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Multiple action sites of flufenamate on ion transport across the rat

distal colon
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1 The antisecretory effects of flufenamate in the rat distal colon were investigated with the Ussing-
chamber and the patch-clamp method as well as by measurements of the intracellular Ca®*
concentration using fura-2-loaded isolated crypts.

2 Flufenamate (5-107* mol 17!) suppressed the short-circuit current (Isc) induced by carbachol
(5:107° mol 17"), forskolin (5-107° mol 17") and the Isc induced by the membrane-permeable
analogue of cyclic AMP, CPT —cyclic AMP (10~* mol 17).

3 Indomethacin (107°—10~% mol 1=") did not mimic the effect of flufenamate, indicating that the
antisecretory effect of flufenamate is not related to the inhibition of the cyclo-oxygenase.

4 When the basolateral membrane was depolarized by a high K™ concentration and a Cl~ current
was induced by a mucosally directed C1~ gradient, the forskolin-stimulated Cl1~ current was blocked
by flufenamate, indicating an inhibition of the cyclic AMP-stimulated apical Cl~ conductance.

5 When the apical membrane was permeabilized by the ionophore, nystatin, flufenamate decreased
the basolateral K* conductance and inhibited the Na™ —K*-ATPase.

6 Patch-clamp experiments revealed a variable effect of flufenamate on membrane currents. In
seven out of 11 crypt cells the drug induced an increase of the K™ current, whereas in the remaining
four cells an inhibition was observed.

7 Experiments with fura-2-loaded isolated crypts indicated that flufenamate increased the basal as
well as the carbachol-stimulated intracellular Ca>" concentration.

8 These results demonstrate that flufenamate possesses multiple action sites in the rat colon: The

apical ClI~ conductance, basolateral K* conductances and the Na* —K " -ATPase.
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conductance; HEPES, N-(2-hydroxyethyl)piperazine-N’-2-ethansulphonic acid; Isc, short circuit current,
NMDG, N-methyl-D-glucamine

Introduction

In a recent study, we investigated the properties of a Ca?"*

entry pathway in rat colonic epithelium (Frings et al., 1999).
Depletion of intracellular Ca" stores either by the intracel-
lular Ca?* chelator ethyleneglycol bis-(f-aminoethylether)
N,N,N’,N’-eteraacetic acid) (EGTA) or the stable acetylcho-
line derivative, carbachol, activated a non-selective cation
conductance, which proved to be responsible for the influx of
Ca®>" from the extracellular medium. This conductance had
therefore properties of store-activated Ca®* channels observed
in other non-excitable tissues (Parekh & Penner, 1997).

In the course of these experiments, several well known
blockers of non-selective cation channels, e.g. La**, Gd** and
flufenamate, were used. However, their actions proved to be
quite disparate. Whereas the two lanthanides, La** and Gd**,
inhibited a current with a reversal potential of 0 mV as
expected for a non-selective cation conductance with equal
cation concentrations on both sides of the membrane, the
current inhibited by flufenamate exhibited a much more
negative reversal potential (—32 mV), suggesting a distinct
site of action. Therefore, the aim of the present investigations
was to clarify the site of action of this blocker.

Several potential mechanisms of action of flufenamate have
been described in the literature. Like other nonsteroidal anti-
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inflammatory drugs, flufenamate blocks the cyclo-oxygenase,
thus decreasing the endogenous production of prostaglandins
(Insel, 1990). In several tissues and cell lines the inhibition of a
non-selective cation conductance by flufenamate has clearly
been shown (Gogelein & Greger, 1986; Gogelein et al., 1990;
Kerst et al., 1995; Weiser & Wienrich, 1996). A third action
observed is the inhibition of Cl~ channels (Go6gelein et al.,
1987; Martin & Shuttleworth, 1994; Schumacher et al., 1995;
Weber et al., 1995). Divergent interactions have been reported
with K" conductances, i.e. both an inhibition or activation,
depending on the tissue studied (Wieser & Wienrich, 1996; Xu
et al., 1994).

Consequently, in the present study the effects of flufenamate
in the rat distal colon were investigated with the Ussing-
chamber and the patch-clamp method as well as by
measurements of intracellular Ca*>* concentration using fura-
2-loaded isolated crypts.

Methods

Solutions

The Ussing-chamber experiments were carried out in a bathing
solution containing (mmol 1="): NaCl 107, KCI 4.5, NaHCO;
25, NazHPO4 18, NaH2PO4 02, CaC12 125, MgSO4 1 and
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glucose 12. The solution was gassed with a gas mixture of 5%
CO, and 95% O,; the pH was 7.4. Lanthanides are known to
be bound by CO;*~- and PO,*~-anions present in this solution
(Caldwell et al., 1998). Therefore Ussing chamber studies in
the presence of La®" were carried out in a Tyrode bathing
solution, containing (mmol 17!): NaCl 140, KCl 5.4, CaCl,
1.25, MgSO, 1, glucose 12, HEPES (N-(2-hydroxyethyl)
piperazine-N'-2-ethansulphonic acid) 10 and gassed with O,.
The pH was adjusted to 7.4 with NaOH or HCI. Both Ussing
chamber bathing solutions were kept at a temperature of 37°C.

For the depolarization of the basolateral membrane, a
111.5 mmol 17! KCI solution was used, in which NaCl was
equimolarly replaced by KCI. In order to apply a K* gradient,
the KCl concentration in the standard HCO; -buffered
solution was increased to 13.5 mmol 1=' while reducing the
NaCl concentration to 98 mmol 1=! in order to maintain
isoosmolarity. For the Na*-free solution, Na™ was replaced
by N-methyl-D-glucamine (NMDG *). In the Cl~-free buffer,
Cl~ was substituted by gluconate. For the uptake experiments,
KCI was replaced by RbCl.

For the experiments with isolated crypts the following
buffers were used. The EDTA solution for the crypt isolation
contained (mmol 17'): NaCl 107, KCl 4.5, NaH,PO, 0.2,
Na,HPO, 1.8, NaHCO; 25, EDTA (ethylene diamino
tetraacetic acid) 10, glucose 12, with a 1 g 17" bovine serum
albumin. The pH was adjusted to 7.4 by tris-base (tris(hy-
droxymethyl)aminomethane). The high K* Tyrode for the
storage of the crypts consisted of (mmol 17'): K gluconate 100,
KCI1 30, NaCl 20, CaCl, 1.25, MgCl, 1, HEPES 10, glucose 12,
Na pyruvate 5 and 1 g1~! bovine serum. The solution was
adjusted with KOH to a pH of 7.4. The medium for the
superfusion of the crypts was a Tyrode solution containing
(mmol 171): NaCl 140, KCl 5.4, CaCl, 1.25, MgCl, 1, glucose
12, HEPES 10. The pipette solution was a K gluconate/KCl
solution, which contained (mmol 17'): K gluconate 100, KCl
30, NaCl 10, MgCl, 2, EGTA (ethyleneglycol bis-(f-
aminoethylether) N,N,N’,N'-tetraacetic acid) 0.1, Tris 10, ATP
(adenosine 5'-triphosphate disodium salt) 5; pH was 7.2. In
experiments where a high Ca**-buffering capacity was needed,
the pipette solution contained (mmol 17') EGTA 11 together
with CaCl, 1. When a Cl -free intracellular condition was
necessary, KCl and NaCl of the standard pipette solution were
substituted by K gluconate (KGluc) and Na gluconate
(NaGluc), respectively. For cation substitution Na™ and K*
were replaced by NMDG ™.

Tissue preparation

Wistar rats were used with a weight of 180—220 g. The animals
had free access to water and food until the day of the
experiment. Animals were stunned by a blow on the head and
killed by exsanguination (approved by Regierungsprisidium
GieBen, Giellen, Germany). The serosa and muscularis propria
were stripped away by hand to obtain the mucosa-submucosa
preparation of the distal part of the colon descendens. Two
distal and two proximal segments of the colon of each rat were
prepared. In general, one tissue from each localization served
as control and the other was treated with flufenamate.

Short-circuit current measurement

The tissue was mounted in a modified Ussing-chamber, bathed
with a volume of 3.5 ml on each side of the mucosa and short-
circuited by a voltage clamp (Aachen Microclamp, AC Copy
Datentechnik, Aachen, Germany) with correction for solution
resistance. The exposed surface of the tissue was 1 cm?. Short-

circuit current (Isc) was continuously recorded and tissue
conductance (Gt) was measured every min. Isc is expressed as
uEq h~' cm ™2, i.e. the flux of a monovalent ion per time and
area with 1 uEq h™' cm=2=26.9 uA cm~2. Tissues were left
for 1 h to stabilize Isc, before the effect of drugs was studied.
The baseline in electrical parameters was determined as mean
over 3 min just before administration of a drug.

Uptake experiments

Uptake experiments were performed similar as described
previously (Diener et al., 1996). The measurement of
basolateral Rb™ uptake was started after an equilibration
period of 60 min in Lucite chambers with a volume of 2.5 ml
on each side of the tissue. When the uptake was measured in
the presence of test substances, the drugs were administered
10 min prior to the addition of *Rb™ (22 kBq) to the serosal
side of the chamber. Five min after administration of *Rb™*
standards were taken from the labelled side and the uptake was
stopped by washing the chamber with 20 ml of fresh,
unlabelled buffer solution on both sides. The tissue was
removed from the chamber and blotted on filter paper. This
procedure took 1—2 min. The tissue was solubilized in 1 ml
0.1 N HNO; for 20 h at 70°C. After neutralization with 0.1 ml
1 N NaOH, the radioactivity in the sample was determined in
a liquid scintillation counter. Results were calculated as uptake
per area mucosa (nmol cm~2).

Crypt isolation

The mucosa-submucosa was fixed on a plastic holder with
tissue adhesive and transferred for 8 min in the EDTA
solution. The mucosa was vibrated once for 30 s in order to
isolate intact crypts. The were collected in an intracellular-like
high K* Tyrode buffer (Bohme er al., 1991). The mucosa was
kept at 37°C during the isolation procedure. All further steps
including the patch-clamp experiments were carried out at
room temperature.

Patch-clamp experiments

The crypts were pipetted into the experimental chamber
(volume of the chamber 0.5 ml). The crypts were fixed to the
glass bottom of the chamber with the aid of poly-L-lysine
(0.1 g171). The preparation was superfused hydrostatically
throughout the experiment (perfusion rate about 1 ml min~").
The chamber was mounted on the stage of an inverted
microscope (Olympus IX-70).

Patch pipettes were pulled from thick-walled borosilicate
glass capillaries (Jencons Scientific Ltd., Bedfordshire, U.K.;
outer diameter 2 mm, inner diameter 1 to 1.25 mm) on a two-
stage puller (H. Ochotzki, Homburg/Saar, Germany). After
fire-polishing, the tips had resistances of 5—10 MQ when filled
with the standard pipette solution. To obtain a whole-cell
recording, the membrane patch under the tip of the pipette was
broken by a stronger suction pulse after formation of the seal.
Seal resistances were 5—10 GQ. Membrane capacitance was
corrected for by cancellation of the capacitance transient
(subtraction) using a 50 mV pulse.

Patch-clamp currents were recorded on a RK-400 amplifier
(Biologics, Meylan, France). Current and voltage signals were
digitized at 48 kHz and stored on a modified digital audio
recorder (DTR-1200, Biologics, Meylan, France). The
reference point for the patch potentials was the extracellular
side of the membrane assumed to have zero potential. Current-
voltage (I-V) curves were obtained by clamping the cell to a
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holding potential of —80 mV and stepwise depolarization for
30 ms. After each depolarization, the cell was clamped again to
the holding potential for 1 s before the following voltage step
(incremented by 10 mV) was applied. For statistical compar-
ison of membrane currents, outward current was measured at
the end of a pulse depolarizing the cell for 30 ms from —80 to
+60 mV, and inward current was measured at the holding
potential of —80 mV.

Fura-2 measurements

Relative changes in intracellular Ca®" concentration were
measured using the Ca’’-sensitive fluorescent dye, fura-2
(Grynkiewicz et al., 1985) as described previously (Diener et
al., 1991). The crypts were pipetted into the experimental
chamber with a volume of about 3 ml. The crypts were fixed to
the glass bottom of the chamber with the aid of poly-L-lysine.
The crypts were loaded for 60 min with 2.5-10~° mol 17! fura-
2/AM (fura-2-acetoxymethylester) in the presence of 0.05%
Pluronic®. Then the fura-2 was washed away. The preparation
was superfused hydrostatically throughout the experiment
with NaCl Ringer. Perfusion rate was about 1 ml min~".

Experiments were carried out at room temperature on an
inverted microscope (Axiovert 35 M, Zeiss, Oberkochen,
Germany) equipped with an epifluorescence and photometry
set-up (FURA-2 Data Acquisition System, Luigs and
Neumann, Feinmechanik und Elektrotechnik GmbH, Ratin-
gen, Germany). The emission was measured between 470 and
540 nm from a field of about 20 ym diameter containing a
fraction of a crypt fundus region. The cells were excited
alternatively at 360 and 390 nm and the ratio of the emission
signal at both excitation wavelengths was calculated. Data
were sampled at 2 Hz. The baseline in the fluorescence ratio of
fura-2 was measured for several minutes before drugs were
administered by superfusion.

Drugs

Fura-2-acetoxymethylester (fura-2/AM; Molecular Probes,
Eugene, U.S.A.) was dissolved in dimethylsulphoxide (DMSO;
final concentration 2.5 ml1~'). Pluronic® (BASF, Weyan-
dotte, U.S.A.) was dissolved in DMSO as a 200 g 1=' stock
solution (final maximal DMSO concentration 2.5 ml17%).
Nystatin was dissolved in dimethylsulphoxide (DMSO; final
concentration 2 ml17"). Bumetanide, forskolin and indo-
methacin were added from ethanolic stock solutions (final
maximal concentration 2.5 ul ml~'); carbachol and 8-(4-
chlorophenylthio)-adenosine 3,5 cyclic monophosphate
(CPT —cyclic AMP) were dissolved in aqueous stock solution
and diluted in salt buffer just before use; flufenamate was
dissolved in 0.5 mol 1=" NaOH. Pluronic® was purchased
from Molecular Probes, Leiden, Netherlands. If not indicated
differently, drugs were from Sigma, Deisenhofen, Germany.
Radioisotopes were obtained from NEN, Dreieich, Germany.
The initial activity of **Rb amounted to 411 GBq g~ ".

Statistics

Results are given as means +one standard error of the mean
(s.e.mean). When the means of several groups had to be
compared, first an analysis of variances was performed. If the
analysis of variances indicated significant differences between
the groups investigated, further comparison was carried out by
a Student’s r-test (paired or unpaired as appropriate) or by the
Mann—Whitney U-test. An F-test was applied to decide which
test method was to be used.

Results

Effects of flufenamate on the Isc induced by
secretagogues

In a first set of experiments the effect of flufenamate on the
baseline short-circuit current (Isc) was investigated. After an
equilibration time of 60 min, the rat distal colon exhibited an
Isc of 1.7+0.4 uEq h~! ecm~2 (n=6). Flufenamate (5-10~*
mol 17! at the serosal side) caused a significant decrease in
basal Isc by 1.1+0.3 uEq h=!' em~? (P<0.05, paired r-test,
n=06, Figure 1).

Carbachol (5-107° mol 17" at the serosal side), which
induces a Cl~ secretion via an increase in the intracellular
Ca*" concentration (Diener et al., 1991), evoked a biphasic
increase in Isc. Initially, the Isc increased to a peak of
7.740.7 uEq h=' cm 2 (P <0.03, paired r-test, n=6, Figure 1)
above baseline, which then declined slowly with a biphasic time
behaviour as described previously (Strabel & Diener, 1995).
Ten minutes after administration of the cholinergic agonist,
the Isc was still elevated by 4.0+0.7 uEq h—! cm~2 (P <0.05,
paired ¢-test, n=6) under control conditions. When the tissue
was pretreated with flufenamate (5-107* mol 17! at the serosal
side) the peak response to carbachol was significantly
diminished (4.0+1.7 uEq h™' cm~2; P<0.05 versus the peak
response in the absence of flufenamate, U-test, n =6, Figure 1)
and the decay of the current response was strongly accelerated,
ie. 10 min after administration of carbachol the Isc had
returned completely to the former baseline.

A similar inhibition was observed when a Cl~ secretion was
induced via an increase in the intracellular concentration of
cyclic AMP by forskolin, an activator of the adenylate cyclase.
The advantage of this forskolin-induced increase in Isc
compared to carbachol is that the Cl~ secretion stimulated
via the cyclic AMP pathway remains stable over several hours
(Mestres et al., 1990). Forskolin (5-10~° mol 17! at both sides)
induced an increase in Isc of 3.340.6 uEq h~' cm =2 (P<0.05,
paired t-test, n= 6, Figure 2). Flufenamate administered during
the stable plateau period caused a concentration-dependent
inhibition of the forskolin response (Figure 2). Analysis of the
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Figure 1 Effect of carbachol (510> mol 1~ ! at the serosal side) on

Isc in the absence and presence of flufenamate (5+10~* mol 17! at
the serosal side). The Isc is given during the flufenamate period for
10 min after administration of the inhibitor and for the last 5 min
just prior to additional administration of carbachol. All Isc data
points in between (which were in the range of 5—10 min depending
on the individual tissue) were omitted. Values are means (symbols) +
s.e.mean (error bars), n==6.
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concentration-response curve revealed a half-maximal inhibi-
tory concentration of 20+5 umoll™' and a maximal
inhibition of 56 +4%.

In order to stimulate a cyclic AMP-dependent CI~ secretion
without an activation of the adenylate cyclase, the membrane
permeable analogue of cyclic AMP, CPT —cyclic AMP (8-(4-
chlorophenylthio)-adenosine 3',5" cyclic monophosphate), was
applied. CPT—cyclic AMP (10* mol 17" at the serosal side)
induced a stable increase in Isc from 1.8+0.3 to
49404 uEq h=' ecm™2 (P<0.05, paired t-test, n=38, Figure
3), which was affected in a biphasic manner by flufenamate.
Flufenamate (5+10~* mol 1" at the serosal side) evoked a first
transient increase within 1-3 min of 1.74+0.3 uEq h™' cm 2
(P<0.05, paired t-test, n=38), followed by a long-lasting
inhibition of Isc. During this decrease the current fell to a value
(1.740.2 uEq h~' cm~2), which was no more significantly
different from the former baseline (P> 0.05, paired ¢-test, n =38,
Figure 3).
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Figure 2 Flufenamate concentration-dependently inhibited the Isc
induced by forskolin (5-10~° mol 17! at both sides). The tracings are
representative for six tissues, which received flufenamate (10~ °—
10"*mol I~" at the serosal side) in a cumulative matter (lower
tracing), and six untreated tissues, which served as time dependent
control (upper tracing). In a separate set of experiments flufenamate
was administered in the concentration of 5+10~* mol 1~ !, In contrast
to the lower concentrations tested, 5+10*mol 1~ flufenamate
evoked a first transient increase in Isc by 0.3+0.1 uEq h~!em™?
(n=16) within 2 min, before a decrease in Isc was observed. Inhibition
of Isc by flufenamate was significant (P<0.05 vs time-dependent
control, unpaired z-test,) for all concentrations tested. In the inset,
the concentration-response curve is shown, which was fitted to a
Michaelis-Menten kinetic using a half-maximal effective inhibitory
concentration of 20+ 5 umol 1~' and a maximal inhibition of Isc by
56 +4%. Values are means+s.e.mean (error bars), n==6.

Comparison with other blockers

A crucial step in the stimulation of Cl~ secretion by carbachol
is the activation of a non-selective cation conductance
responsible for the influx of Ca?* (Frings et al., 1999), leading
to the opening of basolateral Ca’"-dependent K" channels
(Bohme et al., 1991). The resulting hyperpolarization increases
the driving force for Cl~ exit across spontaneously opening
Cl~ channels (Strabel & Diener, 1995). Consequently, the Isc
induced by carbachol is sensitive to inhibition of the non-
selective cation conductance (Frings et al., 1999) and sensitive
to inhibition of cyclo-oxygenases, because the endogenous
production of prostaglandins in the submucosal tissue is
responsible for the activation of apical C1~ channels (Strabel &
Diener, 1995). Flufenamate is a well known inhibitor of cyclo-
oxygenases (Insel, 1990) and blocks non-selective cation
channels in different cell types (Gogelein & Greger, 1986;
Gogelein et al., 1990; Kerst et al., 1995; Weiser & Wienrich,
1996). Therefore, the effect of flufenamate was compared with
those of a classical cyclo-oxygenase inhibitor, indomethacin,
and La’", a blocker of non-selective cation channels.

Indomethacin (10~* mol 1-! at both sides) decreased the
baseline Isc by 0.4+0.1 uEq h™! cm =2 (P <0.05, paired ¢-test,
n=7). In the presence of indomethacin, forskolin (5—
107° mol 17! at both sides) induced an increase in Isc which
amounted to 3.84+0.8 uEq h~' cm~? (P <0.05, paired ¢-test,
n="7). This response was not different from the effect of
forskolin in the absence of indomethacin, in which forskolin
increased Isc by 5.2+1.1 uEq h~' cm~=2 (P>0.05 versus the
Isc response in the absence of indomethacin, unpaired ¢-test,
n=7T). In addition, no significant inhibition was observed,
when indomethacin (10~* mol 1=' at both sides) was applied
during the plateau phase of the forskolin-stimulated Isc (n=7,
data not shown) indicating that the inhibitory effect of
flufenamate on the forskolin response is independent from the
inhibition of the cyclo-oxygenase.

In a next set of experiments, the effect of flufenamate was
compared with that of La**. In order to exclude a binding of
the lanthanide to CO5>~ and PO~ (Caldwell et al., 1998),

0O - flufenamate
B+ flufenamate

Isc (MEq h'1cm‘2)
-

[1 i
L] L.
T +/- flufenamate
0- l CPT-cAMP

Figure 3 Effect of flufenamate (5+-107* mol 1=' at the serosal side)
on Isc stimulated by CPT-cyclic AMP (8-(4-chlorophenylthio)-
adenosine 3,5 cyclic monophosphate, 10~% mol 1! at the serosal
side). After a transient activation, flufenamate abolished the Isc. This
response was compared with a time-dependent control, which did not
receive flufenamate. The Isc is given during the CPT-cyclic AMP
period for 20 min after administration of the cyclic AMP analogue
and for the last 5 min just prior to additional administration of
flufenamate. All Isc data points in between (which were in the range
of 5-10 min depending on each tissue) were omitted. Values are
means (symbols)+s.e.mean (error bars), n="7.
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these studies were performed in a Tyrode bathing solution. In
contrast to indomethacin, La®* inhibited the forskolin-induced
Isc (Figure 4). In the Tyrode bathing solution, forskolin
induced an increase in Isc to 5.7+0.5 uEq h~' cm =2 (P <0.05,
paired t-test, n=238). When La*" was administered in increasing
concentrations during the forskolin-induced plateau in Isc, a
first significant effect was observed at a concentration of
5-107* mol 17!, at which the lanthanide induced a paradox,
transient increase in Isc of 0.94+0.3 uEq h~! cm~2 in five out
of eight tissues. When the concentration of La** was increased
to 107°moll~!, after a transient increase of
0.7+0.2 uEq h=! cm~2 (P<0.05, paired t-test, n=>5) the Isc
fell to 2.6+0.5 uEq h™' cm~2 which corresponds to an
inhibition of the forskolin-induced secretion by 56+7%
(P<0.05, paired ¢-test, n=28). These results might either
indicate that the antisecretory effect of flufenamate may be
caused by the inhibition of non-selective cation channels or,
alternatively, that an influx of Ca®>* across spontaneous open
cation channels is necessary to maintain forskolin-induced Cl~
secretion.

Effect of flufenamate on the apical membrane

In order to investigate the effect of flufenamate on the apical
Cl~ conductance, the basolateral membrane was depolarized
by a bathing solution containing a high K™ concentration and
a Cl~ current was driven by a mucosally directed Cl~ gradient
(see Methods). Changing the basolateral bathing solution to
one which contained a high K* concentration yielded a
decrease in Isc, which reversed its normal polarity and reached
negative values. When flufenamate (5-107*mol 7' at the
serosal side) was administered under these conditions, the drug
decreased the Isc further from —1.840.3 uEq h—!cm~2 to
—3.940.2 uEq h~! cm™2 (P <0.05, paired t-test, n=38). In the
absence of flufenamate forskolin (5:107®mol I=' at both
sides) induced an increase in Isc due to the opening of apical
Cl~ channels, which amounted to 2.4+0.2 uEq h™' cm™2
(P<0.05, paired t-test, n=6, Figure 5). In the presence of
flufenamate, however, forskolin induced only an increase in Isc
of 0.440.1 uEq h='cm™2 (n=8), which was significantly
smaller (P<0.05 versus the Isc response in the absence of
flufenamate, unpaired #-test) compared to the effect of
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Figure 4 Original record of the effect of La®" (administered at the
serosal side) on Isc stimulated by forskolin (5+10~® mol 17! at both
sides). In five out of eight tissues, the inhibition of the forskolin-
response by 107°>mol1~' La’" was preceded by a transient
stimulation of Isc, which amounted to 0.7+0.2 uEq h~'cm™
(P<0.05, paired t-test, n=5). The tracing is typical for eight
experiments with similar results.

forskolin in the absence of the blocker, indicating a direct
inhibitory effect of flufenamate on the apical CI~ conductance.

Effects of flufenamate on the basolateral membrane

In order to reveal effects of flufenamate on the basolateral
membrane, electrogenic K™ transport across the basolateral
membrane was studied by use of the ionophore nystatin in
order to bypass the apical membrane. In the presence of Na™
and of a serosally directed K* gradient, nystatin (100 pug ml~"
at the mucosal side) evoked a strong increase in Isc, which rose
to a peak value of 21.4+2.3 uEq h™! cm~2 (P <0.05, paired t-
test, n=38). When the tissue was pretreated with flufenamate
(5-10* mol 17") the effect of nystatin was decreased by about
one-third, i.e. the increase in Isc amounted only to
14.14+2.4 uEq h=' ecm™2 (P<0.05 versus Isc response in the
absence of flufenamate, unpaired #-test, n=9, Figure 6a).
Two components contribute to the nystatin-induced
increase in Isc: The first one represents a K* current across
basolateral K* channels, and the second one is due to the
electrogenic Na* —K *-ATPase (Schultheiss & Diener, 1997).
Therefore in the next set of experiments, a current across
basolateral K™ channels was driven by a mucosally to serosally
oriented K* gradient, and a current mediated by the Na™ —
K*-ATPase was abolished by replacing Na* with the
impermeable cation, N-methyl-D-glucamine (NMDG™). In
the presence of a K" gradient and in the absence of Na*
nystatin (100 ug ml~"' at the mucosal side) evoked a biphasic
change in Isc. An immediate increase was followed by a
delayed second increase, which decayed slowly with time.
Pretreatment with flufenamate (5-107* mol 17" at the serosal
side) slightly reduced the height of the initial peak and reduced
the second peak by more than half, i.e. 4.1+ 1.2 uEq h~' cm 2
in the presence and 8.64+1.2 uEq h™! cm™? in the absence of
flufenamate, respectively (P <0.05 versus the Isc response in
the absence of flufenamate, unpaired t-test, n=6, Figure 6b)
indicating a blockade of a basolateral K* conductance by

- flufenamate

5 min

ssiagh  THEEFEFEFFEES - Mioramctc
4 4 o
forskolin
+/- fiufenamate

Figure 5 Effect of forskolin (5+107° mol 17! at both sides) on Cl~
currents in the absence and presence of flufenamate (5+10~# mol 1~ ! at
the serosal side) after basolateral depolarization (indicated by the
schematic drawing). The serosal solution was a 111.5 mmol 1~ KCI
buffer, the mucosal solution a 107 mmol 1! NaGluc/4.5 mmol 1!
KGluc buffer. Flufenamate inhibits the current across the cyclic AMP-
stimulated apical Cl~ conductance. The Isc prior forskolin administra-
tion in the presence of flufenamate (—3.9+0.2 uEq h™!' cm ™2, n=28)
was significantly lower compared to the Iscin the absence of flufenamate
(—0.9+0.5 uEq h~' em~2, n=6), indicating that even under basal
conditions flufenamate blocks a CI~ conductance. Values are means
(symbols) +s.e.mean (error bars), n=6-8.
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Figure 6 Effects of flufenamate (5+10~* mol 1! at the serosal side)

on currents across the basolateral membrane in tissues, which were
apically permeabilized by nystatin (100 ug ml~' at the mucosal side,
indicated by the schematic drawing). (a) Total response of Isc to
nystatin in the presence of Na™ and of a mucosal to serosal oriented
K™ gradient (carried by the Na* —K *-ATPase and by current across
basolateral K* channels). The mucosal solution was a 98 mmol 1!
NaCl/13.5 mmol 1-! KCl buffer, the serosal solution was a
107 mmol 1= NaCl/4.5 mmol =" KCI buffer. (b) Response of Isc
to nystatin in the presence of a K" gradient, but in the absence of
Na® (=current across basolateral K* channels). The mucosal
solution was a 98 mmol 1=' NMDGCI/13.5 mmol 1= KCI buffer,
the serosal solution was a 107 mmol 1=! NMDGCI/4.5 mmol 17!
KClI buffer. (c) Response of Isc to nystatin in the presence of Na™
but in the absence of a K™ gradient (=current carried by the Na™ —
K "-ATPase). The mucosal and the serosal solution was a
107 mmol 1=' NaCl/4.5 mmol 1=! KCI buffer. Values are means
(symbols)+s.e.mean (error bars), n=6-9.

flufenamate. The reason for the biphasic nature of the K™
current induced by nystatin is unknown; possible reasons
might be that after permeabilization of the apical membrane
the cells might either activate swelling-sensitive or Ca™-
sensitive K™ channels due to the known permeability of the
ionophore for this divalent cation (see e.g. McNamara et al.,
1999).

In order to reveal the action of flufenamate on the pump
current, nystatin (100 ug ml~' at the mucosal side) was
administered in the presence of Na* but in the absence of a
K* gradient. Permeabilization of the apical membrane,
leading to a sudden increase in the intracellular Na*
concentration, stimulated a current mediated by the Na™ —
K" -pump of 12.941.2 uEq h™' cm ™2 (P<0.05, paired r-test,
n=6, Figure 6¢). In tissues pretreated with flufenamate
(5-10~*mol 17! at the serosal side) this pump current was

significantly diminished (6.9+0.8 uEq h™' cm™2, P<0.05
versus current in the absence of flufenamate, unpaired z-test,
n=06, Figure 6¢). Thus, in addition to the effect on the K™
conductance, flufenamate exerted an inhibitory action on the
Na® -K"-ATPase.

In an additional set of experiments, we investigated whether
the administration of nystatin might induce a Cl~ secretion in
incompletely permeabilized cells, e.g. in the depth of the crypts,
because nystatin has been shown to induce an increase in the
intracellular Ca>* concentration of human colonic epithelium
(McNamara et al., 1999). In the absence of Cl~ and the
presence of Na® and a mucosally to serosally oriented K™
gradient (98 NaGluc 13.5 KGluc at the mucosal side and 108
NaGluc 4.5 KGluc at the serosal side), nystatin (100 ug ml~!
at the mucosal side) evoked an increase in Isc of
10.3+2.0 uEq h™' em™2 (P<0.05, paired r-test, n=7). This
current response was smaller compared to the effect of nystatin
in the presence of Cl~, in which nystatin induced an increase in
Isc 0f 21.442.3 uEq h~! cm =2 (P <0.05, unpaired r-test, n=38,
see above). However, also under these conditions flufenamate
(5-10~*mol 17! at the serosal side) inhibited the current
evoked by the ionophore. When the tissue was pretreated with
flufenamate in the absence of Cl—, nystatin evoked only an
increase in Isc of 4.8+ 1.2 uEq h=' ecm ™2 (P<0.05 versus Isc
response in the absence of flufenamate, unpaired r-test, n=_38),
indicating that the inhibition of the nystatin effect cannot
solely be due to the blockade of apical Cl~ channels. When
flufenamate was applied in the absence of Cl~, the drug evoked
a stable decrease in Isc of 0.84+0.1 uEq h~' em~2 (P<0.05,
paired z-test, n=2_8). However, in contrast to the effect of the
drug in Cl™-containing buffer, this decrease was preceeded by
a transient increase of 0.440.1 uEq h~'cm~? (P<0.05,
paired z-test, n=6), which was observed in six out of eight
tissues.

In order to investigate the effect of flufenamate on the
basolateral membrane in more detail, uptake experiments were
performed using **Rb* as marker for K*. Under control
conditions, basolateral uptake amounted to
133.8+7.9 nmol cm ™2 (n=6). Preincubation of the tissue with
forskolin (5-107°mol 17! at both sides) caused a small,
insignificant increase of the uptake to 150.1+ 13.7 nmol cm >
(P>0.05, analysis of variances followed by unpaired #-test,
n==6). In the additional presence of flufenamate (10~* mol 1~
at the serosal side) uptake was reduced to a value of
62.2+8.3 nmol cm~? (P<0.05 versus uptake in the absence
of any drugs, analysis of variances followed by unpaired ¢-test,
n=0).

Effect of flufenamate on conductances of isolated crypts

Whole-cell patch-clamp experiments were performed at
isolated crypts to investigate the effect of flufenamate on K~
currents. Cl™~-free pipette and perfusion solutions were used in
order to rule out effects of the blocker on Cl~ currents.
Surprisingly the patch-clamp experiments revealed quite
variable effects of flufenamate on membrane potential. In
seven out of 11 crypt cells the membrane hyperpolarized in
response to flufenamate, whereas in the remaining four cells a
depolarization was observed. Therefore, the cells were divided
in two groups: one which hyperpolarized and one which
depolarized.

Seven cells responded with a hyperpolarization in the
presence of flufenamate (107* mol 17") which in average
amounted to 21+5 mV (P<0.05, paired r-test, n=7, Figure
7a). The change in membrane potential was partially reversible
on washout of the drug. The hyperpolarization was paralleled
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by an increase in the membrane outward current (measured at
+60 mV) from 3854256 to 496+268 pA (P<0.05, paired ¢-
test, n=7, Figure 7b). The reversal potential of the
flufenamate-activated current was —90+7 mV (Figure 7c),
which is not significantly different from the calculated reversal
potential of —84 mV for a K* conductance under the chosen
conditions. This indicates that flufenamate paradoxically
activated a K conductance in this set of cells.

In four other cells, however, flufenamate (10~* mol 171)
induced a depolarization of 16 +6 mV (P <0.05, paired #-test,
n=4, Figure 8a). The depolarization was accompanied by a
decrease in outward current (Figure 8b), which however failed
to reach statistical significance. Also the current inhibited by
flufenamate exhibited a reversal potential which was close to
the expected K™ reversal potential (Figure 8c). Consequently,
flufenamate could either inhibit or activate cellular K*
conductances. It was not possible to correlate the type of
response with the localization of the cell along the longitudinal
axis of the crypt. However, a tendency was observed in as
much as the majority of the hyperpolarizing cells was found at
the lower part of the crypt.
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Figure 7 (a) Hyperpolarization induced by flufenamate

(10"*mol 17" at a cell located at the fundus region of a crypt as
indicated by the schematic drawing. The interruptions in the voltage
tracing are caused by measurements of IV-relations in the voltage-
clamp mode. (b) Membrane currents pooled from seven crypt cells,
which responded to the presence of flufenamate with a hyperpolar-
ization. (c) IV-relation of the current stimulated by flufenamate
calculated from (b) as difference (A I) between the current in the
presence — current in the absence of the drug. A Cl™ free pipette
solution (130 mmol 17! KGluc/10 mmol 1! NaGluc) and a Cl™-
deprived superfusion solution (140 mmol 17! NaGluc/5.4 mmol 1!
KCIl) were used to suppress Cl~ currents. Values are means
(symbols) +s.e.mean (error bars), n="7.

Next we focused on a possible effect of flufenamate on the
non-selective cation conductance responsible for Ca®" entry
into the colonic epithelial cells. The pipette solution contained
NMDG gluconate as main electrolyte (see Methods) in order
to suppress K™ and Cl~ currents. The crypts were superfused
with a solution containing dominantly Na gluconate. A non-
selective capacitative cation was evoked by elevating the
intracellular buffering capacity for Ca®" in the pipette
solution. The consequence of activating the store-operated
non-selective cation conductance is an influx of Na™ across
this pathway, which leads to a depolarization of the membrane
(Frings et al., 1999). Indeed, basal membrane potential under
these experimental conditions amounted only to —13+6 mV
(n=10). When flufenamate (10~* mol 1=") was administered,
the drug did not cause a hyperpolarization as one might
expect, assuming that flufenamate blocks the non-selective
cation conductance as described for other cells. In contrast, the
cells further depolarized to a membrane potential of
—4+5mV (P<0.05, paired t-test, n=10). Also membrane
inward current, which is carried mainly by an inflow of Na™
across the non-selective cation conductance, did not decrease.
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Figure 8 (a) Depolarization induced by flufenamate (10~* mol 17")

at a cell located in the middle region of crypt as indicated by the
schematic drawing. The interruptions in the voltage tracing are
caused by measurements of IV-relations in the voltage-clamp mode.
(b) Membrane currents pooled from four crypt cells, which
responded with a depolarization, in the absence and presence of
flufenamate. (c) IV-relation of the current inhibited by flufenamate (A
I) calculated from (b) as difference between the current in the
absence—current in the presence of the drug. A Cl -free pipette
solution (130 mmol 1~' KGluc/10 mmol 17! NaGluc) and a Cl~-free
superfusion solution (140 mmol 1~ NaGluc) were used to suppress
Cl™ currents. Values are means (symbols)+s.e.mean (error bars),
n="7.
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Instead, a small increase in inward current (measured at
—80 mV) from —53+16 to —65+20 pA (difference not
significant, paired ¢-test, n=10) was observed. These data
suggest that flufenamate did not inhibit the store-operated
non-selective cation conductance in rat colonic epithelium.

Effect of flufenamate on the intracellular Ca’”*
concentration

The activation of a K* conductance observed in seven out of
11 patch-clamp recordings might be based on an increase in the
intracellular Ca®" concentration, thereby stimulating the
Ca>"-sensitive basolateral K* conductance (Béhme et al.,
1991). A similar effect of flufenamate was described for a
mouse mandibular cell line, STggs (Poronnik er al., 1992).
Therefore measurements of relative changes in the intracellular
Ca** concentration were performed by means of the Ca®*-
sensitive fluorescent dye, fura-2. Flufenamate (10~=* mol 171)
induced an increase of the intracellular Ca®>" concentration in
seven out of eight cells. The fluorescence ratio under baseline
conditions amounted to 2.79+0.43 (n=8) which was
significantly increased by flufenamate to 6.51 +1.52 (P <0.05,
paired t-test, n=38, Figure 9a), indicating an increase in the
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Fluorescence ratio 360 nm/390 nm
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0 flufenamate
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10 A
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Figure 9 (a) Flufenamate (10~% mol 17") caused an increase in the
intracellular Ca®>* concentration under basal conditions as indicated
by an increase in the ration of the fluorescence signal of fura-2
excited at 360 and 390 nm. Typical for eight experiments with similar
results. (b) Flufenamate (10~*mol I=") further increased the
carbachol-induced intracellular Ca>* concentration as indicated by
an increase of the fluorescence ratio (carbachol concentration:
51073 mol I™"). Typical for 6—8 experiments with similar results.

Fluorescence ratio 360 nm/390 nm

intracellular Ca®" concentration induced by the drug under
basal conditions.

Flufenamate did also not inhibit the increase in
intracellular Ca>" concentration evoked by the activation
of a store-operated non-selective cation conductance due to
carbachol (Frings et al., 1999). Carbachol caused an increase
of the fluorescence ratio of fura-2 from 2.66+0.32 to
4.29+0.55 (n=6) as shown ecarlier (Diener et al., 1991,
Frings et al., 1999). Flufenamate (10~* mol 1=') adminis-
tered during the plateau phase of the carbachol response
caused a further increase of the fura-2 signal (Figure 9b).
Five minutes after administration of the drug, the
fluorescence ratio amounted to 6.34+0.77 (P<0.05, paired
t-test, n=06, Figure 9b).

Finally, we tested the possibility that flufenamate interfered
directly with the fluorescent dye and thereby altered the
fluorescence ratio signal. However, when flufenamate was
added to cell-free extracellular buffer containing free fura-2
acid, the fluorescence signal did not change (data not shown)
excluding a non-specific interaction.

Discussion

The results of the present study demonstrate that flufenamate
is an effective antisecretory drug in the rat distal colon.
Flufenamate blocks Cl~ secretion evoked by carbachol,
forskolin or CPT—cyclic AMP. These secretagogues act via
different mechanisms. Carbachol elevates the cellular Ca**
concentration in a biphasic manner: a release of Ca®>* from
intracellular stores is followed by an influx from the
extracellular medium via activation of a non-selective cation
conductance (Frings er al., 1999). The consequence is the
opening of basolateral Ca?"-sensitive K* channels (B6hme et
al., 1991; Bleich et al., 1996) thereby enhancing the driving
force for Cl~ secretion through spontaneously opening Cl~
channels (Strabel & Diener, 1995). These channels are kept
open due to a basal synthesis of prostaglandins (Diener et al.,
1988) leading to increased levels of the cellular cyclic AMP
content (see e.g. Smith et al., 1987). An increase of the
intracellular concentration of cyclic AMP can also be obtained
by forskolin, a drug, which stimulates the adenylate cyclase.
The consequence is the opening of apical Cl~ channels via
cyclic AMP-dependent phosphorylation (Hwang et al., 1994).
Thus the observed antisecretory action of flufenamate could be
due to an inhibition of the basal prostaglandin synthesis or due
to the block of ion conductances, i.e. an apical Cl—
conductance, a non-selective cation conductance or a
basolateral K™ conductance involved in Cl~ secretion.
Compared to the various ion conductances, the inhibitory
effect of flufenamate on the cyclo-oxygenase is at least in these
in vitro studies negligible as revealed by the comparison with
the action of indomethacin, a drug, which belongs to another
class of nonsteroidal anti-inflammatory substances. Although
both nonsteroidal anti-inflammatory agents reduced the
baseline Isc, this effect on baseline is significantly more
pronounced in the flufenamate-treated tissues compared to
indomethacin. Furthermore both drugs differ in their capacity
to inhibit secretagogue-induced Isc. Flufenamate inhibits the
peak in Isc induced by carbachol and completely suppresses
the long-lasting decay in Isc during the late phase of the
carbachol-induced secretion (Figure 1), whereas indomethacin
does not affect the peak phase at all (Strabel & Diener, 1995).
In addition flufenamate inhibited the forskolin-induced Isc in a
concentration-dependent manner (Figure 2) which was not
observed for indomethacin. Therefore, the antisecretory effect
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of flufenamate cannot be caused by the inhibition of cyclo-
oxygenases.

The inhibitory effect of flufenamate on Cl~ channels
published for other tissues was also observed in the rat colon.
Flufenamate blocked the Isc induced by a mucosally directed
Cl~ gradient after depolarization of the basolateral membrane
under unstimulated conditions and after stimulation of the
adenylate cyclase with forskolin (Figure 5), confirming recently
published patch-clamp data (Frings et al., 1999). The
inhibition of Cl~ conductances by flufenamate was also
described for T-Lymphocytes (Schumacher et al., 1995), avian
salt gland cells (Martin & Shuttleworth, 1994) and in Xenopus
oocytes (Weber et al., 1995). Flufenamate shares this action
with two other nonsteroidal anti-inflammatory drugs, ibupro-
fen and salicylic acid, which both inhibit cyclic AMP-mediated
Cl~ secretion in human colonic and airway epithelia (Devor &
Schultz, 1998).

In different cell types flufenamate has been found to block
non-selective cation conductances. In the human carcinoma
cell line, HT,o, flufenamate inhibits the non-selective cation
conductance, which is activated after stimulation of purinergic
receptors with ATP (Kerst et al., 1995). In the smooth muscle
of guinea-pig ileum both flufenamate and 2-phenylaminoben-
zoic acid (DPC), structurally similar to flufenamate, blocked a
cation channel, which was activated via stimulation of
muscarinic receptors (Chen et al., 1993). In the rat exocrine
pancreas flufenamate inhibited a non-selective cation channel
with a single channel conductance of 27 pS. Half maximal
inhibition was observed at a concentration of 107> mol I7};
the opening of the channel was blocked almost completely at
5+107° mol 17! (Gdgelein e al., 1990). Other cell lines, i.e. the
cystic fibrosis pancreatic duct cell line CFPAC-1 (Schumann et
al., 1994) or mouse fibroblast LM (TK 7) (Weiser & Wienrich,
1996), also exhibited a flufenamate-sensitive Ca®" entry
pathway.

Recently we showed that a store-operated, lanthanide-
sensitive, non-selective cation conductance is involved in the
regulation of intracellular Ca>* concentration in rat colonic
epithelium (Frings et al., 1999). As is depicted in Figure 4,
La** blocked the forskolin-induced Isc, indicating that a non-
selective cation conductance is necessary to maintain cyclic
AMP-mediated CI~ secretion. At first glance flufenamate
exerted a similar effect (see Figure 2). However, the effect of
flufenamate is very likely due to the inhibition of the apical C1~
conductance since some differences between La** and
flufenamate emerged. In whole-cell experiments K™ and CI~
currents were suppressed by replacement of both ions with
non-permeable ions. When the non-selective cation conduc-
tance was activated by a high intracellular concentration of
EGTA, flufenamate induced a depolarization of the membrane
and not a hyperpolarization as one should expect if the drug
blocks non-selective cation channels. The depolarization was
due to an increase of inward current, which, under the
experimental conditions chosen, can only be caused by an
influx of Na® and Ca®' across the non-selective cation
conductance since K™ and Cl~ currents were suppressed by
replacement of both ions with non-permeable substitutes.
These results suggest that flufenamate causes a stimulation
rather than an inhibition of this pathway. In addition,
flufenamate does not decrease the intracellular Ca?* con-
centration under basal conditions and after stimulation with
carbachol, but in contrast elevates it as shown by fura-2
experiments (Figure 9). A similar paradox effect of flufenamate
on the basal intracellular Ca®" concentration was already
observed in the mouse mandibular cell line STggs (Poronnik ez
al., 1992), where flufenamate has been shown to stimulate the

release of Ca®* from intracellular stores. In rat liver, the stores
from which flufenamate releases Ca’", are the mitochondria
(McDougall et al., 1988). A possible explanation for the
increase in membrane inward current induced by flufenamate
may therefore be a further depletion of intracellular Ca®*
stores, which in turn activates the non-selective cation
conductance. Taken together, the reversal potential of the
flufenamate-sensitive current, the ionic dependence, the fura-2
data, all these results argue against an inhibitory effect of
flufenamate on the non-selective cation conductance in rat
distal colon.

The data concerning a third conductance, which might serve
as site of action of flufenamate, i.e. the cellular K™
conductance, were at first glance confusing since both an
inhibition and an activation were observed (see Figures 6—38).
The inhibition of a basolateral K™ conductance by flufenamate
was demonstrated by Ussing-chamber experiments with
apically permeabilized membranes (Figure 6b). Flufenamate
decreased the nystatin-induced K* current in the presence of a
serosally directed K* gradient, indicating an inhibition of
basolateral K* conductances. The equivalent for this
inhibition in intact tissue at the cellular level was the blockade
of a K* current leading to a depolarization, which was
observed in four out of 11 crypt cells (Figure 8). Similar actions
have been described for the structurally related compounds
DPC on a basolateral, Ba®"-sensitive 23 pS K* channel in
human distal colon crypt cells (Lomax et al., 1996) and
ibuprofen on basolateral K* conductances in the human
colonic cell line, T84 (Devor & Schultz, 1998). Another
example for an inhibitory action of flufenamate on K™
conductances is the mouse fibroblast cell line, LM (TK™)
(Weiser & Wienrich, 1996).

However, the main action observed of flufenamate on K™
currents during the whole-cell patch-clamp experiments was
the activation of a K™ conductance. In seven out of 11 cells
flufenamate hyperpolarized the membrane and increased the
whole-cell outward current (Figure 7). Similar effects were
described for rabbit corneal epithelium (Rae & Farrugia,
1992) and for jejunal circular smooth muscle (Farrugia et
al., 1993a,b). It is unknown whether this stimulation of the
K™ conductance is caused by the increase in the intracellular
Ca®" concentration observed in the fura-2 experiments
(Figure 9a). Another possibility may be a direct interaction
of the drug with K*channels as it has been shown for
another fenamate, mefanamic acid, which stabilizes the Igk
K™ channel in an open state (Busch & Suessbrich, 1997).
Most of the whole-cell recordings, where the activation of a
K" conductance was measured, were performed at the lower
part of the crypt, which might suggest that a gradient of the
cells along the longitudinal axis of the crypt may also
determine, whether cells responded with an activation or an
inhibition of K™ permeability after administration of
flufenamate.

In the Ussing chamber experiments, the dominant effect of
flufenamate was a decrease in Isc consistent with the inhibition
of CI~ and K" channels. However, under Cl~-free conditions,
flufenamate induced a transient increase in Isc (in six out of
eight tissues), which preceded the long-lasting decrease in Isc.
Consequently, when the inhibitory action of flufenamate on
the apical C1~ conductance is eliminated, the stimulation of a
basolateral K™ conductance also has a correlate in intact
tissue. The activation of a K¥ conductance may also be the
reason for the transient increase in Isc observed, when
flufenamate was administered during the plateau-phase of the
current stimulated by CPT-cyclic AMP (Figure 3) and by
forskolin (see Figure 4).
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The last surprising action of flufenamate was the inhibition
of a Na™ —~K"-ATPase as indicated by data obtained with
apically permeabilized membranes (Figure 6c¢). This result was
supported by uptake experiments. Under basal, i.e. unstimu-
lated conditions, the basolateral Na™ —K -2 Cl~ cotranspor-
ter constitutes only a minor fraction of the total basolateral
uptake of *Rb* (Diener et al, 1996), a marker for K*.
Uptake by the cotransporter gets only prominent, if the tissue
is stimulated to secrete Cl~ via the cyclic AMP-pathway
(Diener et al., 1996), although this effect failed to reach
statistical significance in this series of experiments, probably
due to the shorter uptake period compared to the previous
investigations. As the only transporter beside the cotranspor-
ter, which is able to move K™ from the serosal compartment
into the cell is the Na™ —K *-pump, these results together with
the nystatin data (Figure 6c) strongly suggest that flufenamate
has an inhibitory action on the Na™ —K*-ATPase. Flufena-
mate is known to inhibit the mitochondrial synthesis of ATP
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