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Abstract

Tumor necrosis factor-o (TNF-a) affects contractility and ionic currents in the heart. However, the electrophysiological effects, espe-
cially on delayed rectifier K currents (IK), have not yet been fully elucidated. We examined the effects of TNF-ao on IK. Using a voltage-
clamp method, IK was measured in guinea pig ventricular myocytes in the basal state and after pharmacological intervention. To specify
the site of the action of TNF-a, the myocytes were incubated with pertussis toxin or N-oleoylethanolamine, a ceramidase inhibitor, and
IK was measured. TNF-o suppressed IK when it was enhanced by isoproterenol, histamine or forskolin but not in the basal state or when
IK was augmented by an internal application of cyclic AMP. Both pre-incubation with pertussis toxin and N-oleoylethanolamine abol-
ished the inhibitory action of TNF-a on isoproterenol-augmented IK. TNF-a inhibits IK, mainly IKs, when it is augmented by PKA as a

result of the generation of sphingosine.
© 2006 Elsevier Inc. All rights reserved.
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Genes of tumor necrosis factor-a (TNF-o) are up-regu-
lated in many myocardial diseases: ischemia [1], experimen-
tal and human myocarditis [2-4], dilated cardiomyopathy
[5,6], and congestive heart failure [7-10], and can exert
mechanical and electrophysiological effects on myocardial
cells [11-14].

In the diseased heart, the PKA pathway is activated via
enhanced adrenergic activity leading to the augmentation
of the delayed rectifier potassium current (IK) as well as
calcium currents [11,15]. However, the action of TNF-o
on IK is unknown, so we studied the effect of TNF-o0 on
IK in rat ventricular myocytes. We found that TNF-a
inhibits IK but only when it was augmented by PKA
activation and the effect was a result of the generation of
sphingosine by TNF-a.
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Materials and methods

Cell preparation. Single ventricular myocytes were isolated from the
left ventricle of adult guinea pigs weighing 250-400 g using an enzymatic
dissociation procedure as reported previously [16]. Briefly, after deep
anesthesia with pentobarbital sodium given intraperitoneally at 50 mg/kg,
the chest was opened under artificial respiration, the aorta was cannulated
with Langendorff’s apparatus, and the heart was quickly excised. Using
the retrograde perfusion, normal Tyrode’s solution (36 °C) was applied for
5 min, followed by nominally Ca®*-free Tyrode’s solution until contrac-
tion ceased. Then, with Tyrode’s solution supplemented with 0.4 mg/ml of
collagenase type 1 (Sigma Co., St. Louis, MO), the heart was retrogradely
perfused for 15-20 min. The composition of normal Tyrode’s solution was
NacCl 145, KCl 5.4, CaCl, 1.8, NaH,PO, 0.3, MgCl, 0.5, glucose 5.5, and
Hepes 5 (pH adjusted to 7.4 with NaOH) (mmol/L).

Finally, the heart was perfused with KB medium at room temperature
to rinse the collagenase off [17]. The composition of KB medium was
L-glutamic acid 70, KCI 25, taurine 20, KH,PO, 10, MgCl, 3, EGTA 0.5,
glucose 11, and Hepes 10 (pH adjusted to 7.3 with KOH) (mmol/L). The
partially digested heart was gently minced with scissors in the KB solution
and after filtration through 105-pm mesh, cells were stored at room
temperature and used within 8 h of isolation.
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Measurement of IK. The pipette solution contained potassium aspar-
tate 110, KCI 20, MgCl, 7.0, CaCl, 0.69, K,-ATP 5, Na,-GTP 0.1, cre-
atine phosphate-K, 5, EGTA 5, and Hepes 5 (pH 7.4 with KOH) (mmol/
L). According to the stabilizing constants proposed by Fabiato and
Fabiato [18], with the correction of Tsien and Rink [19], the pCa of the
internal solution was calculated to be 8.0.

A few drops of cell suspension were dispersed into a small chamber
superfused with Tyrode’s medium on the stage of an inverted microscope
(Olympus, Tokyo, Japan). A gigaohm seal was obtained in the center of
the cells by applying negative pressure to the interior of the pipettes by
gentle suction and the whole-cell currents were measured with low-resis-
tance pipettes (2 MQ) using an Axopatch 200B amplifier with a
CV-203BU headstage and pClmap software (Axon Instruments, Foster
City, CA).

In all experiments, the L-type calcium current (ICaL) was inhibited
by 2 pmol/L of nisoldipine (Bayer Pharmaceutical Co., Osaka, Japan).
The liquid junction potential was corrected by a voltage offset on the
patch-clamp amplifier. Cell membrane capacitance was measured using
the internal circuit for capacitance-current compensation. Series resis-
tance was compensated for to minimize the duration of the capacitive
surge.

After a depolarization pulse of 2's, the voltage was clamped back to
the holding potential (—40 mV) and IK steady-state currents were
defined as the difference between the peak point of time-dependently
activated component and the holding currents. All data were filtered at
1 kHz, digitized at 4 kHz using a Digidata 1200 (Axon Instruments,
Foster City, CA), and stored on a custom-made computer (Intermedi-
cal, Nagoya, Japan). IK was measured in the basal state and after the
addition of isoproterenol at 20nmol/L and the pharmacological
interventions were achieved as follows.
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Measurements of IK in the altered PKA pathway. Rat TNF-o was
dissolved in distilled water until use and the effect of TNF-a (Sigma
Co.) was tested at 20 ng/ml before and after the addition of isopro-
terenol to the external medium. To examine the role of the intracel-
lular signal transudation, we employed several pharmacological
interventions.

Histamine is known to increase c-AMP and increase IK via the
stimulatory G protein (Gs)/adenylate cyclase pathway [20]. Histamine
(Sigma Co.) freshly made immediately before use was prepared to result
in a 250 nmol/L and the effect of TNF-a was studied. Similarly, for-
skolin (Sigma Co.), a diterpene plant alkaloid known to increase
intracellular c-AMP by directly stimulating adenylate cyclase [21], was
dissolved in ethanol (10 mmol/L stock solution) and prepared at
500 nmol/L to augment IK and the effect of TNF-o was measured.
Histamine and forskolin were administered to activate IK in a com-
parable magnitude as that of 20 nmol/L of isoproterenol. Then, c-AMP
was administered intracellularly via direct dialysis of intrapipette
c-AMP (1 pmol/L).

Since the intracellular c-AMP concentration is modulated by aden-
ylate cyclase coupled with Gs and pertussis toxin (PTX)-sensitive
G-protein (Gi), we examined the action of TNF-a on IK after the
incubation of myocytes with PTX (Sigma Co.) at 5 pg/ml and at 36 °C
for 120 min. After PTX treatments, we determined the effect of carbacol
on IK [22].

Finally, we tested whether the ceramide-sphingosine pathway is
involved concerning the action of TNF-a on IK. Sphingosine 1-phos-
phate, a product of the sphingomyelin pathway, has already been shown
to modulate IKAch via PTX-sensitive G-proteins [23], therefore we
incubated the myocytes with N-oleoylethanolamine (NOE) (Sigma Co.), a
ceramidase inhibitor, and examined the effect of TNF-oo on the
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Fig. 1. The effects of TNF-a on current-voltage relationships for IK enhanced by isoproterenol. (A) Three sets of current traces at test potentials between
—60 and +60 mV in 10-mV increments. (B) Tail current amplitudes plotted against test potentials. (C) Activation curves obtained by normalizing the 1K
tail current amplitudes. The solid curves are expressed as a function of membrane potential (E) as follows: normalized IK tail current = 1/{1+ 1/
expl(E — Vy.5)/k]}, where k is the slope factor. Solid square indicates the control condition; solid circle, exposure to 20 nmol/L ISO; and solid triangle,

after addition of 20 ng/ml TNF-o. Symbols and bars represent mean 4 SE.
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isoproterenol augmented IK. During the measurement of IK, the chamber
perfusate was continuously drained by suction, and the complete exchange
of the perfusate could be achieved in 2 min. The effect on membrane
currents of solvents, DMSO (0.1%) and ethanol (<0.1%), was shown to be
negligible.

Numerical data were presented as means + SEM and they were com-
pared by Student’s ¢ test. A P value of less than 0.05 was considered to be
significant.

Results and discussion
Effect of TNF-0. on IK

TNF-a caused no substantial effect on basal IK (n=4)
but when IK was increased to 179 £ 34% by isoproterenol
at 20 nmol/L (n=20), TNF-a reduced IK to 62 & 10%
(Figs. 1A and B). IK tail currents normalized by those mea-
sured after the application of a +80 mV potential test well
fitted with the Boltzmann equation (Fig. 1C). Membrane
potentials for Vs were 8.4 + 1.3 mV in the control condi-
tion, 9.6 £ 2.1 mV in the presence of isoproterenol, and
9.8 £ 1.2 mV after the addition of TNF-a. The threshold
potential for IK activation was not altered by TNF-a.
The dose-response curve of TNF-a on IK in the presence
of 20 nmol/L isoproterenol (n = 22) was similar to the Hill
equation (Fig. 2). TNF-a cancelled IK augmented by iso-
proterenol in a dose-dependent manner with ICs, at
11.6 £0.7 ng/ml and a Hill coefficient of 1.1 4+0.1 and
the inhibitory effect of TNF-o was not reversed after
washout.

Histamine (250 nmol/L) enhanced IK tail current to
170 + 69% as shown in Fig. 3A which was reversed by
TNF-a (20 ng/ml) to 37 & 13% (n = 4). Similarly, forskolin
at 500 nmol/L augmented IK (1754+£4.7%, n=35) to a
comparable degree as that induced by isoproterenol and
TNF-o (20 ng/ml) again reversed IK to 584 13%
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(Fig. 3B). However, direct dialysis of myocytes with intra-
pipette cAMP (1 pmol/L) caused an increase of IK but its
reduction by TNF-a was negligible 8 £1% (n=Y5)
(Fig. 3C). These results suggested that TNF-a inhibits IK
by reducing intracellular c-AMP.

IK is composed of two components: IKr and IKs [24].
Though IKr is partly sensitive to isoproterenol sensitive
[25], we confirmed the same inhibitory property on IK after
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Fig. 3. The inhibitory effect of TNF-o on other types of PKA-enhanced
IK. (A—C) Three time courses showing TNF-o (20 ng/ml) actions on the
tail current of IK potentiated by histamine (250 nM/L), forskolin
(500 nM/L), and intrapipette cCAMP (1 mM/L).
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Fig. 2. The effects of TNF-a concentration-inhibition relationships for IK enhanced by isoproterenol. TNF-a dependent inhibitions accessed by
normalizing amplitudes of IK tails after +40-mV test potential in the presence of various concentrations of TNF-o by that measured in the absence of the
peptide and plotted as a function of the TNF-a concentration. Symbols represent the mean percent inhibition; the smooth line, the best fit to the Hill
equation: % inhibition = By /{1 + (ICs50/[TNF -oc])’7 }, where Bi.x indicates the maximal inhibition, and /, the Hill coefficient. Vertical bars represent SE.

Numbers in parentheses indicate the number of experiments.
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Fig. 4. The inhibitory effect of TNF-a is mediated by PTX-sensitive G-proteins and N-oleoylethanolamine. (A) Preincubation with PTX (5 ug/ml at
36 °C > 60 min) abolished the inhibitory effect of both CCh (20nM) and TNF-a (20 ng/ml). (B) Preincubation with ceramidase inhibitor,
N-oleoylethanolamine, also abolished the inhibitory effect of TNF-o (20 ng/ml).

the use of E-4031: an IKr inhibitor (up to 2 umol/L) prior
to the present study and the inhibitory effect of TNF-o on
the isoproterenol activated IK would represent mainly that
of IKs. TNF-a has no effect on basal IKs but reduced it
when it is augmented by isoproterenol, histamine, or
forskolin.

Effects of PTX and the ceramide—sphingosine phosphate
pathway

Carbachol reduced intracellular c-:AMP by stimulating
the PTX-sensitive G-protein (Gi) and inhibited the isopro-
terenol-augmented IK but when the myocytes were prein-
cubated with PTX, such action of carbachol was
abolished and the addition of TNF-a showed no effect
(Fig. 4A). Furthermore, when the myocytes were pre-incu-
bated with N-oleoylethanolamine (at 5 pM), a ceramidase
inhibitor, the inhibitory effect on IK by TNF-a was also
abolished to 10 4+ 4% (Fig. 4B).

Sphingosine-1-phosphate is considered to be generated
from the ceramide-sphingomyelin by TNF-o and to
activate Gi leading to a fall of c-AMP [26,27]. The fall of
c-AMP must result in an immediate effect on contractile
dysfunction [26,28-30] as well as on ionic currents [31-
33] including IKs as shown in the present study.

In summary, TNF-o was shown to reverse IK when it is
augmented by the PKA pathway. A fall of c-:AMP would
be involved as the mechanism of the reversal of IK by
TNF-a since TNF-a induces a generation of sphingosine-
I-phosphate from ceramide-sphingomyelin leading to the
activation of Gi. However, because of diverse actions of

TNF-a on several ionic currents, the net electrophysiolog-
ical effects of TNF-o and their roles need to be further
studied.
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