;s),
SB216641 (5-HTg), BRL15572 (5-HTp) and the VOCC
blockers verapamil, mibefradil and NNC550396 on the
concentration-response curve to 5-HT

The concentration-response curve for 5-HT-induced contrac-
tion was shifted to the right by the 5-HT; receptor antagonist
SB216641 (100 nM) and the mixed 5-HTip; 15 receptor antago-
nist GR127935 (100 nM), but not by the 5-HT;p receptor
antagonist BRL15572 (100 nM) (Figure 1A, Table 1). Mibe-
fradil (10 uM), its non-hydrolysable analogue NNC550396
(10 uM) and verapamil (10 uM) produced similar rightward
shifts of the 5-HT concentration-response curve (Figure 1B
and C, Table 1). Their effects were maximal at this concentra-
tion (data not shown). The shift produced when SB126641
was combined with mibefradil was not different from that
produced by either drug alone (Figure 1B, Table 1). In con-
trast, when SB216641 was combined with verapamil (10 uM)
a much greater inhibition was observed (Figure 1C, Table 1).
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Effect of the 5-HT1p (BRL15572), 5-HT15 (SB216641) or the mixed 5-HT1p/18 (GR127935) receptor antagonists, mibefradil, a T-type

voltage-operated calcium channel (VOCC) blocker or verapamil, an L-type VOCC blocker on the concentration-response curve for 5-HT-
induced contraction. (A) Response to 5-HT in the absence (control) and presence of SB216641 (100 nM), BRL15572 (100 nM) and GR127935
(1 uM). (B) Response to 5-HT in the absence (control) and presence of SB216641 (100 uM), NNC550396 (10 uM), mibefradil (10 uM) and
mibefradil combined with SB216641. (C) Response to 5-HT in the absence (control) and presence of verapamil (10 uM) and verapamil
combined with SB216641. (D) Response to 5-HT in the absence (control) and presence of SB216641 (100 nM), charybdotoxin (100 nM) and
charybdotoxin combined with SB216641. Results are the means = SEM from four to five experiments (number of arteries from different

animals).

Effect of 5-HT-receptor activation on basal tone and on
U46619-induced contraction

In the presence of the 5-HT,, receptor antagonist ritanserin,
5-HT did not alter the basal tone (data not shown), but pro-
duced a leftward shift of the concentration-response curve to
U46619 (0.1 nM-3 uM) and increased the maximum
response. This effect of 5-HT was absent when repeated in the
presence of mibefradil (10 uM) (Figure 2A, Table 2).

Effect of charybdotoxin on (i) the concentration-response curve to
5-HT in the absence and presence of 5-HTy receptor
antagonism, (ii) the contractile response to the 5-HT;, receptor
agonist DOI and (iii) the concentration-response curve to
U46619 in the absence and presence of T-type channel blockade
Charybdotoxin (100 nM) did not affect the concentration—
response curve for 5-HT; however, the rightward shift nor-

mally produced by SB216641 (100 nM) was absent in the
presence of charybdotoxin (Figure 1D, Table 1). The contrac-
tile response induced by DOI (1 uM) was increased from 98 =
11% to 133 * 4% of the KCI contraction (n = 4). Charybdot-
oxin shifted the concentration-response curve for U46619 to
the left and increased the maximum response (Figure 2B,
Table 2) but, in the presence of either mibefradil (10 uM) or
NNC550396 (10 uM), the charybdotoxin-mediated potentia-
tion was absent (Figure 2B, Table 2).

Influence of the 5-HT receptor on cGMP- (bradykinin) or
cAMP- (isoprenaline) mediated relaxations

In rings constricted with U46619 (30-50 nM), bradykinin
(0.01 nM-30 uM) or isoprenaline (0.1 nM-10 uM) induced a
concentration-dependent relaxation that almost fully
reversed the pre-constriction (Figure 3A and B, Table 3). In
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Table 1 Effect of 5-HT;5 receptor antagonism, the voltage-operated
calcium channel blockers verapamil, mibefradil, NNC550396 and
the BKc. blocker charybdotoxin (ChTx) on the 5-HT-induced
concentration-response curve

Table 2 Effect of charybdotoxin (ChTx) or activation of the 5-HT;
receptor on the concentration-response curve for U46619-induced
contraction in the absence and presence of the T-type voltage-
operated calcium channel blockers mibefradil and NNC550396

PECso Rpmax n PECso Rmax n

5-HT (control) 5.60 = 0.07 176.6 = 6.7 5 U46619 (control) 7.29 = 0.07 135.7 £ 5.4 5
5-HT + SB216641 5.11 £ 0.09* 131.6 £ 7.1* 5 U46619 + 5-HT + ritanserin 7.51 = 0.10 1979 = 10.6* 4
5-HT + mibefradil 5.08 = 0.09* 142.8 = 7.9* 5 U46619 + 5-HT + ritanserin + 7.33 £0.10 126.7 = 6.2# 4
5-HT + SB216641 + 5.05 £ 0.09* 130.4 £ 7.1* 5 mibefradil

mibefradil U46619 (control) 7.37 £ 0.09 129.6 = 6.1 5
5-HT + NNC550396 5.09 £ 0.05* 141.2 = 4.1* 4 U46619 + ChTx 7.65 = 0.06* 178.2 = 5.4* 5
5-HT (control) 5.90 £ 0.05 179.7 = 4.0 5 U46619 + ChTx + mibefradil 7.41 = 0.088 112.1 = 4.48 4
5-HT + verapamil 5.06 = 0.07* 1423 £ 5.9 4 U46619 + ChTx + NNC550396  7.49 = 0.088 116.7 = 4.78§ 4
5-HT + verapamil + 4.65 = 0.41*§ 55.8 £ 16.9*8 4

SB216641 Significantly different (0.00 < P < 0.05, ANOVA with Tukey post test) *from
5-HT (control) 5.71 = 0.06 177.5 = 5.5 5 U46619 control; #from U46619 with 5-HT; receptor activation; §from U46619
5-HT + SB216641 5.27 £ 0.12* 148.0 = 10.2* 5 in the presence of ChTx. n = number of arteries from different animals.
5-HT + ChTx 5.75 £ 0.04 186.6 = 3.8 5
5-HT + SB216641 + ChTx 5.69 = 0.04# 198.0 = 3.7# 5

Significantly different (0.00 < P < 0.05, ANOVA with Tukey post test) *from 5-HT
control; §from 5-HT + verapamil; #from 5-HT + SB216641. n = number of
arteries from different animals.
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Figure 2 Effect of 5-HT; receptor activation and charybdotoxin on the contractile response to U46619. (A) The response to U46619 in the
absence (control) and presence of 5-HT and ritanserin alone or with mibefradil. (B) The response to U46619 in the absence and presence of
charybdotoxin (ChTx) alone or in combination with mibefradil or NNC550396 (10 uM). Results are the means = SEM from four to five

experiments (number of arteries from different animals).

contrast, in rings that were constricted to a similar extent by
5-HT (1-3 uM), the maximum relaxation induced by isopre-
naline or bradykinin was approximately half of the pre-
constriction (Figure 3A and B, Table 3) but, when repeated in
the presence of the selective 5-HTi; antagonist SB216641
(100 nM) or the mixed S5-HTpss receptor antagonist
GR127935 (100 nM), but not the 5-HT;p antagonist BRL15572
(100 nM), bradykinin or isoprenaline induced almost full
relaxation (Figure 3A and B, Table 3).

In arteries constricted with the selective 5-HT,, agonist DOI
(1 uM), a supramaximal concentration of bradykinin (10 uM)
and isoprenaline (5 uM) induced about twice as much relax-
ation as that induced in rings constricted to a similar extent
by 5-HT (n = 4-6, P < 0.001; Figure 4A and B).
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In arteries constricted by U46619, a supramaximal concen-
tration of isoprenaline (5 uM) and bradykinin (10 uM)
induced about 80% relaxation (Figure 4C and D) and these
relaxations were reduced to about 40% by the non-selective
5-HT; agonist 5-CT (1 uM) or the selective 5-HT,; agonist
CP93129 (1 uM) (n = 4-5, P < 0.001; Figure 4C and D).
CP93129 did not affect the basal tone (results not shown). The
mean level of constriction for U46619 alone, U466619 in the
presence of CP93129 and U46619 in the presence of 5-CT was
44.1 = 1.9, 43 = 0.9 and 43.8 = 1 mN.

In artery rings constricted by 5-HT, the isoprenaline- and
bradykinin-induced relaxation was unaffected by increasing
[K], from 5.9 (normal) to 25 mM (high [K],); however, the
enhanced relaxation normally produced by SB216641 for
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Figure 3 Relaxation induced by bradykinin and isoprenaline of artery rings constricted with U46619 or 5-HT: effect of 5-HT: and 5-HTp
receptor antagonism. Concentration-response curves for (A) bradykinin- and (B) isoprenaline-induced relaxation of artery rings constricted to
a similar extent with U46619 and 5-HT. In 5-HT-constricted rings responses to bradykinin and isoprenaline were examined in the absence and
presence of SB216641 (100 nM), GR127935 (1 uM) and BRL15572 (100 nM). Results are the means = SEM from four to six experiments

(number of arteries from different animals).

Table 3 Relaxation by bradykinin and isoprenaline of artery rings constricted with U46619 or 5-HT alone or in the presence of either 5-HT1g

or 5-HT;p receptor antagonists or the mixed 5-HT;p/15 antagonist

Pre-constriction Bradykinin Isoprenaline

pECso Rimax n pECSD Rimax n
U46619 8.65 = 0.01 97.2 0.5 8 8.00 = 0.01 91.4 = 0.4 6
5-HT 7.58 = 0.03 529 + 0.8 6 7.29 = 0.03 56.9 + 0.7 4
5-HT + SB216641 8.29 = 0.02* 86.5 = 0.7* 7 7.95 = 0.02* 96.5 = 0.9* 4
5-HT + GR127935 8.56 + 0.02* 86.9 + 0.6* 4 7.64 = 0.02* 88.9 + 0.6* 4
5-HT + BRL15572 7.44 + 0.06 49.1 £1.3 5 7.39 = 0.03 54.1 = 0.6 4

*Significantly different (0.001 < P < 0.05, Student'’s t-test) from 5-HT. n = number of arteries from different animals.

both agents was not observed in [K], = 25 mM (Figure SA
and B).

Effect of charybdotoxin on cyclic nucleotide-mediated relaxation
of rings pre-constricted with U46619 or 5-HT in the absence and
presence of 5-HT receptor antagonism

In rings pre-constricted with U46619 (30-50 nM), bradyki-
nin, SNP, zaprinast (Figure 6A, C and E, Table 4), isoprena-
line and rolipram (Figure 6A, G and I, Table 5) produced
almost full relaxation of the pre-constriction. In the
presence of charybdotoxin, the concentration-response
curves for relaxation by bradykinin (0.1 nM-30 uM), SNP
(0.01 nM-3 uM) and zaprinast (1 nM-3 uM) were shifted to
the right and the maximum relaxation reduced by approxi-
mately 40-50% (Figure 6A, C and E, Table 4). Charybdot-
oxin produced a small rightward shift of the isoprenaline
(0.1 nM-10 uM) and rolipram (1 nM-3 uM) concentration—
response curves but did not change the maximum response
(Figure 6G and I, Table 5).

In rings pre-constricted with 5-HT (1-3 uM), bradykinin,
SNP, zaprinast, isoprenaline and rolipram produced
concentration-dependent  relaxations with maximum
relaxations that were approximately 40-50% of the
pre-constriction. These responses were unaffected by charyb-
dotoxin (100 nM) (Figure 6B, D, F, H and J, Tables 4 and 5). In
rings constricted with 5-HT in the presence of SB216641

(100 nM), but not SB216641 with charybdotoxin, the
concentration-response curves for relaxation by bradykinin,
SNP and zaprinast were shifted to the left and the maximum
relaxation increased to approximately 90% of the pre-
constriction (Figure 6B, D and F, Table 4). In the presence of
SB216641, the concentration-response curves for relaxation
to isoprenaline and rolipram were shifted to the left and the
maximum relaxation increased to approximately 90% of the
pre-constriction. The further addition of charybdotoxin
reduced the leftward shift but not the maximum relaxation
(Figure 6H and ], Table 5).

Effect of TRAM34 on bradykinin- and isoprenaline-induced
relaxation of rings pre-constricted with U46619 or 5-HT in the
absence and presence of 5-HT receptor antagonism

In rings contracted with 5-HT (1-3 uM) the concentration—
response curves for relaxation to bradykinin (0.01 nM-
30 uM) and isoprenaline (0.1 nM-10 uM) in the absence and
presence of SB216641 (100 nM) were unaffected by TRAM 34
(1 uM) (Figure 7A and B).

Effect of mibefradil on the reduced relaxation to SNP seen in the
presence of charybdotoxin

In artery rings pre-constricted with U46619 (30-50 nM), SNP-
induced relaxation in the presence of charybdotoxin
(100 nM) was unaffected by mibefradil (10 uM) (Figure 8).
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Figure 4 Relaxation induced by bradykinin and isoprenaline of artery rings constricted with 5-HT, the 5-HT.. selective agonist 2,5
dimethoxy-4 iodoamphetamine (DOI) (1 uM) or U46619 alone or in the presence of activation of the 5-HT receptor. (A and B) Relaxation
induced by bradykinin and isoprenaline in rings contracted to a similar extent by 5-HT or DOI. (C and D) Relaxation induced by bradykinin
and isoprenaline in rings contracted to a similar extent by U46619 and U46619 with 5-CT (1 uM) or CP93129 (1 uM). Results are the means
+ SEM from four to six experiments (number of arteries from different animals).

Discussion

Based on the observations that the contractile response of BPA
to 5-HT is sensitive to mibefradil (Alapati et al., 2007), a selec-
tive T-type VOCC blocker (Perez-Reyes, 2002), that blockade
of BKq, in rat pulmonary artery, produced a mibefradil-
sensitive potentiation of the contractile response to U46619
(McKenzie et al., 2009) and that relaxation by cyclic nucle-
otides is mediated, in part, by BKc, activation (Robertson
etal., 1993; Archer et al., 1994; Schubert et al., 1999; White
et al., 2000; Barman et al., 2003), the present study examined
the possibility that a 5-HT receptor may inhibit BKc,, which
contributes to the contractile response by both activating a
T-type VOCC and impairing the inhibitor influence of cyclic
nucleotides.

Previous attempts to investigate the role of the 5-HT), recep-
tor in BPA showed that a reduced sensitivity was associated
with the mixed 5-HTipis receptor antagonist GR127935
(Shaw et al., 2000). The present study confirmed this observa-
tion and demonstrated that selective antagonism of the

British Journal of Pharmacology (2010) 159 188-200

5-HT;; receptor but not the 5-HT;, receptor, reduced the tissue
sensitivity. This indicates that activation of the 5-HT; recep-
tor increases the tissue sensitivity to 5-HT.

5-HT;p receptor and the mibefradil-sensitive contractile
component of the 5-HT response

Both mibefradil and verapamil have previously been shown
to produce a similar partial inhibition of the contractile
response to 5-HT but, in combination, at concentrations that
individually produce maximal effects, they markedly inhibit
the contractile response to 5-HT (Alapati et al., 2007). As vera-
pamil is a non-selective inhibitor of the L-type VOCC and as
the contractile response is insensitive to nifedipine, an inhibi-
tor of the high voltage-activated L-Type VOCC, it has been
suggested that the inhibitory action of verapamil is mediated
through inhibition of the nifedipine-insensitive medium
voltage-activated L-Type VOCC (Cay 1.3) (Alapati et al., 2007).
Mibefradil is reported to act as a selective blocker of each of
the low voltage-activated T-type VOCCs (Perez-Reyes, 2002);
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Figure 5 Effect of increasing [K], to 25 mM on isoprenaline and bradykinin-induced relaxation of rings pre-constricted with 5-HT or 5-HT in
the presence of SB216641. In 5-HT constricted rings relaxation to isoprenaline and bradykinin was unaffected by high [K],, but the relaxation
in the presence of SB216641 was reduced by approximately 40-50%. Results are the means = SEM from four to six experiments (number of

arteries from different animals).

however, recently it has been reported that metabolites
of mibefradil block other non-T-type VOCC (Wu et al., 2000).
The observation that NNC550396, a non-hydrolysable ana-
logue of mibefradil (Huang et al., 2004), has a similar inhibi-
tory profile to mibefradil suggests that the inhibitory action of
mibefradil is mediated through inhibition of a T-type
channel. These observations could indicate that 5-HT induces
a membrane depolarization that is sufficient to activate low
medium voltage-activated channels.

The observations that the tissue sensitivity to 5-HT was
reduced to a similar extent by 5-HT, receptor antagonists or
mibefradil and that no additive effect was observed when
these two agents were combined could indicate that inhibi-
tion of the T-type channel and antagonism of the 5-HTig
receptor have similar effects. This view is further supported by
the observation that in the presence of verapamil, 5-HT;
receptor antagonism produced a marked inhibition of the
contractile response, similar to the inhibition reported for
mibefradil in the presence of verapamil (Alapati et al., 2007).
Moreover, the observation that activation of the 5-HT; recep-
tor produces a mibefradil-sensitive potentiation of the
U46619 contractile response indicates that this receptor is
linked to increased conductance of a T-type calcium channel.

In rat pulmonary arteries charybdotoxin does not affect the
basal tone but produces a mibefradil-sensitive potentiation of
the U46619-induced contractile response (McKenzie et al.,
2009). Charybdotoxin is reported to block BKc, and IKc.
(Félétou and Vanhoutte, 2006), suggesting that inhibition of
one or both channels underlies the activation of the T-type
channel. In the present study charybdotoxin did not
affect the basal tone of the BPA but, unlike TRAM 34, a
selective IKc, blocker (Félétou and Vanhoutte, 2006), pro-
duced a mibefradil-sensitive potentiation of the U46619
concentration-response curve. These observations suggest
that charybdotoxin-sensitive potassium channels, BKc, or
possibly BK¢, and IKc,, are normally active following TP recep-

tor stimulation in rat and BPA and that inhibition of these
channels is linked to increased conductance of the T-type
calcium channel.

In contrast to U46619 the present study shows that charyb-
dotoxin did not affect the concentration-response curve to
5-HT, which could indicate that charybdotoxin-sensitive
channels are not normally activated by 5-HT. As antagonism
of the 5-HTy; receptor however, reduced the tissue sensitivity
to 5-HT and because this was prevented by charybdotoxin,
this might indicate that charybdotoxin-sensitive K* channels
were activated when the 5-HT,; receptor was blocked, imply-
ing that activation of the 5-HT;; receptor normally inhibits
conductance through these channels. This interpretation
would explain why mibefradil, which normally reduces the
tissue sensitivity to 5-HT to a similar extent as 5-HT receptor
antagonism, has no inhibitory effect in the presence of the
5-HT,s receptor antagonist, unless charybdotoxin is also
present. These observations suggest that 5-HT; receptor acti-
vation couples to inhibition of BKc,, which in turn provides
the depolarizing stimulus for activation of the mibefradil-
sensitive T-type VOCC.

The 5-HT;; agonists RU24969 (Shaw etal., 2000) and
CP3129 do not affect the basal tone of bovine pulmonary
conventional arteries, which suggests that stimulation of the
5-HT,; receptor in these arteries does not directly induce a
contractile response. Because charybdotoxin, in both rat pul-
monary artery (McKenzie et al., 2009) and BPA, also does not
affect the resting tone, it would seem that BK¢, conductance
does not greatly influence resting Em. This view is consistent
with the observations that activation of BKc, follows stimu-
lation of several contractile receptors. In rat pulmonary artery
endothelin and noradrenaline (Salter and Kozlowski, 1995;
Wang et al., 1997) and in rabbit pulmonary artery histamine
and noradrenaline (Wang and Large, 1992) induce an
outward calcium-activated charybdotoxin-sensitive current.
In the present study, the contractile response to 5-HT is only
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Figure 6 Effect of charybdotoxin on relaxation, by agents that increase cGMP and cAMP, of artery rings constricted with U46619, 5-HT or
5-HT in the presence of 5-HT:g receptor antagonism: concentration-response curves for (A) bradykinin-, (C) SNP-, (E) zaprinast-, (G)
isoprenaline-, (I) rolipram-induced relaxation of U46619-constricted rings in the absence and presence of charybdotoxin (100 nM);
concentration-response curves for (B) bradykinin-, (D) SNP-, (F) zaprinast-, (H) isoprenaline-, (J) rolipram-induced relaxation of 5-HT-
constricted rings in the absence and presence of charybdotoxin (100 nM), SB216641 (100 nM) and charybdotoxin combined with SB216641.
Results are the means = SEM from four to five experiments (number of arteries from different animals).

sensitive to charybdotoxin following blockade of the 5-HT;
receptor, which indicates that activation of the 5-HT,4 recep-
tor is also linked to increased conductance of BKc,. This view
is supported by the observation that the contractile response
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to the 5-HT,, agonist DOI is potentiated by charydotoxin.
These observations suggest that the contractile response asso-
ciated with activation of the 5-HT receptor is seen only in
the presence of agonist receptors that activate BKc, and this
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Table 4 Influence of charybdotoxin (ChTx) on relaxation, by agents that increase cGMP, of artery rings constricted with U46619, 5-HT or
5-HT in the presence of 5-HT;s receptor antagonism
Pre-constriction Bradykinin SNP Zaprinast

PEC50 Rimax n PEC50 Rimax n PEC50 Rimax n
U46619 7.83 £ 0.11 100 = 4.4 5 7.78 £0.10 100=1.6 5 7.43 £ 0.11 100 £ 5.6 4
U46619 + ChTx 7.15 = 0.10* 52.8 = 0.1* 5 7.01 = 0.04* 51.0 = 0.6* 5 6.65 = 0.18* 58.4 = 6.9* 4
5-HT 7.66 = 0.06 51.7 1.6 5 7.45 = 0.06 51.2 1.7 5 7.10 £0.15 48.1 = 3.9 4
5-HT + ChTx 7.40 = 0.11 520+ 2.6 5 7.40 = 0.06 473 1.8 5 7.02 £ 0.11 50.7 = 3.1 4
5-HT + SB216641 8.42 = 0.05* 88.8 = 1.8* 5 8.16 = 0.05* 91.4 = 2.0* 5 7.55 = 0.08 97.4 = 3.8% 4
5-HT + SB216641 + ChTx 7.53 £ 0.06# 51.5+x13# 5 7.35+0.08#  51.8 * 2.6# 5 6.94 + 0.16# 53.6 = 5.1# 4

Significantly different (0.00 < P < 0.05, ANOVA with Tukey post test) *from U46619 or 5-HT controls; #from 5-HT in the presence of the 5-HT;s receptor antagonist

SB216641. n = number of arteries from different animals.

may explain why the 5-HT; receptor is often reported to be
‘silent’ requiring agonist-induced tone to contribute to con-
traction. The mechanism by which the 5-HT; receptor inhib-
its BKc, is unclear; however, in human coronary arteries 5-HT
is reported to inhibit BKCa via activation of the tyrosine
kinase c-Src (Alioua et al., 2002).

In addition to stimulating BKc, several studies suggest that
contractile agonists also stimulate Clc, (Salter and Kozlowski,

1995) and the observation in rat pulmonary artery that the
charybdotoxin-induced, mibefradil-sensitive, potentiation of
the U46619-induced contractile response is absent in the pres-
ence of chloride channel blockade (Mckenzie et al., 2009)
suggests that reduced Igx together with the stimulated Iq
underlies the depolarizing stimulus for T-type VOCC activa-
tion. The involvement of Cl™ in the contractile response to
U46619 contrasts with the contractile response to 5-HT,

British Journal of Pharmacology (2010) 159 188-200
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Table 5 Influence of charybdotoxin (ChTx) on relaxation, by agents that increase cAMP, of artery rings constricted with U46619, 5-HT or 5-HT
in the presence of 5-HT;g receptor antagonism
Pre-constriction Isoprenaline Rolipram

PEC50 Rmax n PEC50 Rmax n
U46619 8.47 = 0.05 96.4 £ 1.9 5 7.76 = 0.06 90.6 = 2.7 4
U46619 + ChTx 7.80 = 0.02§ 90.1 = 3.9 5 7.21 = 0.08% 80.7 + 4.1 4
5-HT 7.44 = 0.08 50.3 £ 2.2 5 7.08 = 0.04 489 = 1.4 4
5-HT + ChTx 7.48 = 0.07 484 = 1.6 5 7.13 £ 0.03 48.1 = 0.9 4
5-HT + SB216641 8.39 * 0.02* 989 = 1.0 5 7.73 = 0.08* 88.3 * 3.9* 4
5-HT + SB216641 + ChTx 7.52 = 0.03# 93.6 + 1.4 5 7.27 = 0.11# 81.1 = 5.3* 4

Significantly different (0.00 < P < 0.05, ANOVA with Tukey post test) *from U46619 §or 5-HT controls; #from 5-HT in the presence of the 5-HT;s receptor antagonist

SB216641. n = number of arteries from different animals.
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Influence of IKc, on relaxation, by agents that increase cGMP and cAMP, of artery rings constricted with 5-HT or 5-HT in the presence

of 5-HT;z receptor antagonism: concentration-response curves for (A) bradykinin- and (B) isoprenaline-induced relaxation of 5-HT-constricted
rings in the absence and presence of TRAM 34 (1 uM), SB216641 (100 nM) and TRAM 34 combined with SB216641. Results are the means
+ SEM from four to five experiments (number of arteries from different animals).

which is insensitive to chloride channel blockade or depletion
of extracellular chloride (Alapati et al., 2007) and suggesting
that stimulated I, is not required for T-type VOCC activation
by 5-HT.

5-HT; receptor and cyclic nucleotide-mediated relaxation
Elevating the level of cyclic nucleotides in smooth muscle
leads to relaxation mediated by multiple mechanisms. For
example, cCAMP, via A-Kinase, can phosphorylate and inhibit
MLCK (Conti and Adelstein, 1981; Kerrick and Hoar, 1981)
whereas cGMP, via G-kinase, can phosphorylate and activate
MLCP (Wu et al., 1996; Lee et al., 1997), resulting in dephos-
phorylation of myosin and reduced interaction with actin.
Both cyclic nucleotides can stimulate heat shock protein 20
(HSP20), which prevents interaction between actin and
myosin without affecting myosin phosphorylation (Flynn
et al., 2005). Cyclic nucleotides can also evoke a membrane
hyperpolarization by phosphorylating and activating BKc,
(Robertson et al., 1993; Archer et al., 1994; Fukao et al., 1999;
Schubert et al., 1999; White et al., 2000; Barman et al., 2003)
or specific BK¢, subtypes (Zhou et al., 2001), Ky (Zhao et al.,
1997; 1998) and cAMP can activate Kyrp (Quayle et al., 1997;
Brayden, 2002)
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Figure 8 Effect of T-type voltage-operated calcium channel (VOCC)
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ade. Concentration-response curve for SNP-induced relaxation of
U46619-constricted arteries in the presence of charybdotoxin
(100 nM) in the absence and presence of mibefradil (10 uM). Results
are the means = SEM from four experiments (number of arteries from
different animals).




In BPA pre-constricted with U46619, elevating cyclic nucle-
otides with agonists such as bradykinin (cGMP) and isopre-
naline (cAMP), SNP, which activates guanylyl cyclase, or by
inhibiting the breakdown of cyclic nucleotides with the phos-
phodiesterase inhibitors rolipram (type IV, cCAMP) and zapri-
nast (type V, cGMP) produces full relaxation. In contrast, in
arteries pre-constricted to a similar extent by 5-HT, the
maximum relaxation produced by all of these agents is only
around half of that seen in the U46619 constriction. The
impaired relaxation is associated with activation of the 5-HT;
receptor because in arteries constricted by activating the
5-HT,s receptor alone with the selective 5-HT,, receptor
agonist DOI or 5-HT in the presence of either the mixed
5-HTip1s receptor antagonist GR127935 or the 5-HT,; recep-
tor antagonist SB216641, but not the 5-HT;p receptor antago-
nist BRL15572, these vasodilators induced full relaxation.
That the impaired relaxation is linked to the 5-HT,; receptor
is further supported by the observation that in U46619-
constricted arteries the relaxation by bradykinin and isopre-
naline could be markedly impaired by activating the 5-HTz
receptor with the non-selective 5-HT; agonist 5-CT or the
selective 5-HT;5 agonist CP93129.

The concentration of 5-CT or CP93129 used in this study
was maximal; higher concentration did not produce further
inhibition of the relaxation; therefore, a component of the
relaxation, approximately half, is insensitive to the 5-HTi;
receptor. These observations show that activation of the
5-HT;p receptor impairs relaxation mediated through both
cAMP-dependent and cGMP-dependent pathways to a
similar extent. The mechanism by which the 5-HT; receptor
inhibits cyclic nucleotide-mediated relaxation is unclear.
Because 5-HT,; receptor activation is associated with activa-
tion of a T-type VOCC, it is possible that the impaired relax-
ation is due to the contribution of this channel to the
contraction. However, as relaxation of U46619-constricted
rings by SNP in the presence of charybdotoxin was unaf-
fected by mibefradil, this would indicate that the involve-
ment of the T-type VOCC in the contraction is not the
reason for the impaired relaxation. As the relaxation
induced by bradykinin or isoprenaline of U46619- or 5-HT-
(in the presence of 5-HT;; receptor antagonism) was reduced
by approximately half by increasing [K], to 25 mM and, as
high [K], did not affect the relaxation in 5-HT-constricted
rings, this suggests that the 5-HT;s receptor-sensitive com-
ponent is associated with a hyperpolarisation.

As the contractile studies indicate that the 5-HT,; receptor
links to inhibition of BKc, and, as ¢cGMP (Robertson et al.,
1993; Archer et al., 1994; Peng et al., 1996; Saqueton et al.,
1999) and cAMP (Soria, 1988; Minami et al., 1993; Schubert
et al., 1999) via their respective kinases are reported to phos-
phorylate and stimulate conductance through BKc,, then the
part of the cyclic nucleotide-mediated relaxation that is
inhibited by 5-HT;; receptor activation could be explained by
its ability to inhibit BKc,. This explanation is consistent with
the findings for cGMP-dependent relaxation because the
enhanced bradykinin-, SNP- and zaprinast-induced relaxation
produced by antagonism of the 5-HT; receptor is prevented
completely by charybdotoxin, suggesting that it operates
through increased conductance of BKc.. In contrast, however,
the cAMP-mediated relaxation that is sensitive to the 5-HT;
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receptor is only partly sensitive to charybdotoxin. Thus
5-HTj; receptor activation must inhibit cAMP-mediated relax-
ation by a mechanism(s) additional to inhibition of a
charybdotoxin-sensitive BKc,.

In conclusion, the 5-HT,s receptor is implicated in the
development of pulmonary hypertension (MacLean et al.,
2000; Keegan et al., 2001; Wang et al., 2001) and may also
have a role in systemic arterial hypertension (Banes and
Watts, 2001). The present study shows that in bovine pul-
monary conventional arteries, the 5-HT; receptor did not
exhibit direct contractile activity but in the presence of
5-HT,, receptor activation or TP receptor activation it
coupled, by an unknown mechanism, to inhibition of BKc,,
which increased the tissue sensitivity to the contractile
receptor by activating a T-type VOCC and facilitated contrac-
tile responses by opposing physiological antagonism of the
contractile response by cyclic nucleotides. While the
impaired cGMP-mediated relaxation appeared to be fully
explained by 5-HT; receptor-linked inhibition of BKc,, this
mechanism cannot fully explain the impaired cAMP-
mediated relaxation, indicating that 5-HT; receptors inhibit
cAMP-mediated relaxation by a mechanism additional to
inhibition of BKc,. In order to further dissect the effect of
BKc, blockade on the activation of T-type channels, it would
be necessary to provide direct evidence that a T-type channel
is expressed at the mRNA level and to measure changes in K*
activity using electrophysiological techniques.
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