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ABSTRACT—The agonistic action of fenamates on the a,-adrenoceptor-activated cationic current (I,,) in
rabbit portal vein smooth muscle was investigated with the whole-cell patch clamp technique. At —50mV,
the fenamates (100- 500 M) increased I.,, dose-dependently, up to several fold. This increase was not ac-
companied by changes in the reversal potential and strongly inhibited by 500 «uM Cd** or 10 mM procaine.
The enhancing effect of fenamates was also observed on the cationic current activated by intracellularly
applied GTPyS. These results suggest that fenamates may be useful as a new class of activator for recep-

tor-operated cation channels in smooth muscle.,
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Nonselective cation channels (NSCCs) constitute a
large heterogeneous family of transmembrane channels
that allow nonspecific passage of cations and open in
response to a wide variety of stimuli imposed on the cell
membrane. Despite their postulated significance in vari-
ous cellular functions, the pharmacology of these chan-
nels remains poorly elucidated (1).

Fenamates such as mefenamate and flufenamate are
derivatives of diphenylamine-2-carboxylate (DPC) and
have emerged as non-steroidal antiinflammatory drugs.
Although early electrophysiological studies reported that
these compounds inhibit anionic movements, e.g.,
through a band 3 anion transporter in erythrocytes and
Ca®*-activated Cl~ channels in Xenopus oocytes (for
review, see ref. 1), they were later shown to block NSCCs
at micromolar concentrations in pancreatic exocrine
gland (2). Since then, fenamates have been regarded as
blockers for NSCCs in various tissues including smooth
muscle (3).

In this paper, we describe a novel action of fenamates
on NSCCs, i.e., their activation of the ¢,-adrenoceptor-
activated cation channels in rabbit portal vein smooth
muscle. This seems to have considerable pharmaco-
logical importance, because no chemicals are so far
known to activate NSCCs except for naturally occurring
marine toxins such as maitotoxin and palytoxin.

Male albino rabbits (1.8-2.0 kg, Japanese White;

* To whom correspondence should be addressed.

Kajitani, Fukuoka) were anesthetized with intravenous
sodium pentobarbitone (40 mg/kg) and then exsangui-
nated. A segment of the portal vein was excised after open-
ing the abdominal cavity. The details for cell dispersion
and the equipment and procedures employed in the patch
clamp experiments are described elsewhere (4, 5). For
quantifying changes in the amplitude of small noisy
cationic currents, the current amplitude was integrated
over 10 sec and averaged as the charge transported per
second.

Solutions: modified Krebs solution: 140 mM Na™, 5
mM KT, 1.0mM Ca’", 1.2 mM Mg?*, 149.4mM Cl ™, §
mM glucose, 10 mM Hepes/Tris (pH 7.35—7.4); pipette
solution: 130 mM Cs*, 2mM Mg?*, 20mM Cl~, 110
mM aspartate”, 2mM SO,2, 10 mM EGTA and 10 mM
Hepes (titrated to 7.2 with Tris base). The liquid junction
potential of the internal solution with regard to the
modified Krebs solution (—6 mV) was corrected on later
analysis.

Chemicals: Mefenamate and flufenamate were pur-
chased from Wako Pure Chemical Industries, Ltd.
(Osaka). All drugs, dissolved in DMSO as 200- 500 mM
stock solutions, were freshly diluted in the bathing solu-
tion just before use.

All statistical data represent means+S.E.M.

Figures 1Aa and 2Ba are typical records demonstrating
the effects of fenamates on phenylephrine (phe)-induced
(a;-adrenoceptor-activated) inward current (I..; 4, 6).
Addition of either mefenamate or flufenamate into the
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Fig. 1.

Fenamates potentiate phenylephrine (phe)-induced cationic currents. A: Effects of mefenamate on the membrane cur-

rent (at a holding potential of —50 mV) in the presence (a) and absence (b) of 100 #M phe, from the same cell. In Na*t-free
solution, all cations except for protons were substituted by equimolar N-methyl D-glucamine. A slowly progressive decline in
I.. was observed in the continued presence of phe and/or fenamates. Dashed lines indicate the zero current level. B: Summary
of fenamate-induced potentiation of I, (in the presence of 100 M phe). Open column, mefenamate; filled column, flufena-
mate. Columns and bars indicate the mean +S.E.M., respectively. The charge carried through I, at a given congentration of
fenamate is normalized to that in its absence. The numbers in parentheses are the number of experiments.

bath produced a dose-dependent increase in the ampli-
tude of inward currents in the presence of phe, which was
completely abolished upon substituting external cations
with A-methyl D-glucamine. The main part of this in-
crease is unlikely to result from direct activation of the
cationic current by the fenamates, since they could oc-
casionally induce only small inward currents in the ab-
sence of phe (Fig. 1Ab: at —50 mV, 0.3+0.2 pA in 2 out
of 6 cells and 0.9+0.4 pA in 2 out of 4 cells with 200 and

500 uM mefenamate, respectively, and 0.9+0.3 pA in 9
out of 16 cells and 2.2+0.4 pA in 7 out of 10 cells with
200 and 500 M flufenamate, respectively). The percent
increase of I[., attained by 500 UM fenamates was
195 +24% (n—4) and 818 £177% (n—=6) for mefenamate
and flufenamate, respectively, suggesting that flufena-
mate is fourfold more potent than mefenamate (Fig. 1B).

The enhancing effect of fenamates on I, was still ob-
served when the external cation was substituted by a sin-
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Properties of cationic currents after potentiation by flufenamate (flu). A: Current-voltage-relationship of 1, under

conditions where external cations were substituted by equimolar Cs™. Voltage ramps of 2 sec (—120 to 80 mV) were applied
with and without phenylephrine (phe), and the net current obtained from the latter was subtracted from that obtained from the
former. Dashed curves in panel A are drawn according to the best fit of data with 4th- to Sth-order polynomials from which the
reversal potentials were measured. Ba: Inhibition of I, by 500 M Cd?>" and 10 mM procaine. Bb: Flufenamate caused a
dose-dependent increase in the cationic current induced by 50 uM GTP;S. Dashed lines in panel B indicate the zero-current

level.

gle cation, Cs*, and the reversal potential of I, was little
affected after potentiation by fenamates (Fig. 2A: the
shift of reversal potential was —0.3+0.7 mV in Cs* ex-
ternal solution (n=4) and 0.1 +0.4 mV in modified Krebs
solution (n=375)). These results suggest that the large in-
crement induced by fenamates may not result from the
altered ionic permeability of the phe-activated cation
channels.

The degree of increase in I.,; by fenamates appeared to
depend on the membrane potential (Fig. 2A): the percent-
age increase induced by 200 #M flufenamate at —50, 50
and 75 mV were 317%, 375% and 659%, respectively.
This suggests that membrang depolarization might poten-
tiate the fenamate-induced increase in the cationic cur-
rent. Addition of potent blockers for receptor-operated
cationic channels, 500 #M Cd?* or 10 mM procaine (3,
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4), strongly inhibited the fenamate-induced increase in
I (Fig. 2Ba).

The major site of action of fenamates may be located
downstream from the a;-adrenoceptor, since the degree
of increase in I, did not significantly alter with different
concentrations of phe or even when a muscarinic agonist
carbachol (4) was used to activate I, (data not shown).
Furthermore, fenamates caused a similar increase
(2.2+0.2 (n=4)- and 3.8+0.3 (n=3)-fold with 200 xM
mefenamate and flufenamate, respectively) in the small
noisy cationic currents that were induced by adding 50
#M GTPyS into the patch pipette (15.0+=2.1 pA at —50
mV, n=25) bypassing the process of ligand-receptor bind-
ing (Fig. 2Bb), although whether the properties of this
cationic current are identical to those of I., requires fur-
ther investigation.

The present results have revealed that fenamates, which
have been regarded as general blockers for various types
of NSCCs (1), could act agonistically for a certain type of
NSCC, i.e., the a,-adrenoceptor-activated cation chan-
nels in portal vein smooth muscle.

Literally, there are so far only two marine toxins
known to activate the nonselective cation channels
without mediation of cell surface receptors or intracel-
lular messengers. Maitotoxin, a water-soluble polyether,
has been reported to stimulate Ca®* entry into the cell by
opening 40 pS cation-selective channels in renal epithelial
cells (7), and another non-peptide toxin, palytoxin, is
found to depolarize the membrane due to activation of
10 pS monovalent cation permeable channels in cardiac
myocytes (8). However, the mechanisms underlying the
agonistic effects of fenamates seem basically different
from those of these toxins. First, fenamates seem to need
prior activation of cation channels through a;-
adrenoceptors to exert their agonistic actions, although
marginally small inward currents were sometimes detect-
ed in the sole presence of fenamates. Secondly, their
duality to behave both antagonistically and agonistically
depending on the type of NSCCs is certainly a notable
difference. These actions of fenamates, together with the
fact that the cationic currents activated by internal per-
fusion of GTPyS or by the agonists related to distinct
receptors and G-proteins (i.e., phe and carbachol) also
show similar sensitivities to fenamates, imply close as-
sociation of fenamate’s action with the cation channel per
se, and thus may be reminiscent of those of dihydro-
pyridines such as nifedipine and BAY K 8644 on the
high-threshold voltage-dependent Ca?" channels, where
partial modification of side chains or differences in the

spatial configurations of these compounds significantly
affect their antagonistic or agonistic properties (€.g., 9).

It is conceivable that whether fenamates act an-
tagonistically or agonistically might depend on subtle
differences in the cation channel architecture, since the
muscarinic receptor cation channel in guinea pig ileal
smooth muscle, which resembles the cation channel of
a-adrenoceptor in many respects (4), is potently blocked
by fenamates (3). Hence, fenamates might serve as a use-
ful starting point to design agonists and antagonists for
the receptor-operated nonselective cation channels in
smooth muscle. Further efforts are needed to investigate
more details of the actions of fenamates, since these
compounds have also been reported to activate certain
types of K* channels in recent studies (e.g., 10).
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