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ABSTRACT: Frusemide can be used as an antiasthma drug and appears to inhibit
the release (conditioned by activation of Cl– channels) of mast cell proinflammato-
ry mediators. We studied the cause of the effects of frusemide, checking its action
on Cl– channels.

The patch-clamp technique was used to study single-channel currents, and dif-
ferences in electrical potential of the cellular membrane of rat peritoneal mast cells
were measured.

In inside-out configuration, outwardly-rectifying Cl– channels were identified
whose conductance was 2.4/1.7 pS at positive and negative voltages. In cell-attached
configuration, the open probability (Po) of the channel increased with depolariza-
tion or with the presence of cyclic adenosine monophosphate (cAMP) in the incuba-
tion medium. Po increased with a rise of cytoplasmic free calcium concentration [Ca2+]
and was inhibited by 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB) and by 4-
4’’-diisothiocyanatoostilbene-2-2’’-disulphonic acid (DIDS). These channels seem to
be the main cause of mast cell Cl– conductance. Frusemide (10-5 and 10-3 M) did
not affect Cl– channel activity when using excised patches. In cell-attached con-
figuration experiments, the presence of frusemide (from 10-8 to 10-3 M) in the cell
incubation medium, increasingly reduced Po (median inhibitory concentration (IC50)
=4.3×10-7 M). In similar conditions, bumetanide also inhibited Po (IC50=5.7×10-8 M).

The results of this study suggest that frusemide can inhibit mast cell Cl– chan-
nels only via an indirect mechanism, which probably involves an inhibition of a
Na+-K+-2Cl– symport.
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Mast cells play a fundamental role in the pathogene-
sis of asthma. Exposure to allergens can lead to the rel-
ease, by mast cells, of proinflammatory mediators able
to interact with airway epithelium, submucosal glands,
the capillary wall and other inflammatory cells [1]. The
rel-ease of these mediators involves the activation of a
G protein and, through inositol 1,4,5 triphosphate, the
rise of Ca2+ intracellular levels. The entry of Ca2+ into
the cells is encouraged by the activation of specific Ca2+

channels and of aspecific cationic channels, but also by
the hyperpolarization of the membrane caused by the
increase of Cl– conductance [2, 3]. The importance of
the variation of this Cl– conductance, shown by patch-
clamp experiments in whole-cell configuration [3, 4],
but not by single-channel data, has yet to be completely
established, and other possible roles have been suggest-
ed [4]. Inhibitors of Cl– conductance, such as 4-4'-diiso-
thiocyanatostilbene-2-2'-disulphonic acid (DIDS) [4] or
5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB) [5]
have been seen to inhibit the degranulation of mast cells
or rat basophilic leukaemia (RBL) cells, respectively, even
though the evaluation of mediator release can be com-
plicated by the stilbene interaction with enzyme activity,

whose release can be used as a secretion indicator [4].
Frusemide is a diuretic, used for many years now by

clinics in the treatment of fluid retention, in heart failure
and for the control of hypertension; and, recently, its use
has been proposed in the treatment of asthma [6]. It has
been noted that frusemide [6, 7] can prevent the broncho-
spasm induced in asthmatic subjects by different stimulants,
an action that appears to involve different mechanisms,
including inhibition of airway nerves, induction of pros-
taglandin release, and inhibition of the release of medi-
ators by mast cells, eosinophils or macrophages. In relation
to this, it has been seen that the exposure of sensitized ani-
mals to frusemide aerosol was associated with a marked
reduction of the bronchoconstriction induced by specific
antigen and of the levels of histamine plasma [8]. In addi-
tion, in vitro frusemide significantly reduced the immu-
nological release of histamine by mast cells of ovalbumin
sensitive rats [8]. Frusemide is a well-known inhibitor of
the Na+-K+-2Cl– symport [9, 10], but in many cells also
of Cl– channel activity [11, 12]. We thus decided to char-
acterize, through a patch-clamp study, single Cl– chan-
nels present in mast-cells and to verify the action of
frusemide and other specific inhibitors of Cl– channels.



Materials and methods

Preparation of mast cells

Rat mast cells were obtained by means of a modifi-
cation of a previously described method [13]. The ani-
mal was anaesthetized and decapitated, and 8 mL of an
isolation solution (Solution A, see next section) was
injected into the peritoneal cavity, obtaining a suspen-
sion containing mast cells. This suspension was cen-
trifuged (Swing out rotor, Hermle 200.27) at 4°C for 1
min at 220×g. The pellet was resuspended in 2 mL of
Solution B, and this was stratified in a test tube con-
taining a 30/40% (w/v) Ficoll gradient. This suspension
was centrifuged at 1,060×g for 10 min at 4°C, and the
upper two-thirds of the liquid was discarded. Two suc-
cessive washings were then performed (10 min, 4°C, at
2,260 and 1,770×g respectively). Finally, the pellet was
resuspended in 1 mL of Solution B. Before the exper-
iment, 200 µL of suspension was placed on a slide and
then in a small Petri dish and cellular incubation med-
ium was added. Patch-clamp experiments were per-
formed at 22±1°C. Any possible contamination by other
cells (toluidine blue method [14]) was negligible and
vitality was over 80%.

Solutions

Solution A contained (mM): 145 NaCl, 6 KH2PO4, 0.4
Na2HPO4, 5.5 glucose and human serum albumin (HSA)
0.1% w/v (pH 6.0). Solution B contained (mM) 145 NaCl,
2.5 KCl, 1.2 CaCl2, 1.3 KH2PO4, 2.6 Na2HPO4, 5.5
Glucose and HSA 0.1% w/v (pH 7.4). During the exp-
eriment the isolated cells were kept in a solution con-
taining (mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10
N-Tris-(hydroxymethyl)methyl-2-aminoethanesulph-
onic acid (TES)/NaOH (pH 7.4), 10 glucose. In some
experiments this solution contained 8-bromoadenosine
3':5'-cyclic monophosphate (8-Br-cAMP).

The micropipette solution, used for experiments in cell-
attached or in inside-out configuration, contained (mM):
145 N-methylglucamine-Cl, 10 TES/N-methylglucamine
(pH 7.4), 3 ethylene glycolbis (β-aminoethylether)-
N,N,N',N'-tetra-acetic acid (EGTA) and CaCl2 to achieve
a free calcium concentration [Ca2+] of 2×10-7 M.

The solution used on the cytoplasmic side in inside-
out configuration experiments was similar to the micro-
pipette filling solution and contained sufficient CaCl2
[15, 16] to achieve a free [Ca++] of 2×10-7, 10-6 or 10-4

M. In some cases 130 mM N-methylglucamine-gluco-
nate and 15 mM N-methylglucamine-Cl or 145 mM KCl
or 145 mM NaCl replaced N-methylglucamine-Cl. The
function of cyclic adenosine monophosphate (cAMP) in
the incubation medium was to activate Cl– channels,
avoiding the mast cell degranulation [3].

The microelectrode filling solution used for whole-cell
configuration experiments contained (mM): 132 K-gluco-
nate, 20 NaCl, 1 MgCl2, 10 TES/KOH (pH 7.2), 0.2 EGTA,
0.5 adenosine triphosphate (ATP), 0.05 cAMP and 0.3
guanosine triphosphate (GTP). When the incubation
medium was cAMP-free, the microelectrode solution did
not contain cAMP either.

The microelectrode solution used for the perforated-
patch technique contained (mM): 132 K-gluconate, 20
NaCl, 1 MgCl2, 10 TES/KOH (pH 7.2), CaCl2 and EGTA
to achieve a free [Ca2+] of 2×10-7 M, nystatin (200
µg·mL-1) and Pluronic F-127 (0.05%).

Patch-clamp technique

The patch-clamp technique and data analysis were
applied as reported previously [17]. For cell-attached
(i.e. when the pipette is tightly sealed onto a cell to sep-
arate the patch area from the rest of the membrane [18])
and excised-patch experiments, microelectrodes with a
resistance of 10-15 MΩ were used. Seals had a resistance
in the range of 10–50 GΩ. The signals were filtered at
100–200 Hz with an eight-pole Bessel filter. The bath
was grounded with an Ag/AgCl2 electrode immersed in
an agar bridge, with the ionic composition of the initial
cellular incubation medium or with 1 M KCl (inside-out
experiments, i.e. when the cytoplasmic face of the mem-
brane was exposed to the bath solution [18]). Junction
potentials were taken into account. When patches con-
tained multiple channel openings, the open probability
(Po; the ratio of open time to total time of single chan-
nel recordings) was calculated as reported previously
[17, 23]. Most of the data were obtained at positive volta-
ges, because at high negative voltages the seals tended
to be less stable. In cell-attached configuration experi-
ments, potentials were expressed as overall potentials,
considering both mean cellular membrane electrical po-
tential difference, PDcm, and holding potentials. In cell
attached configurations the reversal potential was calcu-
lated on the basis of linear regression of points repre-
senting outward currents, since the currents observed
for negative voltages appeared with very low frequen-
cies and usually with amplitude values less than twice
that of noise. Analyses were performed using a patch-
clamp analysis program (PClamp 5.5, Axon Instruments
Inc.). The gluconate permeability relative to Cl– was cal-
culated using the following equation:

RT       [Cl–]i + (Pgluconate/PCl [gluconate–]i
Vr =        · ln

F                         [Cl–]o

where Vr is the reversal potential, subscript i denotes
bath and o pipette solution, and R, T and F are the molar
gas constant, absolute temperature and Faraday constant,
respectively.

The PDcm was measured using whole-cell (i.e. the
cytoplasmic side of the cell is in direct contact with the
pipette solution [18]) configuration and current-clamp
conditions (I=0) immediately after patch breaking. Nysta-
tin perforated-patch technique (the antibiotic perforates
the patch forming channels permeable to monovalent
ion [18]) was also performed to measure PDcm. The
microelectrode for the whole-cell or nystatin perforat-
ed patch had a resistance of 2–3 MΩ.

Impalements using conventional or Cl– selective micro-
electrodes

Conventional microelectrodes, and measurement set-
up, were similar to those described previously [19].
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Microelectrodes were back-filled with 0.5 M KCl and
resistance was 40–70 MΩ (tip diameter <0.2 µm). Micro-
electrodes were connected to a high input impedance
electrometer (Kethley 617) and to a strip chart recorder
(Linear 1200). Criteria for accepting a measurement of
PDcm were [20]: 1) an abrupt change of potential on
entering a cell; 2) a constant value for at least 10 s; and
3) a rapid return of the potential to the original value
on leaving the cell.

Cl– selective single-barrelled microelectrodes were
constructed with a Cl– sensitive resin (Corning Cl– Micro
Exchanger 477913), and 154 mM KCl back-filled. They
had a resistance of 1–4 GΩ. The method of construc-
tion, calibration and estimation of intracellular Cl– activ-
ities (a,iCl) was similar to that described previously for
other selective microelectrodes [20, 21]. Potential dif-
ference due to a Cl– activity change from 11.2 to 112.4
mM [22] was -53.9±0.4 mV (26 microelectrodes). The
activity coefficient for Cl– (the ratio between its activ-
ity and concentration) is 0.73 [24]. In this way it is pos-
sible to convert activity to concentration (and vice versa)
allowing comparison of activities measured with selec-
tive microelectrodes and concentrations deduced from
reversal potentials of I/V relationships.

Statistics

Experimental values are expressed as mean±SEM unless
otherwise stated. In the text "n" is the number of animals.
The data obtained from experiments of the same type,
performed on cells from the same animal, have been aver-
aged to obtain a single value. The Student's t-test was
used (paired data where not specified) for the statistical
analysis. A p-value of <0.05 was considered significant.
Dose-response data were fitted to the Hill equation.

Results

Cl– channel and its activation

In the absence of cAMP in the cellular incubation
medium, the PDcm measured in whole-cell configuration

was -11.8±2.1 mV (n=5). To verify the reliability of
these measurements, we performed impalements with
conventional microelectrodes and measurements with
nystatin perforated patch technique. The PDcm values
were -12.9±2.6 mV (n=4) and -10.1±2.7 mV (n=4), res-
pectively. These values did not differ significantly from
those determined in whole-cell configuration or from
each other. Figure 1a shows recordings of currents pass-
ing through a single-channel obtained in cell-attached
configuration (the microelectrode contained 145 mM N-
methylglucamine-Cl, free cyclic adeosine monophos-
phate incubation medium). The appearance of these
currents took place in about 50% of patches: in every
case the Po values were low (at -100 mV, Po was 0.003±
0.001; n=10), but increased when changing to positive
voltage (as suggested by fig. 1a; at 110 mV Po was
0.082±0.004; n=10, p<0.01).

Figure 1b shows the current/voltage (I/V) relation-
ship; the intercept with V axis was -62.9±4.1 mV (n=10).
This value agrees with the behaviour of a Cl– channel
and with the a,iCl value determined in the absence of
cAMP (a,iCl=9.7±l.7 mM (n=4); the activity coefficient
should be 0.73 [22]).

As a consequence of the addition of cAMP (250 µM)
to the incubation medium, the PDcm (whole-cell con-
figuration) hyperpolarized to -37.9±2.7 mV (n=6). Using
impalements or nystatin perforated-patch technique the
values of PDcm measured were not significantly diffe-
rent from those obtained with the previous method (-36.4
±3.1 mV (n=4) and -40.9±3.6 mV (n=4), respectively). We
observed an increase (at the tested voltages; p<0.05) in
the Po as shown in figure 2b. The I/V relationship (fig.
2c) showed a reversal potential of -41.9±3.4 mV (n=10),
not significantly different from the measured PDcm (in
agreement with a PDcm dominated by Cl– conductance).
This value of the inversion point does not differ from
that forecast based on a,iCl, 21.5±2.9 mM (n=4), deter-
mined with selective microelectrodes.

By using cAMP pretreated cells, changing to inside-
out configuration (N-methylglucamine-Cl symmetrical
solutions), we observed the tracings presented in figure
3a. Figure 3b shows the I/V relationship: on the basis of
positive or negative currents, the reversal potential was
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Fig. 1.  –  Single-channel currents (I) recorded, in cell-attached configuration, using a free cyclic adenosine monophosphate (cAMP) incubation
medium (the microelectrode solution contained 145 mM N-methylglucamine-Cl). a) Tracings obtained at the voltages indicated. b) Single-chan-
nel current/voltage (I/V) relationship (the reversal potential was calculated on the basis of liner regression of points representing outward cur-
rents). Values are presented as arithmetic mean±SEM (n=10 animals).
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1.9±1.7 mV and -0.5±2.5 mV, respectively (n=7). Both
this value and the previous one were not significantly
different from 0, or from each other (the mean intercept
point was 0.7 mV). The channel presented outwardly-
rectifying behaviour: the conductance at positive volt-
ages was 2.4±0.3 pS, and at negative voltages 1.7±0.1
pS (n=7; p<0.05). The currents measured at low voltages
were not taken into account for the I/V relationship if

the corresponding values were less than twice the noise
value. The Cl– channel rundown was at times observed in
inside-out recordings (activity fell by 30–50% in the first
5 min). To verify stable channel activity, measurements
were prolonged for at least 5 min in control solution.

In the presence of 145 mM N-methylglucamine-Cl
inside the microelectrode and of 130 mM N-methyl-
glucamine-gluconate/15 mM N-methylglucamine-Cl on
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Fig. 2.  –  Open probability (Po) correlated to voltage in cell-attached
patch in the absence or presence of cyclic adenosine monophosphate
(cAMP) (250 µM) in the cellular incubation medium (the microelec-
trode solution contained 145 mM N-methylglucamine-Cl). a) Recordings
obtained in the two conditions. b) Mean values of Po in the absence
(–––❍–––) or presence (–––∆–––) of cAMP (n=4 animals) were relat-
ed to voltage. c) Single-channel current/voltage (I/V) relationship
obtained in the presence of cAMP in the incubation medium (the
reversal potential was calculated on the basis of linear regression of
points representing outward currents. Values are presented as arith-
metic mean±SEM (n=10 animals).
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Fig. 3.  –  Single-channel currents (I) recorded in inside-out configu-
ration in the presence of symmetrical 145 mM N-methylglucamine-
Cl. a) Tracings obtained at the voltages indicated. b) Single-channel
current/voltage (I/V) relationship. Some amplitudes have been report-
ed as open marks, because they were not used to obtain the I/V rela-
tionship (as these amplitudes were less than twice the noise value).
Values are presented as arithmetic mean±SEM (n=7 animals).
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the cytoplasmic side it was possible to see the presence
of channels clearly even at weak positive voltages, in
agreement with the behaviour of an anionic channel. A
gluconate permeability relative to Cl– of 0.11 was cal-
culated [23]. After the substitution of N-methylgluca-
mine-Cl with KCl or NaCl on the cytoplasmic side, no
changes in current amplitudes were observed and the
reversal potential was -0.8 and 0.5 mV, respectively.

In the presence of N-methylglucamine-Cl symmetri-
cal solutions, when the cytoplasmic side free [Ca2+] was
increased from 0.2×10-7 to 10-6 and 10-4 M, Po rose with-
out modification in the conductance (Po at 0.2×10-7 M
free Ca2+ was statistically less, at all tested voltages, with
respect to values determined at 10-6 and 10-5 M;  p<0.05
and p<0.01, respectively).

Effects of different inhibitors and of frusemide

In inside-out patches (N-methylglucamine-Cl sym-
metrical solutions), after pretreating cells with cAMP (250
µM), the addition of NPPB to the cytoplasmic side de-
termined a reduction of Po, which increased in conjunc-
tion with the concentration used (at 90 mV the median
inhibitory concentration (IC50) was 1.8×10-6 M). In the
presence of NPPB (10-5 M), conductance changed by
only a small amount and failed to reach statistical sig-
nificance (p=0.05–0.01). At 10-4 M, a flicker block (i.e.
rapid fluctuation in current during a channel opening
due to interruptions long enough to detect but too brief
to resolve as individual  events [25]) was noticeable. In
cell-attached configuration, after NPPB (10-5 M) was
added to a cAMP containing incubation medium, the
PDcm (whole-cell configuration) depolarized to -21.6±
2.8 mV (n=3). At 70 mV, the Po was reduced by 75%
(from 0.24±0.02 to 0.06±0.007 (n=4); p<0.01). We obser-
ved a decrease in Po of 70–75% even in the presence
of NPPB in the microelectrode solution. In inside-out
configuration, the effect of DIDS (10-5 M, the cytoplas-
mic side) was a 92% Po inhibition.

We then evaluated the frusemide effects. In inside-
out configuration experiments, in the presence of fruse-
mide (from 10-5 to 10-3 M) on the cytoplasmic side or
in the microelectrode solution, no inhibitory effect on
Po or on conductance was noted. Conversely, in cell-
attached configuration, a cAMP+frusemide solution
caused a de-polarization of PDcm (table 1, whole-cell
configuration). The PDcm was also evaluated in the pres-
ence of 10-5 and 10-4 M frusemide in the medium using
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Table 1.  –  Cellular membrane electrical potential difference (PDcm) (measured in whole-cell configuration) in the
presence of frusemide or bumetanide in the cellular incubation medium (containing cAMP)

Concentration of drug in incubation medium  M
10-9 5×10-9 10-8 5×10-8 10-7 10-6 5×10-6 10-5 5×10-5 10-4 10-3

Frusemide
PDcm mV -36.6 - -34.1 -29.6 -28.7* -24.4* -21.7** -21** -19.9** -16.1** -13.6**

±3.1 ±3.9 ±2.6 ±2.6 ±2.9 ±3.1 ±2.4 ±3.0 ±2.7 ±3.1
(n=4) (n=4) (n=4) (n=4) (n=4) (n=4) (n=4) (n=4) (n=4) (n=4)

Bumetanide 
PDcm mV -34.6 -31.8 -30.6 - -25.7* -19.9* - -17.4** - -14.2** -

±3.5 ±2.9 ±3.3 ±2.9 ±2.4 ±2.1 ±2.3
(n=3) (n=4) (n=4) (n=4) (n=4) (n=4) (n=4)

Values are presented as mean±SEM.  n: number of animals; cAMP: cyclic adenosine monophosphate. *: p<0.05; **: p<0.01, with
respect to the values measured in the absence of the inhibitors, -37.9±2.7 mV (n=6) (see text).
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Fig. 4.  –  Effects of the presence of frusemide in the cellular incu-
bation medium (containing cyclic adenosine monophosphate (cAMP)
observed recording Cl– channel activity in cell-attached configuration
and considering a voltage of 70 mV. a) Tracings observed in control
conditions, after 4 min of treatment and 6 min after returning to con-
trol conditions. b ) Time course of the effect of frusemide on open
probability (Po) at 10-5 M (●; n=5) and at 10-3 M (❍; n=4), respec-
tively. d) Dose-response curve related to the inhibition of Po due to
frusemide. Each point represents the mean percentage of inhibition
(±SEM) using experiments from different cell isolations obtained from
4–5 animals.
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The most probable explanation of its effect in cell-attach-
ed configuration, when present in the medium, is that it
is permeable through the membranes and then acts on
the cytoplasmic side of the channel. Analogous effects
were observed in similar conditions in RBL cells [5].

The effects of frusemide are different. When it is
placed in direct contact with the patch membrane, there
is a lack of effect on the Cl– channel. Conversely, fruse-
mide is able to inhibit when it is present in the incuba-
tion medium in cell-attached experiments, suggesting an
indirect inhibitory effect. In accordance with this, fruse-
mide is able to act at lower concentrations than usual-
ly necessary (10-3 M) to inhibit the Cl– channels [11,
12], and action times are slow. Possible indirect mecha-
nisms of action of frusemide are different.

Frusemide could act on aspecific cationic channels (see
rat exocrine pancreas [27]) present in mast cell mem-
brane [2] and, thus, decrease the intracellular [Ca2+] with
a consequent decrease in Cl– channel activity. However,
most Ca2+ enters the cell through other specific Ca2+ chan-
nels, the Ca2+ sensitivity of Cl– channels is low and bume-
tanide is also effective, so this hypothesis seems unlikely.

In any case, frusemide acts on different coupled trans-
port systems, such as Na+-K+-2Cl– [9, 10] Na+-NH+

4-
2Cl– [28] symports and Cl–/HCO3

– antiport [29]. The
inhibition of a Cl–/HCO3

– exchange (or of a co-trans-
port Na+-NH4

+-2Cl–) can lead to an alteration of intra-
cellular pH and some Cl– channels are sensitive to pH
[30]. However, our preliminary data (not shown) did
not reveal, in inside-out configuration, variations of Po
with changes of pH on the cytoplasmic side. In reality
the most well-known effect of frusemide is on the Na+-
K+-2Cl– symport, whose presence on mast cell mem-
brane has recently been suggested [31]. In support of
an effect of this kind, there is also the fact that bumeta-
nide (a more specific inhibitor of this symport) is able
to inhibit Cl– channel activity. The IC50 of bumetanide
is lower than that of frusemide, in agreement with data
reported for other cells [10, 32].

Data obtained in whole-cell configuration [4] suggest
that, like Cl– channels of myocytes [26], the activity of
the channels in question would decrease with the fall in
intracellular free sodium [Na+]. The blocking of a Na+-
K+-2Cl– symport may lead to a decrease in the Cl– chan-
nel activity with this procedure. The lack of inhibitory
effect of frusemide in the absence of cAMP might lead
one to suppose that the possible action of the decrease
of intracellular [Na+] is exercised on the Cl– channel
activity by means of interaction with the cAMP depen-
dant mechanism of the Cl– channel activation [4]. 

The decrease in Cl– channel activity, as a conse-
quence of the blocking of a Na+-K+-2Cl– symport, might
also be due merely to the decrease in intracellular free
chloride [Cl–]. However, in whole-cell configuration,
variations of intracellular [Cl–] from 34 to 11 mM had
no detectable effect on the cAMP activation [4] of Cl–

currents. In addition, our preliminary data (not shown)
indicated that, in inside-out configuration, reducing the
[Cl–] in the cytoplasmic side solution caused no signif-
icant variations in the Po.

Against the hypothesis of the existence of a Na+-K+-
2Cl– co-transport is the observation that, in vivo, there
is no protective action of bumetanide against bronchial
asthma caused by airway challenges that probably act
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impalements or nystatin perforated-patch technique (the
values were -20.6±2.1 mV (n=4) and -18.4±2.6 mV (n=
4), respectively, at 10-5 M frusemide; and -17.5± 1.7 mV
(n=4) and -15.6±2.3 mV (n=4), respectively, at 10-4 M fru-
semide: not significantly different from values deter-
mined in whole-cell configuration). At 10-5 M, a significant
reduction of Po (fig. 4a) was detected. The time nec-
essary to obtain maximum inhibition was dose-depen-
dent and the effect was reversible (fig. 4a and b). The
dose-response curve (obtained at 70 mV) referring to
inhibition of Po presented an IC50 of 4.3× 10-7 M (fig.
4c). No significant effect on conductance was noticed.
The presence of 10-5 M frusemide in the incubation
medium, revealed a,iCl of 12.1±2.2 mM (n=4), a value
significantly lower in relation to that observed in the
presence of cAMP but not of frusemide (p<0.05).

In cell-attached conditions, the effect of frusemide
(10-5 and 10-4 M) present in the incubation medium was
also tested on cells not pretreated with cAMP. The PDcm
measured with different techniques (whole-cell, impale-
ments) showed no significant variations. The effect on
Po was difficult to detect with respect to the low Po val-
ues observed in the absence of cAMP. At 70 and 110
mV and at the two different frusemide concentrations
tested (10-5, 10-4 M), the Po tended to decrease, but not
to any significant extent (for instance, at 110 mV the
Po was 0.094± 0.009, and in the presence of 10-5 or 10-4

M frusemide it was 0.082±0.008 and 0.077±0.007, res-
pectively (n=4)).

In order to obtain indications of the mechanism of
frusemide action, cell-attached experiments were also
performed using bumetanide. In cell-attached configu-
ration in the presence of bumetanide in the incubation
medium, we noted a depolarization of PDcm (table 1),
and starting from 10-9 to 10-4 M a significant decrease
in Po with an IC50=5.7×10-8 M. In inside-out configu-
ration, the bumetanide, when present on the cytoplas-
mic side, had no effect.

Discussion

The single-channel conductance evaluated in the pre-
sent experiments (about 2 pS) presents a value similar
to that determined on the basis of noise analysis [3].
The outward rectification, cAMP and [Ca2+] activation
and NPPB and DIDS inhibition measured in these sin-
gle channel recordings are in agreement with the obser-
vations in whole-cell experiments [3, 4]. This suggests
that the channel that we detected is responsible for cur-
rent due to Cl–, revealed in whole-cell experiments.

For some aspects, such as weak voltage dependence,
secretagogue activation and NPPB inhibition, this chan-
nel is similar to that found in the rat basophilic leukae-
mia (RBL)-2H3 cell line [5]. However, single-channel
conductance is lower (2 versus 32 pS), and there is a
weak activation by [Ca2+] and an outward rectification
not found in cells of the RBL-2H3 line. This confirms
the existence in these two kinds of cell of different elec-
trophysiological characteristics already found for cati-
onic channels [24]. The characteristics of the channel
examined are, in part, similar to those of some Cl– chan-
nels of other cells [25, 26].

As NPPB is able to act on both sides of an excised
patch, its action is certainly directed to the Cl– channels.



through the release of mast cell mediators [6]. However,
it should be noted that frusemide acts as an antiasthma
medication only when inhaled and not when taken oral-
ly. In vivo inhaled bumetanide offers no protection against
bronchial asthma, despite the fact that in vitro studies
have shown an inhibitory effect of bumetanide against
neurally-induced airway smooth muscle contraction that
is 10 times stronger than for frusemide [33]. This sug-
gests that distribution, metabolism and clearance of the
inhaled diuretics at the level of the airway submucosa is
not clear, and may be different for each loop diuretic.
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