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Table 1. Effect of 4-Aminopyridine, Tertiapin and NIP-142 on Mouse Arrial Action Potential Duration
4-Aminopyridine  4-Aminopyridine Tertiapin NIP-142 NIP-142 NIP-142
(1 mm) (10 mm) (1 im) (1 um) (10 um) (100 pm)
APD, (ms) Betore 33204 4.4*03 2.4%02 2.7x04 2.60.1 2.7*02
After 8.5+04* 18.6%1.3* 25+03 2.6+0.3 3.5x0.2% 12.7£2.1*
APDy, (ns) Before 328322 36.2k2.1 39.1+29 33.2+3.7 33.0%29 350223
After 32819 60.0+3.1* 59.8+3.8* 34,740 44.9+1.5*% 90.5%6.3*%

Action potential duration at 20% repolarization (APD,;) and 90% repolarization (APD,,) were measured before and 30 min after the addition of 1 mst or 10 mm 4-aminopyri-
dine, | um tertiapin, and ) to 100 gm NIP-142. Values indicate the mean®S.E.M. from 4 to 5 experiments. Asterisks on values after addition indicate significant difference

{p<0.03) from corresponding values before addition as determined by the paired t-test.
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Fig. 2. Effcct of 4-Aminopyridine, Tertiapin and NIP-142 on Mouse
Atrial Action Potential

Typical action potential recotds obtained in the absence {open circles) and presence
{closed circles} of 1 my 4-aminopyridine (A}, | yM tertiapin (B) and 100 pst NIP-142
{C). Arrows indicate zero mV level.

142 (100 um) prolonged the effective refractory period of
isolated mouse atria from 43.0x2.6ms to 71.0x5.1ms
(m=5); the increase was statistically significant. 4-Aminopy-
ridine, | mM and 10mM, increased the contractile force from
122.3+25.9mg to 219.3%42.6 mg (184%) and 359.52:50.3
mg (319%), respectively (1=5); the increases were statisti-
cally significant.

DISCUSSION

NIP-142 concentration-dependently blocked the Kvl1.5,
Kv4.2 and Kv4.3 potassium channel currents (Fig. 1). These
currents are considered to be the major repolarizing currents
in the rodent myocardium and also to contribute to repolar-
ization in the myocardium of many species including human.
NIP-142 was shown to block the repolarizing outward cur-
rents in human atrial cardiomyocytes, but the molecular tar-
get of the blocking cffect had not been clarificd.” The pres-
ent results show that NIP-142 blocks the Kv1.5, Kv4.2 and
Kv4.3 channel currents (Fig. 1), the inhibitory effect of
100 ftm NIP-142 on Kv1.5 was larger than that on Kv4.2 and
Kv4.3. We have previously reported the inhibitory action of
NIP-142 on human Kv1.5.!” The potency of NIP-142 on

human Kv1.5 was slightly higher than in the present study
with mouse Kv1.5, which may reflect species difference in
the structure of the Kv1.5 channel. Alternatively, the differ-
ence in potency may be due to the difference in expression
systems; human Kv1.5 in our previous study was expressed
in HEK293 cells, which is generally known to result in
higher sensitivity of expressed ion channel to inhibitory
agents compared with the Xenopus oocyte system.

The mRNAs for Kv1.5, Kv4.2 and Kv4.3, which underlie
the transient outward current, is detected both in human'"
and mouse atria.’” The mouse atrium has a larger transient
outward current-density”'® and shorter action potential dura-
tion'>'¥ than the human atrium. Prolongation by 1 mwm and
10 mM 4-aminopyridine of the early repolarization phase of
the mouse atrial action potential (Table 1; Fig. 1A) indicates
that the transient outward current through Kv1.5, Kv4.2 and
Kv4.3 channels is the major determinant of early repolariza-
tion."™ Thus, the mouse atrial myocardium provides an ex-
perimental model to study the effect of agents modifying
these channels.!® NIP-142 was shown to prolong the early
phase repolarization indicating that it indeed blocks the tran-
sient outward current in the atrial cardiomyocyte. The late re-
polarization, on the other hand, appears to be influenced by
currents dominating in the voltage range more negative than
—40mV including the acetylcholine-activated potassium
current. In guinea-pig myocardium, we have shown that the
acetylcholine-activated potassium current is present in the
atrial myocardium in the absence of muscarinic receptor
stimulation, and that NIP-142 prolongs action potential dura-
tion and effective refractory period through blockade of this
current.®® Such effect was not observed in the ventricle
which may explain the atra-selective nature of NIP-142.
Also in the case of the mouse atrium, NIP-142, as well as ter-
tiapin, a peptide inhibitor of the acetylcholine-activated
potassium channel, prolonged the late repolarization phase
(Figs. 2B, C). NIP-142 was shown to inhibit the acetyl-
choline-activated potassium channel current and prolong the
action potential duration in guinea-pig atrial myocardium.®
Thus, although further investigation is necessary for defini-
tive conclusions, the most likely explanation for the effects of
NIP-142 in mouse atria at present is that NIP-142 prolongs
the atrial action potential duration through blockade of the
transient outward current as well as the acetylcholine-acti-
vated potassium current, and produces prolongation of the
effective refractory period.

Blockade of Kv1.5, Kv4.2 and Kv4.3 appears to be advan-
tageous for the treatment of atrial fibrillation. It is well
known that atrial arrhythmias are closely associated with
pathological conditions including atrial dilatation.'® Atrial
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stretch exerts short-term and long-term effects on ion chan-
nel expression leading to shortening of the action potential
duration and refractory period.'” It was reported that 4-
aminopyridine could counteract the shortening of action po-
tential duration and effective refractory period induced by
application of stretch to atrial myocytes.'® Many studies sup-
port the hypothesis that in patients of atrial fibrillation, loss
of atrial contractile function causing stasis of blood near the
atrial wall is one of the important mechanisms of atrial
thrombus formation.'®*” Blockade of the transient outward
current may be an effective strategy 10 inhibit atrial thrombus
formation if it could increase atrial contractility. It was in-
cdeed reported that AVEQL 18, a blocker of the transient out-
ward and ultrarapid delayed rectifier current, fully restored
atrial contractility after cardioversion of atrial fibrillation in
the goat without proarrhythmic effects on the ventricle.?” In
the present study, 1 mm 4-aminopyridine, which blocks the
Kv1.5 channel current, and 10 mm 4-aminopyridine, which
also blocks the Kv4.2 and Kv4.3 channel currents, gradually
increased the atrial contractile force. Although details await
further investigation, NIP-142, which prolonged action po-
tential duration and increased atrial contractile force through
inhibition of these currents, might also have these beneficial
effects.

In conclusion, NIP-142 was shown to inhibit the Kvl.5,
Kv4.2 and Kv4.3 channel current. This effect, and the block-
ade of acetylcholinc-activated potassium current, may con-
tribute to the prolongation of effective refractory period by
NIP-142.

Acknowledgments This study was supported in part by
the Science Research Promotion Fund from the Promotion
and Mutual Aid Corporation for Private Schools of Japan
(for YT and HT). This study was partly performed as a part
of the project “Research on the molecular mechanisms of ap-
pearance of age-related diseases by failure of cell function
control system, and their prevention and treatment” by the
“Research Center for Aging and Age-Related Diseases™ es-
tablished in the Toho University Faculty of Pharmaceutical
Sciences.

141
REFERENCES

1) Sugimoto T.,, Hayakawa K. and Kasanuki H., “Atrial Fibrillation, Flut-
ter, and Tachycardia.” cd. by Hayakawa K., Kasanuki H.. 1gaku-Shoin,
Tokyo. 1999, pp. 14—I18.

2) Aliot E,, Denjoy [, Ant. J Cardiol.. 77. 66A—T71A (1996).

3) lwasaki H., Takahara A., Nakamura Y., Satob Y., Nagai T., Shinkai N,

4) Lenz T, Hilleman D., Drugs Today (Barc), 36, 759—771 (2000).

5) Nagasawa H., Fujiki A.. Fujikura N., Matsuda T., Yamashita T., Inouc
H., Circ. [, 66, 185—191 (2002).

6) Matsuda T.. Takeda K., Ito M., Yamagishi R., Tamura M., Nakamura
H,, Tsuruoka N., Saito T., Masumiya H.. Suzuki T., lida-Tanaka N.,
Itokawa M., Yamashita T.. Tsuruzoe N., Tanaka H., Shigenobu K., J
Pharmacol. Sci., 98, 33--40 (2005).

7) Scki A.. Hagiwara N., Kasanuki H.. / Candiovase, Pharmacel., 39,
29—38 (2002).

%) Matsuda T., Tte M., Ishimaru S., Tsuruoka N., Saito T, lida-Tanakz N.,
Hashimoto N., Yamashita T., Tsuruzoc N., Tanaka H., Shigenobu K., J
Pharmacol. Sci., 101, 303---310 (2006).

9) Nishimaru K., Makuta R., Tanaka Y., Tanaka H., Shigenobu K.. Phar-
macology, 62, 87—91 (2001).

10) Matsuda T., Masumiya H., Tanaka N., Yamashita T., Tsuruzoe N..
Tanaka Y., Tanaka H.. Shigenobu K.. Life Sci., 68. 2017—2024
(2001).

11) Gaborit N.. Bouter S.L., Szuts V.. Varro A., Escande D., Nattel S., De-
molombe S., J Physiol., 582, 675--693 (2007).

12) Trépanier-Boulay V., Lupien M., St-Michel C., Fiset C.. Cardiovasc.
Res., 64, 84—93 (2004).

I3) Wang Y., Xu H., Kumar R, Tipparaju S. M.. Wagner M. B, Joyner R.
W, J Mol. Cell. Cardiol., 35, 1083—-1092 (2003).

14y Oudit G. Y.. Kassiri Z., Sah R., Ramirez R. J., Zobel C., Backx P H.. J
Mol. Cell. Cardiol.. 33. 851872 (2001).

15) Tanaka H., Namekata .. Nouchi H., Shigenobu K.. Kawanishi T.,
Takahara A., J Pharmacol. Sci.. 109, 327—333 {2009).

16) Fukuda T., Yamashita T, Sagara K., Kato T.. Sawada H., Aizawa T,
Circ. J., 71, 308312 (2007).

17) Kalifa I, Jalife J., Zaitsev A. V., Bagwe S., Warren M.. Moreno I,
Berenfeld O., Nattel S., Circulation. 108, 668—-671 (2003).

18) QilJ, Xiao J., Zbhang Y., Li J. Liu Y., Li P, Liang L., Jiang B., Wen W,,
Zhao C., Liang D, Liu Y., Chen Y. H., £xp. Biol. Med.. 234, 779—1784
(2009).

19) Fatkin D, Kelly R. P, Fencley M. P, 1 Am. Coll. Cardiol., 23. 961
969 (1994).

20) Mugge A., Kuhn H., Nikutta P, Grote J., Lopez J. A, Danicl W. G.. J
Am. Coll. Cardiol., 23, 599—607 (1994).

21) deHaan 8., Greiser M., Harks E.. Blaauw Y.. Hunnik A., Verheule S.,
Allessie M., Schotten U, Circularion, 114, 1234—1242 (2006).



December 2014 Note

Biol. Pharm. Buil. 33(12) 2033—2035 (2010} 2033

H, Receptor-Mediated Positive Inotropic Effect of Histamine in Neonatal

Guinea-Pig Left Atria

Naoki AcaTa, Yoshimitsu Kato,” Iyuki Namexara,” Akira TaRAHARA,” Hikaru TaNaka,*

Daisuke Crino,? Katsuo Koike,® and Yoshio TaNaka®

? Department of Pharmacology, Faculty of Pharmaceutical Sciences. Toho University; © Department of Chemical
Pharmacology, Faculty of Pharmaceutical Sciences, Toho University; Funabashi, Chiba 274-8510, Japan: and
* Department of Pharmacology, School of Medicinal Pharmacy. Nihon Pharmaceutical University: Kitaadachi-gun,

Saitama 362-0806, Japun.

Received August 20, 2010: accepted September 4, 2010; published online September 8, 2010

The receptor type mediating the positive inotropic effect of histamine was examined in left atria from
neonatal guinea pigs. The positive inotropic effect of histamine, as well as its action potential prolonging effect,
was antagonized by ranitidine, but not by chlerpheniramine or thiperamide. The positive inotropic effect was en-
hanced by isobutylmethylxantine. Receptor binding studies revealed the presence of both H, and H, receptor
types. These results suggest that the positive inotropic effect of histamine in the neonatal guinea-pig atrium is

mediated by H, receptors.

Key words

Histamine is present in high concentrations in the myo-
cardium of most animal species including human, and its re-
lease and subsequent actions on the myocardium is consid-
ered to be of importance under certain pathological condi-
tions such as arrhythmia and septic shock."™ Histamine is
known to produce increase in sinus rate and ventricular auto-
maticity, a decrease in atrio-ventricular conduction velocity,
and an increase in myocardial contractility through its direct
action on cardiomyocytes. In some cases, histamine influ-
ences myocardial contractility through release of transmitters
from autonomic nerve terminals.™® The direct positive
chronotropic and inotropic effects of histamine are princi-
pally mediated by activation of H, receptors and an increase
in intracellular cAMP production, mechanisms analogous to
that for S-adrenergic stimulation. However, there seems to be
some variation in the type of receptors mediating the positive
inotropic effect among animal species, region of the heart, as
are often observed with other biologically active sub-
stances.™ [n case of the adult guinea-pig left atria, histamine
shows a positive inotropic effect; this effect was shown to be
mediated by H, receptors and to be accompanied by prolon-
gation of the action potential.”~'?' The sensitivity to hista-
mine of the left atria was reported to be low in the neonate
and to be increased during postnatal development,'” but
whether there are any changes in the mechanisms involved
has not yet been clarified. In the present study, we intended
to clarify the receptor type involved in the positive inotropic
effect of histamine on neonatal atria with contractile force
experiments, action potential measurements, and receptor
binding assay.

MATERIALS AND METHODS

Experiments with lsolated Guinea-Pig Atria All ex-
periments were approved by the Ethics Commitiee of Toho
University, and were performed in accordance with the
“Guiding Principles for the Care and Use of Laboratory Ani-
mals™ approved by the Japanese Pharmacological Society.
The left atria were isolated from neonatal (0 to 1d old)
guinea pigs and measurement of the action potential with

+ To whom correspondence should be addressed.

e-mail: htanaka@phar.toho-u.ac.jp

histamine: inotropy; guinea-pig: left atrium: neonate

standard glass microelectrode techniques and measurement
of contractile force were performed as described.'*'* Briefly,
the left atria were placed horizontally in 20 m} organ bath and
driven at 1 Hz by field stimulation. Contractile force was
measured with an isometric transducer (TB-611T, Nihon
Kohden, Tokyo, Japan) connected to a minipolygraph (RM-
6100, Nihon Kohden. Tokyo, Japan). Action potentials were
recorded with glass microelectrodes connected to a micro-
electrode amplifier (MEZ-7101, Nihon Kohden, Tokyo,
Japan), fed into an AD converter (Analog Pro, Canopus,
Kobe, Japan) and digitally analyzed (Analy X, Sawada &
Hirano, Tsukuba, Japan).

Preparation of Microsomal Fractions The atria re-
moved from neonatal (0 to 1d old) guinea-pigs were minced
with scissors and homogenized with a Potter-Elveheim ho-
mogenizer in 20 volume of 0.25 M sucrose containing 10 mM
tris(hydroxymethyl)aminomethane-HC! (Tris—HCI; pH 7.4 at
4°C). The homogenate was centrifuged at 2500g for 10 min
and the supernatant was again centrifuged at 15000g for
20 min. Centrifugation of this supernatant at 100000g for
60min resulted in a pellet that was suspended in 10 mm
Tris—HC] at a concentration of 0.5 to 0.8 mg protein/mi and
was used as the microsomal fraction.

Receptor Binding Assay The microsomal fraction was
incubated with various concentrations of [*H}mepyramine or
[*H]tiotidine in a total volume of 150 ul of incubation buffer
(50 mm Tris—HCI, pH 7.4 at 37°C) for 60 min. The incuba-
tion mixture was filtered with Whatman GF/C glass-fiber fil-
ters. After the passage, the filters were dried and the radio-
activity was measured in a toluene-based scintillator with a
liquid scintitlation spectrometer (LSC-900, Aloka, Tokyo,
Japan). Non-specific binding was determined as radioactivity
bound to the microsomal fraction that was not displaced by
non-radioactive ligands (30 M mepyramine or 10 uM cimeti-
dine). Specific binding was obtained as the difference be-
tween total binding and non-specific binding. The maximum
binding capacity (B,,,,) and the equilibrium dissociation con-
stant (K;) were calculated from Scatchard analysis of the sat-
uration data.

Drug and Chemicals The drugs used were histamine di-

© 2016 Pharmaceutical Society of Japan
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hydrochloride (Wako, Osaka, Japan), chlorpheniramine
maleate (Wako, Osaka, Japan), ranitidine hydrochloride
(Sigma-Aldrich, St. Louis, MO. U.S.A), cimetidine (Sigma-
Aldrich. St. Louis, MO, US.A.). thioperamide maleate
(Sigma-Aldrich, St. Louis, MO. US.A.), 3-isobutyl-1-
methylxanthine (IBMX: Sigma-Aldrich, St. Louis, MO,
US.A), ‘H-mepyramine (PerkinElmer, Waltham, MA,
US.A.). and °H-tiotidine (PerkinElmer, Waltham, MA,
U.S.A.). All other chemicals were commercial products of
the highest available grade of quality.

Statistical Analysis All experimental data are expressed
as mean=standard errors of the mean (S.E.M.). The statisti-
cal significance of differences between means was evaluated
by the Dunnett’s test for multiple comparisons. A value of
p<0.05 was considered statistically significant.

RESULTS

In isofated neonatal guinea-pig left atria, histamine pro-
duced a concentration-dependent positive inotropic effect
(Fig. 1A); the pD, value was 5.29+0.12 and the contractile
force was increased to 253=19.1% of the initial value by
10 um histamine (n=5). The H, receptor antagonist raniti-
dine produced a rightward shift of the concentration-re-
sponse relationship of histamine. The pD, value in the pres-
ence of 10 um ranitidine was 3.81+0.19 (»=5) and the cal-
culated pA, value was 6.46. In contrast, neither the H, antag-
onist chlorpheniramine nor the H; receptor antagonist thiop-
eramide affected the concentration—response relationship;
pD, values in the presence of 0.3 gim chlorpheniramine and
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Fig. 1. Effects of Pharmacological Agents on the Histamine-Induced Posi-
tive Inotropy in Neonatal Guinca-Pig Left Atria

(A) Conventration-responsc relationship of histamine in the absence {open circles)
and presence of receptor antagonists chlorpheniramine (0.3 ps: closed circles), raniti-
dine (10 pn; closed triangles) and thioperamide (1 um. closed squares). [ncrease in con-
tractile force after addition of each concentration was expresscd as a percentage of the
maximum increase. (B) Effect of isobutylmethyixantine (1 4m). Increase in contractile
force after addition of cach concentration was cxpressed as a percentage of the basal
contractile force, Data points and vertical bars in A and B represent the mean= S.E.M.
from 5 experiments
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1 um thiperamide were 5.04%0.05 and 5.36%0.12, respec-
tively. The phosphodiesterase inhibitor isobutyimethylxan-
tine (IBMX) enhanced the inotropic response to histamine
(Fig. 1B).

Histamine prolonged the action potential duration (Fig.
JAa). The action potential duration at 90% repolarization
(APD,,) in the absence and presence of 3 um histamine was
81.6+3.7ms and 101.0%3.3ms, respectively (n=5). This
prolongation of APD,, by histamine was abolished by 10 um
ranitiding, but not by 0.3 um chlorpheniramine or 1 pum
thiperamide (Fig. 2B).

Receptor binding assay with microsomal preparations
from neonatal atria revealed the presence of binding sites for
both the H, antagonist mepyramine and the H, receptor an-
tagonist tiotidine, The maximum binding capacity (8,,,) and
dissociation constant (K,) for mepyramine were 177.2%6.2
fmol/mg protein and 0.49+0.06, respectively (n=4). and
those for tiotidine were 93.1*=11.3 fmol/mg protein and
14.8+6.8, respectively (n=4).

DISCUSSION

The positive inotropic effect of histamine in neonatal
guinea-pig left atria was antagonized by ranitidine (Fig. 1A).
The observed pA, value of 6.46 was close to the reported
pA, value of ranitidine against H, receptors in human atria.'®
In contrast, neither the H, antagonist chlorpheniramine nor
the H, receptor antagonist thioperamide affected the positive
inotropic effect. These results indicate that the positive in-
otropic eftect of histamine on neonatal left atria is mediated
by H, receptors. It is generally known that stimulation of H,
receptors induces physiological responses through increase
in cAMP concentration. The present result that the hista-
mine-induced positive inotropy was enhanced by IBMX (Fig.
IB) suggests that this is the case with neonatal guinea-pig
left atria.

Histamine prolonged the action potential duration in
neonatal left atria through stimulation of H, receptors (Fig.
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Fig. 2. Effeet of Histaminc on the Action Potential of Nconatal Guinca-
Pig Left Atria

{A) Tvpical action patential records obtained before (open circles) and afier (closed
cireles) the addition of histaming (10 zim) in the absence {a) and presence (b) of raniti-
dine (10 um). Arrows indicate zera mV level. (B) Summarized results of the protonga-
lion of action potential duration at 90% repotarization (APD,). Columnns and vertical
bars represent the mean*$ EM. from 5 experiments. The asterisks indicate statistical
significance against the conreol value.
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2). Such prolongation was also observed in adult left atria.
The prolongation was mediated through H, receptors and in-
hibition of outward currents.'"'? As the action potential
properties of the guinea pig myocardium changes during
postnatal development,'*'” the ionic mechanisms, as well as
the receptor type, for prolongation of the action potential by
histamine may be different between the adult and neonatal
left atria.

Receptor binding assay revealed the presence of both H,
and H, receptors in the neonatal left atria. This means that,
although two types of receptors are present. only the H, re-
ceptor is coupled to mechanisms leading to positive inotropy.
In the adult left atria, both H, and H, receptors are present
but only the H, receptor is coupled to positive inotropy. Thus,
the receptors responsible for the histamine-induced inotropy
change from H, to H, during postnatal development. Various
properties in the excitation and contraction, as well as in the
signal transduction mechanisms occur during myocardial de-
velopment.® The intracellular mechanisms underlying the
developmental shift from H, receptor-mediated to H, recep-
tor-mediated inotropy in the guinea-pig left atria await fur-
ther investigation. While it is established that H, receptor
stimulation results in increased cAMP production, evidence
both for'™ and against'® the role of phosphoinositide hydrol-
ysis in response to H, receptor stimulation has been reported.
Clarification of the precise mechanisms for the H; receptor-
mediated inotropy, as well as the developmental shift from
H, to H,. would contribute to the understanding of signal
transduction mechanisms. Diminution of H, receptor-medi-
ated inotropy was also reported in the developing chick ven-
tricular myocardium.?®

[n conclusion, the present study revealed that the receptor
type mediating the positive inotropy in the guinea-pig left
atrial myocardium is converted from H, to H, during post-
natal development. The present findings imply that the hista-
mine-mediated mechanisms in the myocardium may change
during postnatal development.
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1. Introduction

ABSTRACT

There is considerable evidence indicating that intracellular Ca®* participates as a second messenger in
TLR4-dependent signaling. However, how intracellular free Ca** concentrations ([Ca®'];) is increased in
response to LPS and how they affect cytokine production are poorly understood. Here we examined
the role of transient receptor potential (TRP), a major Ca** permeation pathway in non-excitable cells,
in the LPS-induced cytokine production in macrophages. Pharmacologic experiments suggested that
TRPV family members, but neither TRPC nor TRPM family members, are involved in the LPS-induced
TNFa and IL-6 production in RAW264 macrophages. RT-PCR and immunoblot analyses showed that
TRPV2 is the sole member of TRPV family expressed in macrophages. ShRNA against TRPV2 inhibited
the LPS-induced TNFa and IL-6 production as well as IkBot degradation. Experiments using BAPTA/AM
and EGTA, and Ca®* imaging suggested that the LPS-induced increase in [Ca®*]; involves both the
TRPV2-mediated intracellular and extracellular Ca** mobilizations. BAPTA/AM abolished LPS-induced
TNFa and IL-6 production, while EGTA only partially suppressed LPS-induced IL-6 production, but not
TNFo production. These data indicate that TRPV2 is involved in the LPS-induced Ca®* mobilization from
intracellular Ca®* store and extracellular Ca?*. In addition to Ca®" mobilization through the IPs-receptor,
TRPV2-mediated intracellular Ca?* mobilization is involved in NFkB-dependent TNFo. and IL-6 expres-
sion, while extracellular Ca?* entry is involved in NFkB-independent IL-6 production.

© 2010 Elsevier Inc. All rights reserved.

There is considerable evidence that intracellular Ca®* participates
as a second messenger in TLR4-dependent signaling [5]. Indeed,

Macrophages are a central player of innate immunity and
inflammation. They are capable of producing a variety of proin-
flammatory cytokines such as TNFa and IL-6 following Lps stimu-
lation [1,2]. Intracellular signaling pathways downstream of TLR4
stimulation by LPS have been extensively studied [1,2]. Upon LPS
stimulation, TLR4 initiates a series of NFkB- and MAPK-associated
intracellular signaling events, thereby inducing the expression of
an array of proinflammatory cytokine genes.

Intracellular free Ca** concentrations ([Ca%*];) or Ca®* fluxes are
important for cellular responses to extracellular stimuli [3,4].
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treatment with LPS causes a transient increase in [Ca®*];, which is
required for increased TNFa production in macrophages [6]. How-
ever, the molecular mechanisms by which LPS increases [Ca®*]; and
how the LPS-induced Ca®* fluxes modulates proinflammatory cyto-
kine production are still poorly understood.

Transient receptor potential (TRP) channels are a group of Ca*'-
permeable channels with diverse activation properties including
temperature, pH changes, ADP-ribose, and diacylglycerol [7]. TRP
channels are suggested to be an important Ca®" entry pathway in
non-excitable cells [7]. For instance, TRP vanilloid 4 (TRPV4)- and
TRPV5-mediated Ca®* influx is essential for terminal differentiation
of osteoclasts and osteoclastic bone resorption [8,9]. Activation of
the TRP melastatin 8 (TRPM8) variant in human lung epithelial
cells also leads to increased expression of several cytokine and che-
mokine genes [10]. TRPV1 is expressed primarily in sensory nerves
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and protects against the onset of LPS-induced sepsis [11]. Reactive
oxygen species-induced chemokine production has been shown to
be mediated through TRPM2-mediated Ca®* influx in monocytes/
macrophages [12]. However, whether TRP channels are involved
in the LPS-induced Ca®* mobilization in macrophages has not been
addressed.

TRPV2 is a Ca®* permeable channel originally identified in rat
brain and human myeloid cell line, CCRF-CEM [13]. Here we pro-
vide in vitro evidence that TRPV2 is involved in LPS-induced Ca®*
mobilization and induction of cytokines in RAW macrophages.
Our data will also help elucidate the molecular mechanisms under-
lying the LPS-induced cytokine production in macrophages and
thus identify the therapeutic targets that may prevent or treat a
variety of acute and chronic inflammatory diseases.

2. Materials and methods
2.1. Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO)
or Nacalai Tesque (Kyoto, Japan). Rabbit mAbs against IkBot, and
phospho-lkBa (Ser32) (p-IkBa) were purchased from Cell Signal-
ing (Beverly, MA), and a rabbit polyclonal Ab against mouse TRPV2
(mTRPV2) from Abcam Inc. (Cambridge, MA).

2.2. Cell culture and transfection

A macrophages cell line RAW264 (RIKEN BioResource Center,
Tsukuba, Japan), and HEK293T were maintained in DMEM (Nacalai
Tesque, Kyoto, Japan) containing 10% FBS (BioWest, Miami, FL).
To produce HEK293T cells expressing TRPV2, pcMV6-Kan/Neo-
mTRPV2 (OriGene Technologies, RockVille, MD) was transfected
by Lipofectamine™2000 (Invitrogen Life Technologies, CA). Murine
bone marrow-derived macrophages were prepared as described
[14].

2.3. Lentivirus short hairpin RNA (shRNA) vector construction and
gene transduction

The construction of the shRNA for TRPV2 (NM_011706), and
gene transduction were carried out as previously reported [15].
The sense and antisense oligonucleotides used are shown in Sup-
plementary Table 1. Lentivirus-infected cells were detected as
GFP-positive. After 4 weeks of selection, over 90% of cells were
GFP-positive and used for further analysis.

2.4. Quantitative real-time RT-PCR analysis

Quantitative real-time RT-PCR was performed with SYBR Green
PCR Master MixReagent Kit (Applied Biosystems, Foster City, CA)
[16]. The primer sets used to detect each of TRPV members are
shown in Supplementary Table 2.

2.5. Measurement of TNFx and IL-6 protein levels in culture media

The TNFa and IL-6 protein levels were determined by the com-
mercially available enzyme-linked immunosorbent assay (ELISA)
kits (R&D systems, Minneapolis, MN).

2.6. Immunoblot analysis

Immunoblot analysis was performed as described [16]. Mem-
branes were immunoblotted with one of following primary Abs;
p-IxBot (1:1000), IkBat (1:2000), o-tubulin (1:16,000), or mTRPV2
(1:500).

2.7. Measurement of [Ca®*]; concentration

Measurement of [Ca®']; was performed with epifluorescent
microscopy (Hamamatsu Photonics, Hamamatsu, Japan) as previ-
ously described [17]. Calibration between fluorescence ratio and
Ca®* concentration was performed in situ as described [18].

2.8. Statistical analysis

Data are expressed as the mean + SEM. Statistical analysis was
performed using Student’s t-test. P < 0.05 was considered to be sta-
tistically significant.

3. Results

3.1. Effect of TRP channel blockers on the LPS-induced cytokine
production in RAW264 and murine macrophages

Macrophages express several TRP channels including TRPC,
TRPM, and TRPV family members [12,19]. To explore if TRP family
members play a role in the LPS-induced inflammatory response,
and if so, which TRP channel(s) are involved, we first used ruthe-
nium red (RR), a non-selective TRP channel blocker [20], Gadolin-
ium (Gd), a TRPC channel blocker at a low concentration (30 puM)
and a TRPC and a TRPV channel blocker at a high concentration
(1 mM) [20,21], and flufenamic acid (FFA), a TRPC and TRPM chan-
nel blocker [21,22]. Treatment with LPS at a dose of 5 ng/ml signif-
icantly increased TNFo and IL-6 mRNA expression (P < 0.01), which
was markedly inhibited by RR (10 pM) (Fig. 1A). Treatment with
Gd at a dose of 30 uM did not affect the LPS-induced TNFa and
IL-6 mRNA expression (Fig. 1B), but, at a dose of 1 mM, it signifi-
cantly inhibited the LPS-induced IL-6 mRNA expression (P < 0.01),
but not TNFou mRNA expression (Fig. 1C). FFA (100 pM) did not af-
fect the LPS-induced TNFa and IL-6 mRNA expression (Fig. 1D).
Similarly, treatment with RR (10 pM) significantly suppressed the
LPS-induced TNFa and IL-6 secretion (P < 0.01), while treatment
with Gd at 1mM inhibited the LPS-induced I[L-6 secretion
(P<0.01), but not TNFa secretion (Supplementary Fig. 1).

We also examined effects of RR and Gd on the LPS-induced
cytokine secretion from murine bone marrow-derived macro-
phages. RR (10 pM) significantly suppressed the TNFo and IL-6
secretion stimulated by LPS (10 ng/ml) for 6 h and 24 h (P<0.01)
(Fig. 1E). Gd (1 mM) suppressed IL-6 (P<0.05), but not TNFa,
secretion stimulated by LPS for 24 h (Fig. 1F).

These observations suggest that TRPV family members, but nei-
ther TRPC nor TRPM, are involved in the LPS-induced TNFo and IL-6
production in macrophages. Since the effects of RR and Gd are
more prominent in RAW264, we used RAW264 in the following
experiments.

3.2. Expression of TRPV2 in RAW264 macrophages

We examined expression of mRNAs for TRPV family members
(TRPV1~6)in RAW264 macrophages. RT-PCR analysis revealed that
TRPV2 mRNA is expressed in RAW264 macrophages (Fig. 2A). There
were no appreciable amounts of mRNAs for TRPV1, 3,4, 5, and 6. We
examined TRPV2 protein expression in RAW264 macrophages.
Immunoblot analysis identified two immunoreactive bands at
~110 and at ~85 kD (Fig. 2B), which may be the products of post-
translational modification such as glycosylation and phosphoryla-
tion [23]. Expression of TRPV2 protein in RAW264 macrophages
was further confirmed by the positive immune-staining with an
anti-TRPV2 antibody in immune-cytochemical studies (Supple-
mentary Fig. 2).
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Fig. 1. Effect of TRP channel blockers on the LPS-stimulated cytokine mRNA expression in RAW264 macrophages and cytokine protein secretion from murine bone marrow
macrophages. (A-D) Effect of pretreatments with RR at 10 pM (panel A), Gd at 30 pM (panel B), Gd at 1 mM (panel C), and flufenamic acid at 100 puM (panel D) on the LPS-
induced TNFa (left panel) and IL-6 (right panel) mRNA expression. In this and following figures, data for mRNA expression were normalized to the value for 36B4 as an
internal control, and expressed relative to the control value (vehicle application and no LPS stimulation). LPS; 5 ng/ml for 4 h. Data are mean of 4 experiments. *: P < 0.05, **:
P < 0.01. E, F, Effect of pretreatments with RR at 10 pM (panel F) and Gd at 1 mM (panel G) on the LPS-induced TNFa (left panel) and IL-6 (right panel) protein secretion. LPS;

10 ng/ml for 6 h and 24 h. Data are mean of 4 experiments. *: P<0.05, **: P<0.01.

3.3. Effect of TRPV2 knock-down on the LPS-induced cytokine mRNA
expression

To specifically address the role of TRPV2 in the LPS-induced
TNFa and IL-6 production, we used the knock-down strategy with
shRNA against TRPV2. RT-PCR and immunoblot analysis confirmed
that both TRPV2 mRNA and protein levels are reduced in RAW264
macrophages transfected with shRNA for TRPV2 (V2KD-RAW
macrophages), but not in those with scramble RNA (Scr-RAW mac-
rophages) (Fig. 2C and D). Similar to wild-type RAW264 macro-
phages, LPS treatment (10 ng/ml) significantly increased TNFa
and IL-6 mRNA expression in Scr-RAW macrophages (P < 0.01). In
V2KD-RAW macrophages, the LPS-induced TNFa and IL-6 expres-
sion was significantly reduced (Fig. 2E). Collectively, these observa-
tions suggest that TRPV2 is crucially involved in the LPS-induced
TNFa and IL-6 production in macrophages.

3.4. Role of TRPV2 in NFkB signaling pathway

We next examined the role of TRPV2 in NFkB signaling pathway,
since it is the major pathway for LPS-induced cytokine production.
Treatment with LPS-induced degradation of IkBa, which persisted
for 60 min. Knock-down of TRPV2 significantly inhibited IxBa deg-
radation (Fig. 3A and B). Treatment with RR (10 pM) abolished IkBa
degradation, whereas Gd (1 mM) had no effect (Fig. 3A and B).

3.5. Role of TRPV2 on the LPS-induced [Ca®*]; mobilization
We measured changes in [Ca%']; with a Ca®* indicator Fura-2 to

examine if TRPV2 is indeed involved in the LPS-induced intracellu-
lar Ca®* mobilization. Treatment of RAW264 macrophages with LPS

(5 ng/ml) induced a significant increase in [Ca®"]; from 168 + 26 nM
to 661 + 60 nM in 40 min (n=19, P<0.01). In V2KD-RAW macro-
phages, but not in Scr-RAW macrophages, the LPS-induced in-
crease in [Ca%']; was suppressed (Fig. 4A). We also examined the
effects of a TRPV2 channel blockers. RR (10 uM) and Gd (1 mM)
significantly suppressed the LPS-induced increase in [Ca?*];: from
142+16nM to 287+23nM for RR (n=18, P<0.01), and
135+ 12 nM to 225 + 14 nM for Gd (n = 19, P < 0.01) (Fig. 4A).

3.6. Role of Ca®* mobilization in cytokine induction and IxBa.
degradation

To explore the role of Ca* mobilization in cytokine production,
we first used BAPTA/AM and EGTA. When BAPTA/AM permeates
into the cell, it is converted to BAPTA by intracellular esterase,
and BAPTA chelates intracellular Ca?*, while EGTA cannot perme-
ate through the plasma membrane, thereby chelating extracellular
Ca®", Intracellular Ca®* removal by BAPTA suppressed the LPS-in-
duced TNFa and IL-6 mRNA expression (Fig. 4B). On the other
hand, pre-incubation with EGTA had no effect on TNFoo mRNA
expression, but partially suppressed IL-6 mRNA expression
(P<0.01) (Fig. 4C). We also examined the involvement of intracel-
lular Ca?* mobilization through ryanodine receptor and IP; recep-
tor in the LPS-induced cytokine mRNA expression. In this study,
dantrolene (30 uM), a ryanodine receptor inhibitor, did not inhibit
the LPS-induced TNFa or IL-6 mRNA expression (Fig. 4D). On the
other hand, Xestospondin C (20 uM), an [P; receptor inhibitor, par-
tially inhibited the TNFoo mRNA induction, and almost completely
inhibited the IL-6 mRNA induction (Fig. 4E).

BAPTA/AM treatment markedly suppressed LPS-induced IxBa
degradation, while EGTA had no effect (Supplementary Fig. 3).
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4, Discussion

Macrophages are capable of producing a variety of proinflamma-
tory cytokines such as TNForand IL-6 [2]. Upon Lps stimulation, TLR4
initiates a series of intracellular signaling pathways involving NFxB,
thereby inducing an array of cytokine production [3,4]. Because LPS
increases [Ca®"];, which is shown to be required for increased cyto-
kine production in macrophages [6,24], it is likely that intracellular
Ca?" participates as a second messenger in TLR4-dependent signal-
ing [5,6]. However, how LPS increases [Ca®']; in macrophages are
poorly understood. There is considerable evidence that TRP chan-
nels are an important Ca?* entry pathway in non-excitable cells
[7]. This study was, therefore, designed to elucidate the potential
role of TRP channels in the LPS-induced Ca®" fluxes and cytokine
production in macrophages.

Pharmacologic experiments suggested that the LPS-induced
TNFa and IL-6 production is markedly inhibited by RR, a non-selec-
tive TRP channel blocker. Moreover, treatment with Gd at the high-
er dose sufficient to block TRPV channels efficiently suppressed the
LPS-induced IL-6 mRNA expression, which was unaffected at the
lower dose. It is, therefore, likely that TRPV family members are in-
volved in the LPS-induced TNFa and IL-6 production in macro-
phages. RT-PCR and immunoblot analyses revealed that TRPV2
mRNA and protein are expressed in RAW264 macrophages, where
no appreciable amounts of mRNA for other TRPV family members
are detected, which is consistent with previous reports [19,25].
Importantly, the LPS-induced TNFa expression and IL-6 expression
were significantly reduced in V2KD-RAW246 macrophages relative
to Scr-RAW macrophages. These observations suggest that TRPV2
is crucially involved in the LPS-induced TNFa and IL-6 production
in macrophages.

Intracellular Ca®* participates as a second messenger in TLR4-
dependent signaling [5]; the LPS-induced transient increase in
[Ca®*]; is required for cytokine increase in macrophages [6].
Knock-down experiments suggest that TRPV2 is involved in LPS-in-
duced [Ca?*); increase in RAW macrophages. BAPTA/AM chelates
intracellular Ca2*, while EGTA chelates extracellular Ca®*. Treat-
ment with BAPTA/AM abolishes both the LPS-induced TNFa and
IL-6 production, while EGTA only inhibits the LPS-induced [L-6 pro-
duction. BAPTA/AM inhibited LPS-induced IxBo degradation, EGTA
had no effect on the LPS-induced IxBo degradation. A lipophilic
compound RR can enter into the cell, and can inhibit TRPV2 local-
ized intracellularly, while a cationic blocker Gd cannot permeate
cell membrane and can inhibit TRPV2 localized on surface mem-
brane. Thus, the data on BAPTA/AM and EGTA appear to be consis-
tent with the finding that RR inhibits both TNFo and IL-6
production, while Gd only inhibits IL-6 production. Since RR, but
not Gd, inhibited LPS-induced IxBo degradation, NFkB- and
IkBa-dependent pathway may require intracellular Ca®* mobiliza-
tion, but not extracellular Ca®* flux. Collectively, intracellular Ca*
mobilization is crucial for NFkB-dependent TNFo and IL-6 expres-
sion, while extracellular Ca®" entry is important in NFkB-indepen-
dent IL-6 expression, and for both pathways, TRPV2 plays a role.

We also examined the involvement of 2 major intracellular Ca®*
mobilization pathways, ryanodine receptor and IP; receptor. In this
study, a ryanodine receptor inhibitor dantrolene does not affect the
LPS-induced TNFo or IL-6 mRNA expression. Thus, although RR is a
potent inhibitor of ryanodine receptor [26], it is unlikely that ryan-
odine receptor contributes to the inhibitory effect of RR on the LPS-
induced cytokine mRNA expression. In contrast, an IP; receptor
inhibitor Xestospongin C partially inhibits the LPS-induced TNFo
mRNA expression, and almost completely inhibits the LPS-induced
IL-6 mRNA expression. Thus, intracellular Ca?" mobilization
through both IP; receptor and TRPV2 appears to play a role in
the LPS-induced TNFot mRNA expression. Relative contribution of
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IP; receptor and TRPV2 to the LPS-induced TNFot mRNA expression
and their relationship (additive or synergistic) remain unclear. In
this study, BAPTA/AM and Xestospongin C completely inhibits
the IL-6 mRNA induction, and EGTA and Gd partially inhibits it.
These observations may imply that the LPS-induced IL-6 produc-
tion is caused at least in part by Ca?* mobilization solely from
intracellular source and partly by entry of extracellular Ca®
through TRPV2, which is triggered by intracellular Ca?* mobiliza-
tion through IP; receptor, a mechanism similar to the store-oper-
ated (SOC) or the receptor-operated Ca®* entry (ROC) in TRPC
channels [27,28]. The preliminary immune-cytochemical experi-
ments confirm the presence of immune-positive staining both in-
side the cell and on the plasma membrane (Supplementary
Fig. 2). Immuno-positive staining is present mainly inside the cell
before Lps stimulation, and on the plasma membrane after LPS
stimulation (Supplementary Fig. 2); however, the mechanism,
kinetics, and implication of the TRPV2 transport are not addressed
in this study and require further examination.

Recent paper using TRPV2 KO mice showed that TRPV2 has a piv-
otal role inmacrophage particle binding and phagocytosis, without a
significant role in inflammatory cytokine induction [29]. This effect
was dependent on Na* influx through TRPVZ2, while in our experi-

ments Ca%* mobilization through TRPV2 appears to be crucial for’

LPS-induced cytokine induction. The different finding between their
study and ours might be attributable to different experimental con-
ditions: they stimulated murine peritoneal macrophages with LPS at
0.1 0r0.5 pg/ml for 24 h, while we stimulated RAW264 with LPSat 5
or 10 ng/ml for 4 h. To make experimental protocol comparable, we
stimulated murine bone marrow-derived macrophages with LPS
(10 ng/ml) for 6 and 24 h. Consistent with our experiments in

RAW264 cells, RR suppressed TNFa and IL-6 secretion, and Gd
(1 mM) suppressed IL-6 secretion, Thus, LPS may have different ac-
tions at low (5-10 ng/ml) and high (0.1-0.5 jug/ml) concentrations.
To test this possibility, further studies are required.

5. Conclusion

This study represents the first demonstration that TRPV2 con-
stitutes Ca®* permeation pathways involved in the LPS-induced
cytokine production in macrophages. Given the pathophysiologic
role of TLR4 signaling [14,30], our data will also help identify the
therapeutic targets that may prevent or treat a variety of inflam-
matory diseases.
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We examined the effect of NIP-142, a benzopyran compound with terminating effect on experimental atrial
arrhythmia, on the KCNQI/KCNEI] channel, which underlies the slow component of the cardiac delayed recti-
fier potassium channel (7). NIP-142, as well as chromanol 293B, showed concentration-dependent blockade of
the current expressed in HEK293 cells; the EC,, value of NIP-142 and chromanol 293B for the inhibition of tail
current was 13.2 v and 4.9 v, respectively, These results indicate that NIP-142 has blocking effect on the

KCNQI/KCNE1 channel current.

Key words NIP-142; KCNQI; KCNE1: atrial fibrillation

Atrial fibrillation is one of the most frequent types of ar-
rhythmia in clinical practice. It is reported to double the risk
of deaths due to cardiovascular diseases and to be the major
risk factor for thromboembolism, especially cerebral em-
bolism."” At present, atrial fibrillation is mainly treated with
class I antiarrhythmic agents such as pilsicainide and fle-
cainide, or class I antiarrhythmic agents such as dofetilide
and amiodarone,”™ but the major problem with thesc agents
1s that they also affect ventricular excitation and repolariza-
tion. Thus, drugs with atrial selectivity are desired for the
treatment of atrial fibrillation.

NIP-142, (3R*45*)-4-cyclopropylamine-3,4-dihydro-2,2-
dimethyl-6-(4-methoxyphenylacethylamino)-7-nitro-2H-1-
benzopyran-3-ol, is a benzopyran derivative with terminating
effects on canine vagal stimulation-induced atrial fibrillation
model and on canine Y-shaped incision-induced atrial flutter
model.*~” These effects have been attributed to prolongation
of atrial refractory period. The prolongation of the refractory
period and action potential duration (APD) by NIP-142 was
observed in the atrium,™® but not in the ventricle.” This may
indicate that NIP-142 is less likely to disturb ventricular re-
polarization when applied for the treatment of atrial arrhyth-
mia.

Concerning the molecular mechanisms for the action po-
tential prolongation by NIP-142, blocking effects on potas-
sium currents such as the acetylcholine-activated potassium
current (/gue)®” and the ultrarapid component of the de-
layed rectifier potassium current (7, )" has been reported.
The blocking effect on the rapid component of the delayed
rectifier potassium current (/) was observed only at higher
concentrations. The fast component (/) and the slow com-
ponent (/) of the delayed rectifier potassium current are the
two major currents responsible for atrial repolarization in
species including the guinea-pig and human.'" However, the
effect of NIP-142 on /i has not yet been reported. In the
present study, we examined the effect of NIP-142 on currents

* To whom correspondence should be addressed.

c-mail; htanaka@phar.toho-u.ac.jp

through expresscd potassium channel subunits KCNQI/
KCNEL, which underlie /..

MATERIALS AND METHODS

Preparation of HEK293 Cells Expressing Human
KCNQ1/KCNE] Channel Currents ¢DNA fragments for
human KCNQI and KCNE1, which encode the two subunits
of the /,; channel, were amplified by polymerase chain reac-
tion from a human heart cDNA library (Takara Shuzo Co.,
Ltd., Kyoto, Japan) with oligonucleotide primers designed
based on the published mouse ¢cDNA sequence of KCNQI
(GenBank accession number U89364) and KCNE1 (Gen-
Bank accession number NMO000219), and assembled to
obtain the full length cDNAs. They were inserted into the
vector pIRES (Clontech, Palo Alto, CA, U.S.A.) to yicld a
tricistronic expression vector from which a single mRNA
coding KCNQI1, KCNE!, and the neomycin resistance pro-
tein is transcribed. This vector, together with the vector
pIRES-hrGFP-1 & (Stratagene, Garden Grove, CA, US.A),
which encodes the green fluorescence protein (GFP), was in-
troduced into HEK293 cells with lipofectamine (Invitrogen,
Tokyo) and stable transformants were obtained by clone cul-
ture in the presence of G418 (500 ug/ml), a neomycin ana-
log. Stable transformants of HEK293 cells expressing
KCNQI1/KCNE]1 channeis were obtained as described in our
previous report.” The cells expressing either channel were
plated on glass coverslips 48 to 72 h before electrophysiolog-
ical experiments.

Electrophysiological Recording of Expressed KCNQ1/
KCNE1 Channel Current Whole-cell voltage clamp ex-
periments were performed with HEK293 cells expressing
KCNQI/KCNE! channels in a chamber mounted on the
stage of an inverted microscope. The chamber was perfused
continuously at a flow rate of 1.0 to 2.0ml/min and the tem-
perature was maintained at 22—25 °C. The external solution

© 2011 Pharmaccutical Society of Japan
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was of the following composition: 128.0mm NaCl, 20.0
mm KCl, 1.8mm CaCl,, I mm MgCl,, 0.33mm NaH,PO,,
5.0mmM N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic
acid (HEPES), 10.0mwm glucose (pH 7.4 with NaOH). The
patch pipette solution was of the following composition:
100 mm KOH, 40 mm KCI, 70 mm aspartic acid, | mm MgCl,,
Smm ATP-K,, S5mm creatine phosphate-K., 5mm HEPES,
10mm ethylene glycol bis(2-aminoethylether)-N, NN, N'-
tetraacetic acid (EGTA) (pH 7.2 with KOH). Pipette tip re-
sistances were 2 to 4 MQ when filled with the patch pipette
solution. The KCNQI/KCNEI1 channel current was ineas-
ured as the amplitude of the peak tail current on return to a
holding potential of ~40mV from 3 s voltage clamp pulses.
Data acquisition and analyses were performed with the sys-
tem described previously® including a patch-clamp amplifier
(Axopatch 1D; Axon Instruments, Foster City, CA, US.A),
a personal computer (Prolinca 486; Compaq, Houston, TX,
U.S.A)) and pCLAMP software (Axon).

Drugs and Chemicals NIP-142 was synthesized and
provided by Nissan Chemical Industries (Tokyo, Japan).
NIP-142 was added to the bath solution from a stock solution
(100mm) in 0.1 M HCL. The final concentration of HCl in the
measuring bath (<0.1 mm) did not affect any of the experi-
mental parameters measured. All other chemicals were com-
metcial products of the highest available grade of quality.

RESULTS

In whole cell voltage clamped HEK293 cells expressing
the KCNQI/KCNE! channel, depolarization to membrane
potentials more positive than —~10mV induced voltage- and
time-dependent outward currents. On repolarization to —40
mV, outward tail currents were observed (Figs. 1A, C). The
peak amplitude of the tail current after a depolarizing pulse
to 20 mV was 8.6=0.8 pA/pF (n=10).

Chromanol 2938, at 1 to 30uM, concentration-depen-
dently reduced the outward currents on depolarization and
the 1ail currents on repolarization (Figs. 1A, B). The current
density of the tail current after a depolarizing pulse to 20mV
in the absence and presence of 1, 3, 10 and 30 um chromanol
293B was 7.5t 14pA/pF (n=10), 5404 pA/pF (n=4),
4.5*0.9pA/pF (n=5), 2.2+0.2pA/pF (n=6) and 0.120.2
pA/pF (n=4), respectively. The EC,, value for the inhibition
of tail current on repolarization from 20mV was 4.9 um (Fig.
LE).

NiP-142, at 10 and 30 uM, concentration-dependently re-
duced the outward currents on depolarization and the tail
current on repolarization (Fig. 1C). The current density of
the tail current after a depolarizing pulse to 20mV in the ab-
sence and presence of 1, 10 and 30um NIP-142 was
9.7+0.7pA/PF (n=10), 9.5x1.4pA/pF (n=4), 54£10
pA/pF (n=5) and 1.8+0.5pA/pF (n=5), respectively. The
ECy, value for the inhibition of tail current on repolarization
from 20mV was 13.2 um (Fig. 1E).

DISCUSSION

NIP-142  concentration-dependently ~ blocked  the
KCNQU/KCNE!L channel current with an EC,, value of
13.2 um (Fig. 1). The reported ECs, value of NIP-142 for the
GIRK1/4 channel current is 0.64 um,” that for the Kv1.5
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Fig. 1. Effect of Chromanol 293B and NIP-142 on KCNQI/KCNE!
Channel Cutrents Expressed in HEK293 Celks

(A) Typicat recordings in the absence (open circles) and presence of 1 pm (closed tri-
angles), 10 um (closed squares) and 30 um {closed circles) chromanoi 2038, (B) Sum-
marized current-voltage relationships for the peak outward 1ail current on repolariza-
tion to —40mV from a 3 s depolarization to various test potentials in the absence (open
circles) and presence of 1 uat (closed triangles), 3 v (closed diamonds), 10 um (closed
squares) and 30 um (closed circles) chromanol 2938, (C) Typical recordings of the cf-
fects of N1P-142. (D) Summarized current-voltage relationships for the peak outward
tail current on repolarization to —40mV from a 3 s depolarization to various test poten-
tials in the absence (open circles) and presence of | pM (elosed triangles), 10 M
(closed squares) and 30 um (closed circles) NIP-142. (E) Concentration—rtesponsc rela-
tionship for blockade by chromanol 293B (open circles) and NIP-142 (closed circles)
of the peak tail current on repolarization from 20mV. Symbols and bars represcnt the
mean=S$.E.M from 4 1o 8 experiments.

channel current is 4.8 m.'® and that for the HERG channel
current is 44 um.” The blocking potency of NIP-142 on the
KCNQI/KCNE] channel current was relatively low, suggest-
ing that the prolongation of atrial action potential by the
compound is mainly produced by blockade of potassium cur-
rents other than /., especially the acetylcholine-activated
potassium current. However, as the concentration range of
NIP-142 (10 to 100 tM) to prolong the atrial action poten-
tial® overlaps that to inhibit the KCNQI/KCNE! channel
current (Fig. 1E), the possibility that I, blockade contributes
to the effect of NIP-142 can not be totally excluded. The fy;
current is known to be increased by factors such as B-adren-
ergic stimulation'® or angiotensin 1L’ A gain-of-function
mutation of KCNQ! was reported to cause atrial fibrilla-
tion.'*) Development of novel 7, blockers with antiarrhyth-
mic activity are in progress.’® Thus, the f-blocking eftect
of NIP-142 may contribute to its antifibrillatory activity
under certain pathological conditions.

NIP-142 was reported not to prolong the action potential
duration in isolated guinea-pig ventricular tissue prepara-
tions.® despite its inhibitory effect on the KCNQI/KCNEI]
channet current. One explanation for this apparent discrep-
ancy is the variation in sensitivity among experimental sys-




January 2011

tems. There are cases in which potency of ion channel in-
hibitors arc higher in voltage-clamped single cells than in
myocardial tissue preparations (S(+)-Efonidipine'®). The ex-
tent of [ -blockade by NIP-142 in tissue preparations might
be smaller than expected from the present results. Another
possible explanation for the lack of action potential prolon-
gation by NIP-142 in the ventricle is its blocking effect on
calcium channels. We have observed that NIP-142 has block-
ing effect on the L-type calcium channel,'”’ which may coun-
teract its action potential-prolonging effect through potas-
sium channel blockade. In any case, the details for the mech-
anisms of action of NIP-142 remain to be investigated.
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Abstract. The effects of K'-channel blockers on the action potential duration of the myocardium
were examined in isolated right ventricles from the 7 - 10-day-old, 11~ 13-day-old, and
14 ~ 20-day-old embryo and 1 — 7-day-old hatched chicks. E-4031 significantly prolonged action
potential duration at all devclopmental stages examined; the prolongation was largest in the
11 - 13-day-old embryo and was accompanied by early after-depolarizations. Chromanol 2938
showed smaller prolongation at all stages examined. Terfenadine prolonged action potential dura-
tion in the 11 — 13-day-old embryo, but not in other stages. Thus, the chick ventricular myocardium
changes its repolarization properties during development.

Keywords: chick, K'-channel blocker, action potential duration

The chick embryo heart has been used to study various
aspects of myocardial excitation and contraction. Al-
though the chick heart shares common basic mechanisms
with the mammalian heart. characteristic features in the
electrophysiological properties, Ca® handling, contrac-
tion, and their physiological and phannacological regula-
tion has been reported (1 —4). Concerning its electro-
physiological properties, the resting membrane potential
and action potential amplitude was reported to increase
progressively during embryonic development (1), and
many reports have been published conceming the depo-
Jarizing membrane currents involved (2). On the other
hand, relatively little is known about its repolarization
process. which is the determinant of the action potential
duration. In the case of mammalian myocardia, informa-
tion on the species difference and developmental changes
in repolarization properties have accumulated, which
enables appropriate selection of preparations for different
experimental purposes (4). In the present study, we in-
tended to abtain information about the repolarization
mechanisms of the chick heart. We applied standard
microelectrode techniques to the chick embryonic ven-
tricular myocardia from four different developmental
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stages and examined the effect of inhibitors of the de-
layed rectifier potassium current, the major repolarizing
current in the myocardium.

Standard microelectrode experiments were performed
as previously described (5 — 7). Briefly, fertilized chicken
eggs were incubated at 37°C, and the right ventricular
free wall was isolated from 7 - 10-day-old embryo.
11— 13-day-old embryo, 14 — 20-day-old embryo. and
| — 7-day-old hatched chicks. They were driven at 1 Hz
in an organ bath containing physiological salt solution of
the following composition: 118.4 mM NaCl, 4.7 mM
KCl, 2.5 mM CaCl,, 1.2 mM MgCl;, 1.2 mM KH:POs,
24.9 mM NaHCO;, and 11.1 mM glucose. The solution
was gassed with 95% O, - 5% CO; and maintained at
37°C (pH 7.4). All experimental data are expressed as
the mean + S.E.M., and statistical significance of differ-
ences between means were evaluated by the paired (-test,
A P value less than 0.05 were considered significant. The
drugs used were E-4031 (Wako, Osaka), chromanol
293B (Sigma, St. Louis, MO, USA), and terfenadine
(Wako). All other drugs and chemicals were commercial
products of the highest available quality.

The resting potential, overshoot and the maximum rate
of rise increased progressively during the embryonic
period (Table 1, Fig. 1A). Action potential duration in-
creased progressively during the embryonic period. The
action potential duration of 1 - 7-day-old hatched chicks
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Table 1. Developmental changes in action potential parameters

ParAmeEs (R 7 - 10-day-old 11 - 13-day-old 14 - 20-day-old - 7-day-9ld
embryo embryo embryo hatched chicks
RP (mV) -78.8+0.3 -80.8 + 04 ~824+03 -82.8+03
0OS (mV) 344+05 36.7+04 37.7+05 37.3+03
APD;, (ms) 103.1+£2.7 103.4+28 106.9+29 1023+£2.7
APDjs, (ms) 152.8+3.0 1543+27 1639+26 145528
APDq, (ms) i180.4+26 1856 2.6 1978+ 1.7 1685+28
Vinae (V/8) 118.2+6.3 1493+ 84 180.1 £ 4.1 177.83.7

Action potential parameters of ventricular myocardia from 7 — 10-day-old embryos, 11— 13-day-old embryos.
14 - 20-day-old embryos, and 1 — 7-day-old hatched chicks were obtained in the absence of agents. RP, OS. and
Vi indicate resting potential, overshoot, and maximum rate of phase-0 depolarization, respectively. APD:q,
APDs,. and APDy, indicate action potential duration at 20%, 50%, and 90% repolarization, respectively. Each value

is the mean + S.E.M. from 36 experiments,

was shorter than that of the 14 — 20-day-old embryos.

E-4031 (1 uM), a blocker of Ik, significantly prolonged
action potential duration at all developmental stages (Fig.
1: A, Ca). The magnitude of prolongation by E-4031 was
larger in 7 - 10-day-old embryo and 11 — 13-day-old
embryo than in the 14 —20-day-old embryo and 1 -
7-day-old hatched chick. In the 11 — 13-day-old embryo,
the prolongation by E-4031 was prominent and was ac-
companied by early after-depolarizations (EA Ds); phase
3 repolarization was interrupted followed by a single or
a series of partial depolarization toward 0-mV level (Fig.
1Ac). Early after-depolarizations were observed in all of
the preparations from the 11 - 13-day-old embryo (n =
6), but was not observed in those from other stages.

Chromanol 293B (30 M), a blocker of the slowly
activating component of the delayed rectifier K" current
(Iks), prolonged action potential duration at all develop-
mental stages (Fig. 1Cb); the prolongation by chromanol
293B was statistically significant, but was much smaller
than that by E-4031 at all developmental stages.

Terfenadine (30 #M) produced a prolongation of the
action potential duration in the 11 — 13-day-old embryo.
Such prolongation was not observed at other stages (Fig.
IB, Cc).

The action potential duration of the chick ventricular
myocardium increased during the embryonic period and
was shortened in the hatched chick. This was in agree-
ment with previous reports (1, 8) and also appeared to be
similar to the case in the guinea pig where the action
potential duration increased during the embryonic period
followed by a decrease during the perinatal period (9).
The developmental change in action potential duration is
likely to be accompanied by changes in the balance of
underlying membrane currents, as was shown to be the
case in guinea pig (10). Such changes would greatly af-
fect the responsiveness of the myocardium to pharmaco-

logical agents acting on myocardial ion channels. E-4031
markedly prolonged the action potential duration at all
ages examined, while the prolongation by chromanol
293B was small (Fig. 1C). This suggests that in the chick
ventricular myocardium, the rapid component (I;), but
not the slow component (Is), of the delayed rectifier
potassium channel is largely responsible for the repolar-
ization, which is the same as in many mammalian species
including the guinea pig, rabbit, and human. The prolon-
gation by E-4031 was most prominent in the 11 — 13-day-
old embryo (Fig. 1). The most likely explanation is that
the prolongation of the repolarization phase of the em-
bryonic myocardia reflects less density of repolarizing
currents. In other words, the embryonic myocardia have
less “repolarization reserve” (11), which makes the ac-
tion potential highly sensitive to Ik, blockade. Early af-
terdepolarizations, which are considered to be one of the
causes of cardiac arrthythmia, were induced by E-4031 in
all of the preparations from the 11 — 13-day-old embryo
(Fig. 1Ac). In mammalian myocardia, I, blockade is
known to induce action potential prolongation, but does
not always induce early after-depolarization. For exam-
ple. in guinea-pig ventricular myocardium, E-4031 (1
4#M) prolonged the action potential duration by about 70
ms, but did not induce early after-depolarizations (12).
Clinical treatment with certain cardiovascular and
non-cardiovascular drugs has been reported to induce QT
prolongation and serious ventricular arrthythmia includ-
ing torsades de pointes. Drugs such as terfenadine and
cisapride were withdrawn from clinical practice because
of their arrhythmogenic risk. Since then, the assessment
of the risks incurred with noncardiovascular therapeutic
agents for cardiac function has received great attention
(13). Terfenadine inhibits the Ik, current in freshly iso-
lated myocardial cells (14) and the hERG channel current
expressed in HEK293 cells (15), but does not prolong the
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action potential duration in isolated ventricular tissue “false positive” drugs complicate drug evaluation through
from mammals even at 20 uM (15,16). Such presence of action potential duration in tissue preparations (17).
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Terfenadine did not prolong action potential duration in
the 14 — 20-day-old embryo, which was the same as in
isolated mammalian myocardial tissue. However, ter-
fenadine prolonged the action potential duration in the
11— 13-day-old embryo (Fig. 1: B, Cc). Thus, the
11 — 13-day-old chick embryonic myocardium may be a
sensitive model to detect the proarrhythmic activity of
drugs. Details such as the density of depolarizing and
repolarizing membrane currents and the molecular struc-
ture of the delayed rectifier potassium channel in the
chick ventricle await further investigation.

In conclusion, we found that the chick ventricle
changes its repolarization reserve during development,
which provides an interesting model for further studies
on myocardial repolarization mechanisms and drug
evaluation.
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Abstract. The pulmonary vein is known as an important source of ectopic beats, initiating fre-
quent paroxysms of atrial fibrillation. We analyzed electrophysiological and pharmacological
characteristics of triggered activity elicited in the isolated pulmonary vein from the guinea pig.
Immediately after the termination of train stimulation (pacing cycle length of 100 ms), spontane-
ous activities accompanied with phase-4 depolarization were detected in 43 out of 45 pulmonary
vein preparations. Such triggered activities were not observed in the isolated left atrium. The inci-
dence of triggered activity was higher at a shorter pacing cycle length (100 — 200 ms), and the
coupling interval was shorter at a shorter pacing cycle length. Verapamil (1 4M), ryanodine (0.1
uM), and pilsicainide (10 4M) suppressed the occurrence of triggered activities. The resting mem-
brane potential of the pulmonary vein myocardium was more positive than that of the left atrium.
Carbachol (0.3 zM) hyperpolarized the resting membrane potential and completely inhibited the
occurrence of triggered activities. These results suggest that the pulmonary veins have more ar-
rhythmogenic features than the left atrium, possibly through lower resting membrane potential.
The electrophysiological and pharmacological characteristics of triggered activity elicited in the
pulmonary vein myocardium were similar to those previously reported using ventricular tissues.

Keywords: triggered activity, pulmonary vein, left atrium, membrane potential, carbachol

Introduction

Atrial fibrillation is known as the most common car-
diac arrhythmia in adults, which is a major cause of
stroke (1). Whereas the arrhythmia has been recognized
to perpetuated by reentrant wavelets propagating in an
abnormal atrial-tissue substrate, Haissaguerre et al. found
in 1998 that the origin of atrial ectopic beats was local-
ized in the pulmonary vein myocardial sleeve of patients
with drug-resistant atrial fibrillation (2). Cheung reported
in 1980 that isolated pulmonary vein preparations from
guinea pigs were capable of independent pace-making
activity (3). Recently, electrophysiological characteristics
of the pulmonary vein have been extensively analyzed in
isolated rabbit or dog preparations, which show that the
combination of reentrant and non-reentrant mechanisms
is the underlying arrhythmogenic mechanisms of atrial
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fibrillation from the pulmonary veins (4 — 6).

Triggered activity is one of the well-recognized
mechanisms of ectopy aggravated by an increased rate of
beating (7 -9). Tactics to raise the intracellular Ca**
concentration of the ventricular tissues, such as treatment
with digitalis or a low K* / high Ca™ extracellular envi-
ronment, causes an oscillatory Ca®" release from the
sarcoplasmic reticulum and transient depolarization after
completion of ventricular repolarization (10). The de-
layed afterdepolarization (DAD) and resulting triggered
activity have been shown to be effectively suppressed by
Na'-channel blockers, Ca®*-channel blockers, and ryano-
dine in isolated ventricular preparations (11, 12). DAD-
related triggered activity has been demonstrated in iso-
lated pulmonary vein myocardium or its isolated
cardiomyocytes (13, 14). However, fundamental electro-
physiological characteristics of triggered activity have
never been examined, such as the relationship between
pacing rate to induce triggered activity and its incidence
or coupling interval (10). In this study, to better under-
stand the arthythmogenic activity of the pulmonary vein
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itself, we analyzed electrophysiological and pharmaco-
logical characteristics of the triggered activity in isolated
guinea-pig pulmonary vein. Triggered activity was in-
duced by train stimulation, which is known as a useful
methodology to reproducibly induce DAD-related trig-
gered activity (10, 12, 15).

Materials and Methods

All experiments were approved by the Ethics Commit-
tee of Toho University Faculty of Pharmaceutical Sci-
ences and performed in accordance with the Guiding
Principles for the Care and Use of Laboratory Animals
approved by The Japanese Pharmacological Society. The
heart and adjunct lungs were isolated from male or fe-
male Hartley guinea pigs weighing 350 —450 g. The
pulmonary veins were separated from the left atrium and
lung at the end of the pulmonary vein myocardium sleeve
in Krebs-Henseleit solution of the following composi-
tion: 118.4 mM NaCl, 4.7 mM KC|, 2.5 mM CaCl,, 1.2
mM MgSO,, 1.2 mM KH,PO,, 24.9 mM NaHCO;, and
11.1 mM glucose, gassed with 95% O, / 5% CO, (pH 7.4
at 37°C).

Histological examinations

Pulmonary veins were fixed with 10% formalin neutral
buffer solution, and the segments were processed into
paratfin blocks. The paraffinized tissue blocks were cut
into 4-um-thick sections and mounted on charged slides.
For each paraffin block, one slide each was stained with
Masson trichrome to accentuate muscle and connective
tissues. A serial section was incubated with antibodies
against a-smooth muscle actin (a-SMA, 1:500; Dako,
Glostup, Denmark) followed by consecutive incubations
with universal immuno-peroxydase polymer (Histofine®,
Simple Stain Rat MAX PO MULTI; Nichirei Bioscience,
Tokyo). Antibody binding was demonstrated by staining
with 3,3’-diaminobenzidine tetrahydrochloride.

Microelectrode recording of action potential configura-
tion

The luminal side of the pulmonary vein at the middle
region between the ostium and the distal end of myocar-
dial sleeve or endocardial surface of the left atrium was
impaled with glass microelectrodes filled with 3 M KCl
to record transmembrane potential using a microelectrode
amplifier (Intra 767; World Precision I[nstruments,
Sarasota. FL, USA). The action potential signals were
monitored by an oscilloscope (CS-5135; Kenwood,
Tokyo) and fed into a waveform analysis system (DSS98-
type IV, from Canopus, Tokyo or PowerLab, from
ADlInstruments, Castle Hill, Australia). All experiments
were performed at 36.5 + 0.5°C.

Triggered activity was induced by a burst pacing of
100 train pulses at a pacing cycle length of 100, 150, or
200 ms using an electronic stimulator (SEN-2201; Nihon
Kohden, Tokyo) with rectangular current pulses (3-ms
duration, about 1.5 threshold) through bipolar platinum
electrodes. Action potential parameters, including resting
potential (RP), overshoot (OS), and action potential dura-
tion at 20% (APD»), 50% (APDs), and 90% (APDygy)
repolarization, were measured under electrical stimula-
tion at a constant frequency of 1 Hz. The action potentials
of the pulmonary vein were of the fast-response type, and
neither early afterdepolarizations (EADs) nor DADs
were observed in the preparations electrically driven at 1
Hz.

Drugs

Verapamil hydrochloride and carbachol were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), and
ryanodine was obtained from Wako (Osaka). Pilsicainide
hydrochloride was kindly provided by Daiichi-Sankyo
Co., Ltd. (Tokyo). Ryanodine was initially dissolved in
dimethylsulfoxide and diluted to 0.01% dimethylsulfox-
ide in the Krebs-Henseleit solution. Other drugs were
dissolved in distilled water and small aliquots were added
to the organ bath to obtain the desired final concentra-
tion. All other chemicals were commercial products of
the highest available quality.

Statistical analyses

Statistical significance between means was evaluated
by the one-way repeated measures analysis of variance
followed by Contrasts for mean values comparison or by
Dunnett’s test. A P-value less than 0.05 was considered
significant.

Results

Histology of the pulmonary vein

Typical photomicrographs of longitudinal sections of
the left superior pulmonary vein obtained from the guinea
pig are shown in Fig. 1. Vascular smooth muscle was
detected on the luminal face of the pulmonary vein,
whereas a myocardial sleeve was observed at mid-layer
of the pulmonary vein.

Triggered activities in the pulmonary vein

Figure 2A shows a typical tracing of burst pacing-
induced triggered activity in the pulmonary vein prepara-
tion. After the train stimulation at a pacing cycle length
of 100 ms, spontaneous activities accompanied with
phase-4 depolarization were detected in 43 out of 45
pulmonary vein preparations. On the other hand, phase-4
depolarization was not detected in the left atrium prepa-



