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Bicarbonate-dependent chloride secretion in Calu-3 epithelia
in response to 7,8-benzoquinoline
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Stimulation of Calu-3 epithelia with 7,8-benzoquinoline, under short circuit current conditions,
produced a current increase that was completely accounted for by the net flux of chloride, measured
simultaneously with **Cl". Nevertheless the current stimulated by 7,8-benzoquinoline was sensitive
to acetazolamide, which caused up to 50 % inhibition of the stimulated current, the remainder
being sensitive to the Na"—K"—2Cl cotransport inhibitor bumetanide. The effects of acetazolamide
could be mimicked by either amiloride or by the di-sodium salt of 4,4’-dinitrostilbene-2,2"-
disulphonic acid (DNDS) added to the basolateral side of the epithelium, but their actions were not
additive. Amiloride was needed in sufficient concentration to inhibit the sodium—proton exchanger
NHE1. DNDS blocks both the chloride—bicarbonate exchanger AE2 and the sodium-bicarbonate
transporter NBC1. However, since 7,8-benzoquinoline activates basolateral K* channels, causing
hyperpolarisation, it is unlikely NBCI is active after addition of 7,8-benzoquinoline. The effect of
DNDS is, therefore, mainly on AE2. It is concluded that chloride enters the basolateral aspect of the
cells using the Na*™—K*-2Cl" cotransporter and a parallel arrangement of NHE1 with AE2, these
latter two being sensitive to acetazolamide because of their association with the cytoplasmic form of
carbonic anhydrase CAIIL. The effects of acetazolamide could be mimicked by removal of
HCO;/CO, from the bathing medium, and furthermore showed that the NHE1-AE2 mechanism
is particularly important when the transport rate is high. Thus part of the current stimulated by
7,8-benzoquinoline and inhibited by acetazolamide or HCO;/CO, removal can be said to represent
bicarbonate-dependent chloride secretion.
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The serous cells of the submucosal glands in the human
lung are the richest source of the cystic fibrosis
transmembrane conductance regulator (CFTR) in the
airways (Engelhardt et al. 1992). These epithelial cells
elaborate a fluid containing bicarbonate, antimicrobial
peptides and enzymes, thought to be important in
maintaining lung sterility (Basbaum et al. 1990), as well as
adequate mucociliary clearance (Pilewski & Frizzell,
1999). Calu-3 cells, derived from a lung adenocarcinoma,
have the properties of serous cells (Shen et al. 1994) and
can be cultured as monolayers on permeable supports and
exhibit transepithelial transport of ions (Moon et al. 1997).

There have been a number of studies in Calu-3 cells of the
nature of the ions transported in response to various
stimuli. In Calu-3 monolayers, the basal current was
reduced by removal of bicarbonate ions; indeed removal of
bicarbonate alone was as efficient at reducing the basal
short circuit current (SCC) as removal of bicarbonate plus
chloride ions (Singh ef al. 1997). It was concluded that
basal transport in Calu-3 cells was either bicarbonate-
dependent chloride secretion or chloride-dependent

bicarbonate secretion, the authors favouring the former.
Subsequent flux studies, however, showed it was the latter
mechanism that was operative (Lee ef al. 1998). An
important difference appeared to exist between the nature
of the basal current and that obtained after stimulation, as
the stimulated current was sensitive to blockers of the
Na'-K'-2CI" cotransporter (Shen et al. 1994; Singh et al.
1997). Thus it was argued that the stimulated SCC was due
to electrogenic chloride secretion, while the basal current
was due to bicarbonate secretion. Devor et al. (1999)
showed that the nature of the stimulus apparently
determined the nature of the transported ion. Forskolin,
acting via cAMP, produced a bicarbonate secretion,
whereas EBIO (1-ethyl-2-benzimidazolone) produced
chloride secretion. In this study we have wused
7,8-benzoquinoline, an agent with similar actions to EBIO
(Duszyk et al. 2001; Cuthbert, 2003), to stimulate Calu-3
monolayers. The chance observation that the effect of
7,8-benzoquinoline was inhibited by acetazolamide
prompted us to re-examine the question of the
bicarbonate dependence of stimulated SCC responses in
Calu-3 monolayers.
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METHODS

Calu-3 cell culture

Calu-3 cells (from the American Type Culture Collection) were
grown on 75cm’ culture flasks containing Eagle’s minimal
essential medium (Vitacell, ATCC, Virginia, USA) with 10%
fetal calf serum (Gibco BRL), 100 gM ml™"' kanamycin and
1.25 mg ml ™' fungizone, and incubated at 37 °C in humidified air
containing 5% CO,. Cells were collected by trypsinisation and
subcultured either on Snapwell polycarbonate membrane inserts
(1cm? 0.4 uM pore size) (Costar UK Ltd, Buckinghamshire, UK)
or untreated glass coverslips (1 cm?®). Cultures were re-fed every
3—4 days; the inserts were used between 17 and 24 days after
subculture and the cells on coverslips were used after 4 days. All
experimental procedures used cells from passages 3—10.

SSCrecording and modifications of the standard SCC
procedure

The Snapwell inserts, bearing the cultured monolayers, were
inserted into CHM5 Ussing chambers with associated electrodes
(WPI, Hertfordshire, UK) and voltage-clamped at zero potential
using a WPI Dual Voltage Clamp-1000 (WPI). Both sides of
the epithelium were bathed in 5 or 6 ml of Krebs Henseleit
solution (KHS) that was continually circulated through the half-
chambers, maintained at 37 °C and continuously bubbled with
95%0,-5%CO,. Basal characteristics of Calu-3 monolayers
(transepithelial potential, basal SCC and resistance) are given
elsewhere (Cuthbert & MacVinish, 2003). Bicarbonate-free
bathing solution was buffered with Hepes to pH 7.4 and bubbled
with 100% O,. SCCs were recorded continuously using an
ADInstruments PowerLab/8SP (NSW 2154, Australia) and
displayed on a computer screen.

Nystatin treatment (180-360 mg ml™") of the apical membranes
was used to examine the effects of 7,8-benzoquinoline on the
basolateral membranes of Calu-3 epithelia. In these experiments
the apical bathing solution was changed to potassium gluconate
Krebs solution (PGK) and the basolateral solution to sodium
gluconate Krebs solution (SGK), thus imposing a K" gradient in
the apical-to-basolateral direction. For examining the effects of
agents on the apical membranes the method described by
Cuthbert (2001) was used. A high K*-containing solution (PGK)
was used to depolarise the basolateral membrane while the apical
membrane remained bathed in KHS, thus imposing an apical-to-
basolateral Cl” gradient.

Measurement of **Cl™ fluxes in Calu-3 monolayers

Calu-3 monolayers were used in pairs, each bathed in 6 ml KHS
on each side. After the SCC had stabilised, a few microcuries of
*Cl” was added to the basolateral side of one monolayer and to the
apical side of the other. A period of 20 min was allowed for the
radioactive fluxes to achieve equilibrium, after which samples
were taken from the side to which the radioisotope had not been
added. The sample size was 2 ml and the bathing solution was
immediately topped up with 2 ml of fresh KHS. A second set of
samples were taken 20 min later using the same protocol, and
7,8-benzoquinoline (210 xM) was then added to both sides of the
epithelia. A third set of samples was taken after a further 20 min.
The SCC current was recorded throughout the experiment and
small samples (100 ul) were taken from the ‘hot’ sides
periodically. Unidirectional Cl™ fluxes were calculated from the
specific activity, making allowance for the dilution caused by
removing samples. The areas under the SCC traces were obtained
using the integrator facility on the ADI PowerLab /8SP. The paired
experiment was repeated 12 times.
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Measurement of intracellular pH in Calu-3 cells

Calu-3 cells were grown on coverslips as described above and
exposed to the pH-sensitive fluorescent dye BCECF (2',7"-bis(2-
carboxyethyl)-5-(6)-carboxyfluoroscein; Molecular Probes, The
Netherlands) in its AM (acetoxymethyl ester) form (BCECF-AM,
0.5 M in 0.1 %DMSO) for 7-8 min. After loading, individual
coverslips were washed in KHS and mounted in a cuvette so that
both the incident and reflected light beams were at 45 deg to the
cell layer. The cuvette contained 2.5 ml KHS and the contents
were maintained at 37°C and stirred with a magnetic flea.
Fluorescence was recorded every 5s with an F-2000 Hitachi
fluorescence spectrophotometer at 526 nm with excitation
alternately at 440 nm and 502 nm with 5nm excitation and
emission slits. The pH; was calculated from the fluorescence ratio
for BCECF, which varies linearly with pH over the range 6.9-7.9.

Solutions

KHS had the following composition (mm): 117 NaCl, 4.7 KCl, 2.5
CaCl,, 1.2 MgSO,, 1.2 KH,PO,, 25 NaHCO; and 11.1 glucose
(pH 7.4). The modified solutions PGK (SGK) contained (mm):
120 potassium gluconate (sodium gluconate), 25 NaHCO;, 3.3
KH,PO,, 0.8 K,HPO,, 1.2 MgCl,, 4 CaCl, and 10 glucose. Hepes-
buffered solution had the following composition (mm): 142 NaCl,
4.7 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2 KH,PO,, 10 Hepes and 11.1
glucose. This solution was adjusted to pH 7.4 with NaOH and
bubbled with 100 % O,.

Materials

The following were obtained from Sigma-Aldrich Co. Ltd, Poole,
Dorset, UK: amiloride, bumetanide, acetazolamide, nystatin,
charybdotoxin (ChTX) and 7,8-benzoquinoline. BCECF-AM was
from Molecular Probes Europe BV, Leiden, The Netherlands.
EBIO (1-ethyl-2-benzimidazolone) was from Tocris, Bristol, UK
and the di-sodium salt of 4,4’-dinitrostilbene-2,2"-disulphonic
acid (DNDS) was from the Tokyo Kasei Kogyo Co. Ltd, Tokyo,
Japan. The non-penetrating carbonic anhydrase inhibitors were
synthesised in the Dipartimento di Chimica, University of
Florence (Scozzafava et al. 2000; Supuran et al. 2003). Addition of
drugs to the Calu-3 monolayers will be shown throughout as (ap)
for apical addition, (bl) for basolateral addition and (bs) when
added to both sides of the epithelium.

Statistical evaluation
Where appropriate, Students t test was used to evaluate
differences, with P < 0.05 being considered significant.

RESULTS

Inhibition of anion secretion by bumetanide and
acetazolamide in Calu-3 monolayers

The nature of the SCC increase caused by 7,8-benzo-
quinoline (bs) was investigated using the inhibitors
bumetanide (bl) and acetazolamide (bs), on the
presumption that they would block ClI” and HCO;~
secretion, respectively. Assuming each removes a specific
component of the current, then the relative contributions
of the two inhibitors should not vary with the order in
which they are added. In Fig. 1A, the ratio of the current
removed by bumetanide to that removed by acetazolamide
was 0.75 when acetazolamide was given prior to
bumetanide. Put another way, the current removed by
acetazolamide was 1.3 times larger than that removed by
bumetanide. However, when the order of addition was
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reversed, that is bumetanide was added before
acetazolamide, the ratio was 6.2 (Fig. 1B), or, in other
words, the current removed by acetazolamide was less
than one-sixth of that removed by bumetanide. The two
halves of the experiment shown in Fig. 1 were carried out
on the same Calu-3 monolayer with washing between. The
near-identity of the two 7,8-benzoquinoline responses
indicates that the effect of this agent and the responses to
bumetanide and acetazolamide are fully reversible. The
experiment was repeated a total of five times and the mean
response to 7,8-benzoquinoline was 68.5 + 5.8 uA cm ™.
The current removed when bumetanide (20 xM, bl) was
given first was 454+ 7.9 uA cm? compared with
10.0 + 2.4 uA cm* when it was applied second, these two
values being significantly different (P <0.03, n=>5).
Similarly the responses to acetazolamide (100 gM, bs) were
309 £4.3 uAcm™” when it was given first and
7.3 + 1.1 uA cm > when it was given second, the two values
again being significantly different (P < 0.001, n = 5). The
bumetanide/acetazolamide ratios were 0.3 £0.1 and
6.7+1.9 (P<0.01, n=5), depending on the order of
application. The result indicates that either the secretions
of CI” and HCO;™ are related in a complex way or that the
inhibitors are not accurately reporting the secretion of the
ions whose transport they supposedly specifically inhibit.

To investigate whether this phenomenon was specific for
7,8-benzoquinoline or whether similar results could be
obtained with other anion secretagogues, a comparison of
the actions of EBIO and 7,8-benzoquinoline was made, as
shown in Fig. 2. Here each Calu-3 monolayer was exposed
to both 7,8-benzoquinoline (bs) and EBIO (bs) with
washing between, both agents producing responses with
very similar profiles in each monolayer. With either
agonist the bumetanide/acetazolamide ratio was greater

Figure 1. Inhibition of short circuit current (SCC)
responses to 7,8-benzoquinoline in a Calu-3
epithelium

SCC traces from a single Calu-3 monolayer stimulated with
7,8-benzoquinoline (250 uM, applied to both sides (bs)).
Inhibitors of the current, namely acetazolamide (100 xM, bs)
and bumetanide (20 uM, basolaterally (bl)), were applied
sequentially (A), after which the monolayer was washed and
the responses repeated, but with the order of addition of the
inhibitors reversed (B). The shaded area in A represents the
current removed by acetazolamide and is equal to

0.21 pequiv. The abbreviation 7,8 BQ refers to
7,8-benzoquinoline in this and other figures.
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when bumetanide was given first compared with when it
was given after acetazolamide. The bumetanide/acetazol-
amide ratio when acetazloamide was given first appeared
to be greater after EBIO (1.8; Fig. 2C) than when 7,8-
benzoquinoline was used as agonist (0.3; Fig. 2D) Indeed
this latter value is the same as that from the earlier set of
experiments (0.3 + 0.1, n = 5). To be sure the ratio given
in Fig. 2C with EBIO was different from that given in
Fig. 2D with 7,8-benzoquinoline, more experiments with
EBIO were performed. In six experiments the SCC increase
caused by EBIO (600 uM, bs) was 134.2 + 16.3 A cm™
and was reduced by 43.9 + 7.1 to 90.3 + 16.2 A cm > by
acetazolamide (100 M, bs), a significant reduction
(P < 0.002, paired f test). Subsequently, bumetanide (20 uM
bl) reduced the current by a further 93.3 + 10.5 uA cm™.
The bumetanide/acetazolamide ratio was 2.3 + 0.3 (n = 6)
and was significantly different from the ratio obtained
when 7,8-benzoquinoline (250 uM) was used as the
agonist, namely 0.3 + 0.1 (n =5, P < 0.0005). Thus while
EBIO and 7,8-benzoquinoline show the same phenomenon
with respect to the potency of the inhibitors depending on
the order of application, there appear to be quantitative
differences between the two secretagogues.

Canremoval of HCO; /CO, mimic the effects of
acetazolamide?

In Hepes-buffered solution, without HCO; /CO,, responses
to 7,8-benzoquinoline were attenuated. Figure 3 shows
results from 12 monolayers, all from the same batch, half
of which were suspended in KHS while the others were in
the modified solution without HCO; /CO,. Peak responses
to 7,8-benzoquinoline (250 uM, bs) were 109 + 9.1 A cm™*
(n=6)inKHSbutonly83 + 4.7 uA cm™* (n = 6, P < 0.03)
in the modified solution. Similarly if the charge transfer in
10 min was measured the response in KHS was greater than
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in the absence of HCO; /CO, (0.551 £ 0.041 pequiv versus
0.394 +£0.021 pequiv, n =6, P<0.007). Acetazolamide
(100 pM, bs) reduced the current remaining after 10 min by
43.9 + 4.4 uA cm™ in KHS, but had no effect on the current
in the modified solution. Subsequently, bumetanide
(20 uMm, bl) reduced the current by 49.0 + 3.8 #A cm™ in
KHS and by 39.2 + 2.9 uA cm™*in the Hepes solution.

It will have been noted from earlier figures (compare Figs 1
and 2) that the responses to a given concentration of
7,8-benzoquinoline are variable. While we have not
studied this systematically, others have reported that
human airway cells vary in their responses to 7,8-benzo-
quinoline-like agents (Caci et al. 2003) and have attributed
this to variations in endogenous cAMP generation. For
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this reason all individual sets of experiments reported here
are carried out with monolayers from the same batch. To
gain further insight into the role of HCO; /CO, in the
responses to 7,8-benzoquinoline, we repeated the
experiment above with Calu-3 monolayers that responded
poorly in as much as the responses were smaller than
expected compared to those illustrated in Fig. 3. The peak
responses to 7,8-benzoquinoline (250 uM, bs) and the
charge transfer in 10 min were not different whether the
bathing solution was KHS or Hepes buffer (Fig. 4)
(52.1 £ 5.3 uA cm*and 0.254 + 0.027 pequiv, resepctively,
in KHS and 48.6 + 4.5 uA cm *and 0.214 + 0.033 gequiv,
respectively, in Hepes (all values n = 6, P = n.s.). Based on
the suggestion that the endogenous cAMP production
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Figure 2. Inhibition of SCC reponses to 7,8-benzoquinoline and EBIO

SCC traces from two Calu-3 monolayers stimulated with EBIO (1-ethyl-2-benzimidazolone; 600 xM, bs)
Inhibitors, namely acetazolamide (100 M, bs) and bumetanide (20 uM, bl), were applied sequentially (A
and C), after which the monolayers were thoroughly washed. The monolayers were then re-stimulated with
7,8-benzoquinoline (250 uM, bs) and the inhibitory responses to acetazolamide and bumetanide were
repeated (Band D). The ratios of the current removed by bumetanide to that removed by acetazolamide were
measured (ratio bumet/acet) and are given in each panel. The shaded area in D represents the current

removed by acetazolamide and is equal to 0.52 gequiv.
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solution (KHS) (A) and in Hepes-
buffered solution (B) are shown. The
inset shows responses in four further
monolayers when IBMX (100 xM, bs)
was added prior to 7,8-benzo-
quinoline. Ac, acetazolamide (100 uM,
bs); Bu, bumetanide (20 um, bl). All
monolayers were from the same batch. 401
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mightbe low, a further 12 monolayers from the same batch
were treated with IBMX (3-isobutyl-1-methylxanthine;
100 uM, bs) and the experiment repeated. Peak responses
in KHS and Hepes were not different (171.7 +
24.4 uA cm™? in KHS and 222.7 + 41.4 A cm ™ in Hepes,
n = 6, n.s.), whereas the charge transfer in 10 min due to
the combined effects of IBMX and 7,8-benzoquinoline
was significantly greater in the KHS-buffered monolayers
(1.29 £ 0.075 versus 0.87 £ 0.06 uequiv, n = 6, P < 0.002).
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More intriguingly the form of the responses was different
in the two solutions, being well maintained in KHS and
declining rapidly from the peak in Hepes. The plateau
responses after 10 min in KHS were sensitive to
acetazolamide (100 M, bs) while those in Hepes buffer
were not (89.5 + 17.9 uA cm™ versus 0.0 £ 6.1 uA cm™,
n =3, P<0.01). The change in form was not peculiar to
poorly responding monolayers as it was also shown with
more sensitive epithelia (see inset to Fig. 3).

B

300

minus HCO3/CO»

with HCOg/CO,

500 sec 500 sec

o

7,8-benzoquinoline

500 sec D 500 sec

with HCO3/CO,» minus HCO3/COo

100

SCC (pA cm™2)

7,8-benzoquinoline



5
S
S

(7%
i
A
s
=

-

~

3
~

84 A.W. Cuthbert, C. T. Supuran and L. J. MacVinish

Effects of DNDS on the responses to
7,8-benzoquinoline

According to the model of transport in Calu-3 monolayers
(Devor et al. 1999) HCO;™ secretion depends, in part, on
the presence of an electrogenic Na*-HCO;™ cotransporter
in the basolateral surface of the cells, which is inhibited by
high concentrations of DNDS. Consequently experiments
were made in which both DNDS (3 mwM, bl), to inhibit the
cotransporter, and acetazolamide (100 M, bs) were given
together. Figure 5A gives one example in which the both
agents were added after 7,8-benzoquinoline (250 xM, bs),
producing substantial inhibition, with some recovery, the
remaining current being removed by bumetanide. After
washing away the inhibitors and 7,8-benzoquinoline, the
same monolayer was allowed to recover. When the
epithelium was subsequently exposed to DNDS—acetazol-
amide, which caused an immediate reduction in the basal
SCC, the response to 7,8-benzoquinoline was attenuated
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240 7

200
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N
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1
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S

!
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o
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40 1

bumetanide
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(Fig. 5B). Two other identical experiments were carried
out. The ratio of the peak response to 7,8-benzoquinoline
given before DNDS—acetazolamide to that when 7,8-benzo-
quinoline was given after the inhibitors was 3.4 = 1.0 (n = 3).
However, the responses to DNDS-acetazolamide did not
appear to be much greater than when acetazolamide was
added alone. Consequently, further experiments were
made where the two agents were added sequentially
(Fig. 5C). In this series acetazolamide caused a reduction
of 53.1 % in the response to 7,8-benzoquinoline that was
increased to 66.5 % by addition of DNDS (Fig. 5D). DNDS
(3mm bl) given alone caused inhibition of the 7,8-
benzoquinoline response by 50% (see next section),
confirming that the responses to DNDS and acetazolamide
were not additive.

It will be noted that in Figs 1, 2 and 5 sections of the records
are filled in to show the reduction in charge transfer caused

Figure 5. Inhibition of SCC
responses to 7,8-
benzoquinoline by DNDS

The SCC produced in response to
7,8-benzoquinoline (250 xM, bs) ina
Calu-3 monolayer was inhibited by
subsequent addition of the di-sodium
salt of 4,4"-dinitrostilbene-2,2"-di-
sulphonic acid (DNDS) plus acetazol-
amide given together. DNDS and
acetazolamide were used at
concentrations of 3 mm (bl) and

100 uM (bs), respectively. Finally
bumetanide (20 uM, bl) was added.
After the experiment shown in A the
tissue was washed and a further
experiment carried out asin B. Here
DNDS and acetazolamide were added
first, followed by 7,8-benzoquinoline.
Note that the response is severely
curtailed but reaches a maximal value
of 88 uA, not different from the
steady-state value after DNDS and
acetazolamide in A (89 xA). The
shaded area in A represents the
current removed by DNDS plus
acetazolamide and is equivalent to
0.43 pequiv. C, the effects of
sequential addition of acetazolamide
(100 uM, bs) and DNDS (3 mm, bl) on
the response to 7,8-benzoquinoline

bumetanide

H

(250 uMm, bs) are shown. D gives the
composite data from 6 experiments.

H

7.8 BQ
B
—~ 80 7
R
g T1DNDS / acet
< 401
Q
O
» i 500sec
0
C « D
d(]et 200 —
240
200 ] 150 < J. I
o
— 160 T =
(\'l o
g \<:5L/100 -1
3120 8
&} @
o]
8o 1 50
300 sec
40 1
T 0 1 1
0178 B0 peak plateau

T T
plus acet plus DNDS



Journal of Physiology

] Physiol 551.1

by the addition of acetazolamide. If these shaded areas
represent HCO;™ secretion, rather than Cl secretion, there
should be a major discrepancy between the net flux of CI”
and the charge transfer indicated by the SCC.

Inhibition of anion secretion by DNDS and by
amiloride in Calu-3 monolayers

While DNDS had apparently little extra effect when added
together with acetazolamide it was necessary to examine its
effects when given alone. DNDS (3 mm, bl) reduced the
response to 7,8-benzoquinoline from 109.1 + 14.8 uA cm™*
(n=26) to 54.4 £ 5.5 uA cm™ (n =6, P < 0.006), that is a
reduction of 50.1%. Further addition of amiloride
(1 mM), again to the basolateral side, produced a further
small reduction in current to 45.6 + 5.5 uA cm™ (n = 6),
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giving a total inhibition of 58.29%, comparable to the
inhibition produced by acetazolamide given alone after
7,8-benzoquinoline. Reversing the order of application
produced a slightly different result. Addition of amiloride
(1 mm, bl) reduced the response to 7,8-benzoquinoline
from 93.3+ 11.9 uAcm™ (n=15) to 53.6 + 8.1 uA cm™
(n=>5, P<0.003, paired t test), that is a reduction of
42.6 % that was not further increased by DNDS. Examples
are given in Fig. 6A and B, together with the composite
data from all experiments. In the presence of amiloride
and DNDS, acetazolamide was able to cause some further
inhibition of SCC (data not shown). Thus a combination
of amiloride, at concentrations known to inhibit
sodium—proton exchange, and DNDS, at concentrations
that inhibit the chloride-bicarbonate exchanger and the

n=>5
125 4
P<0.03 P<0.03
(paired)
100 -|-
T
275 1
o
g
> I
L 50 -
2!
<
25
0 T T
7,8-benzoquinoline amiloride DNDS
n=6
150 4
P<0.006 P<0.002
(paired)

i

2
g
1

ASCC (pA cm™)

0

T
7,8-benzoquinoline DNDS amiloride

Figure 6. Inhibition by amiloride of the response to 7,8-benzoquinoline in Calu-3 epithelia

The traces show the effects of amiloride (1 mMm, bl) and DNDS (3 mm, bl) on the responses to
7,8-benzoquinoline (500 M) on two Calu-3 monolayers. The order of addition of the two inhibitors was
reversed in A and B. Also shown are cumulative data from identical experiments to those shown in A and B.
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Table 1. Simultaneous measurement of **Cl- fluxes and SCC in Calu-3 monolayers

Control period  Plus 7,8-BQ  Difference P n
*CI” flux (ap-bl) (uequivem™ h™) 151 +0.24 2.25+0.32 0.73+0.22 12
*CI” flux (bl-ap) (uequivem™ h™) 2,75+ 0.74 534+ 0.76 259+027 0.0001 12
*CI” net flux (bl-ap) (pequivem™ h™) 1.24 +0.77 3.09+0.82 1.86 +0.34 12
SCC (equiv em™ h™) 1114035 2794018  168+0.02 % x4

The resistance of the monolayers used in these experiments was 256 + 24  cm ™’ (n =24) and the time
from seeding to use was 20.2 £ 0.2 days (n=24). Mean values and S.E.M. are given throughout. The
values for bl-ap fluxes are significantly different from the values for ap-bl fluxes (P <0.001), while
the value for the net flux is not significantly different from the value derived from the SCC responses.
The concentration of 7,8-benzoquinoline (7,8-BQ) used was 210 gm. SCC, short circuit current. n.s.,

not significant.

electrogenic sodium-bicarbonate cotransporter, produces
inhibition of the responses to 7,8-benzoquinoline of a
magnitude comparable to those produced by acetazol-
amide.

Measurement of net chloride fluxes in Calu-3
monolayers using **Cl

Measurement of Cl~ fluxes using °Cl™ as a tracer were
made in 24 Calu-3 monolayers, 12 each for flux
measurements in the basolateral-to-apical (bl-ap) and
apical-to-basolateral (ap-bl) directions. SCC was
measured simultaneously throughout and the charge

A

700 7

acetazolamide

600 1

SCC (A cm‘z)

500 1 600

19 nystatin i
5300 //J_,_..---"‘.-

0

200 sec

7,8-benzoquinoline

transfer during the control period and during the action of
7,8-benzoquinoline was measured. The results are given in
Table 1, all measurements being given as microequivalents
per square centimetre per hour. It is shown that there is a
small increase in the apical-to-basolateral flux after 7,8-
benzoquinoline, but a larger increase in flux in the
opposite direction, giving an overall increase in net
transport in the basolateral-to-apical direction. Overall, it
is shown that the net flux of Cl™ ions is not significantly
different from the net flux obtained by integration of the
SCC response to 7,8-benzoquinoline. This means that

B 7,8-benzoquinoline
ImM

&-2001

SCC (uA cm

?-240 1

acetazolamide
100pM

-280 1 200 sec

Figure 7. Effects of 7,8-benzoquinoline on apical and basolateral membranes of Calu-3 cells

A, the effect 0f 7,8-benzoquinoline (250 uM, bs) on a Calu-3 monolayer previously exposed to nystatin on the
apical side (360 ug ml™' for 30 min) in the presence of an apical-to-basolateral K* gradient. Afterwards
acetazolamide (100 uMm, bs) and ChTx (50 nMm, bl) were added as indicated. The inset illustrates a complete
experiment that is typical of 3 others. B, the response to 7,8-benzoquinoline (1 mM, bs) on a Calu-3
monolayer depolarised by high K" on the basolateral side and in the presence of an apical-to-basolateral Cl
gradient. Acetazolamide (100 uM, bs) was added as indicated and the result is typical of 3 other experiments.
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under SCC conditions the whole of the response to 7,8-
benzoquinoline can be explained as an increase in net flux
of Cl” ions in the basolateral-to-apical direction.

From this study there is little to suggest that that bicarbonate
secretion contributes substantially to the responses. It is
possible that Calu-3 monolayers also secrete K" along with
CI', which would reduce the SCC response in comparison to
the net flux of CI". To test this possibility the effects of 7,8-
benzoquinoline (250 M, bs) were measured both before
and after the addition of the non-specific K™ channel
blocker Ba’* to the apical bathing solution. The response to
7,8-benzoquinoline given after Ba®* (5mMm) was
89.5 + 6.7 uA cm™* (n = 5), which was not different from
that obtained in the absence of Ba** (107.2 + 9.8 uA cm™,
n=5, P=ns.). Clearly there was no evidence that
addition of Ba’" to the apical bathing solution increased
the SCC response to 7,8-benzoquinoline.

Effects of acetazolamide on the apical and baso-
lateral membrane responses to 7,8-benzoquinoline
A number of other investigations were carried out to
examine if acetazolamide had other actions on Calu-3
monolayers other than those due to the inhibition of
carbonic anhydrase. Benzoquinolines and phenan-
throlines are known to activate basolateral K™ channels, as
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well as activating an apical ClI” conductance to increase
overall transepithelial anion transport (Duszyk et al. 2001;
Cuthbert, 2003). We have investigated whether acetazol-
amide affects the actions of 7,8-benzoquinoline at either of
these membrane locations. Briefly, by treating the apical
membrane with nystatin to create membrane pores
permeable to small ions and in the presence of an apical-
to-basolateral K gradient, effects on basolateral K*
channels can be investigated. Similarly if the basolateral
membrane is depolarised with a high K* solution, in the
presence of an apical-to-basolateral Cl™ gradient, effects on
the apical membrane can be recorded as changes in
negative SCC. Using these methods the effects of
acetazolamide on the responses to 7,8-benzoquinoline
were investigated. Figure 7A shows an example of the
response to 7,8-benzoquinoline (250 xM, bs) in a nystatin-
treated Calu-3 monolayer, where it caused an increase in
SCC of 350 #A cm ™. Addition of acetazolamide caused a
minor reduction in the plateau response of approximately
5%. This experiment, typical of three others, cannot
signify a major closure of K* channels in the basolateral
membrane that were affected by the subsequent addition
of ChTX (50 nm, bl). Figure 7B shows an example of the
effects of 7,8-benzoquinoline on anion conductance in an
‘apical membrane only’ preparation, where the change in

A
7.50
Acetazolamide
7.25 T 100uM
5 7,8 BQ ¢
7.00- 250uM
675 T T T T T T
0 200 400 600 800 1000 1200
Time (seconds)
B
7.50+
7.25+ ?
T Acetazolamide
o 100uM
7.00+ 250uM
6.75 T T T T T T
0 200 400 600 800 1000 1200

Time (seconds)

Figure 8. Measurement of pH; using BCECF fluorescence

Fluorescence in Calu-3 monolayers was measured at 526 nm with excitation alternately at 440 nm and
502 nm. The fluorescence ratio was used to calculate pH; values, as described in the Methods. Addition of
7,8-benzoquinoline (A) caused a fall in pH of 0.3 units. Acetazolamide (100 #M) alone did not affect pH; (B)

or prevent pH lowering by 7,8-benzoquinoline.
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slope indicates the increase in anion permeability.
Acetazolamide had no effect on the trajectory of the
response. In a total of four experiments the slope of the
—SCC versus time trace was 0.152 £ 0.063 A s™' and
increased to 0.325+0.096 uAs™' after 7,8-benzo-
quinoline, 1 mM (bs) (P < 0.017, paired ¢ test). In none of
the experiments did acetazolamide affect the responses.

Effect 0of 7,8-benzoquinoline on pH;

Calu-3 cells grown on glass coverslips were used to study
intracellular pH changes using BCECF as a reporter
molecule, as described in the Methods section. We are
aware this condition does not exactly mimic short-
circuited epithelia, but is an indication of pH changes that
are likely to occur following 7,8-benzoquinoline. Addition
of 7,8-benzoquinoline (250 gM) in the absence of
acetazolamide caused pH; to decrease by 0.19 + 0.04 pH
units from a value of 7.49 + 0.09 (both values n = 8). In

A acet B

R CAI-1
Ki=12nM

ASCC (nA cm-2)

] Physiol 551.1

the presence of acetazolamide (100 xM) the pH was reduced
by 0.34 pH units (mean of 2) by 7,8-benzoquinoline
(250 uMm), the former agent causing no discernable change in
pH on its own. Examples are given in Fig. 8.

Effects of non-penetrating carbonic anhydrase
inhibitors on reponses to 7,8-benzoquinoline in
Calu-3 epithelial monolayers

Acetazolamide does not differentiate between membrane
bound and cytosolic forms of carbonic anhydrase (CA),
yet the membrane-bound form CAIV can display channel
type characteristics (Fanjul et al. 2002). Therefore we
examined whether any part of the current generated by
7,8-benzoquinoline could be attributed to CAIV. Three
non-penetrating carbonic anhydrase inhibitors were used
to examine for effects on 7,8-benzoquinoline responses.
Each of the inhibitors CAI 1-3 was investigated on four
occasions. After 7,8-benzoquinoline causes its peak

150
n=12
P<0.0001
T
100 -
o

T ., \
[, )

0 T

7,8-benzoquinoline
(peak)

Plateau +acetazolamide

CAI-3
Ki=16nM

CAI-2
Ki=15nm

Figure 9. The lack of effect of the charged carbonic anhydrase inhibitors CAl 1-3 on

responses to 7,8-benzoquinoline

A, typical response to 7,8-benzoquinoline (250 xM, bs) in which CAI-3 (400 nM, ap) was added during the
plateau phase. This experiment was repeated four times each with all three CAI inhibitors. In no experiment
did any discernable change in response occur. The concentrations of the inhibitors used were 100 nm (8 X K;)
for CAI-1, 200 nM (13 x K;) for CAI-2, and 400 nM (25 X K;) for CAI-3. Finally acetazolamide (100 xM, bs)
was added in each experiment. B, the mean response to 7,8-benzoquinoline, the mean plateau response at the
time acetazolamide was added and the remaining current after acetazolamide. Acetazolamide caused a
significant reduction in SCC (P < 0.0001); acet, acetazolamide. The structure of the CAI inhibitors is given
below. Each has a common sulphonamide grouping with different R groups.
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response, the SCC declines slowly. The inhibitors were
added at this time and on no occasion was there any
change in current to indicate an inhibitory effect.
Subsequent addition of acetazolamide produced a rapid
inhibition of more than 50 % of the remaining current.
The inhibitors, CAI 1-3 were used at concentrations that
were 8, 13 and 25 times their K, values for CAIV,
respectively. Consequently we can conclude that, as the
inhibitors did not penetrate cells, the effects of
acetazolamide must be exerted at intracellular sites. An
example of the lack of response to CAI 1-3 is given in Fig. 9.

DISCUSSION

The major transporting activity in Calu-3 monolayers
stimulated with 7,8-benzoquinoline has been shown to be
the electrogenic transport of chloride ions, based upon the
equivalence of SCC responses to the net transport
measured with *°Cl". Others have shown that under basal
conditions approximately one-quarter of the current is
due to sodium-dependent glucose absorption while the
rest is eliminated by ClI” or HCO;™ removal (Lee et al.
1998). Devor et al. (1999) concluded that after forskolin
the stimulated current was due to HCO;™ secretion, while
after EBIO the dominant transported species was Cl~, with
a minor contribution from HCO; . However, our results
differ in that we show that the carbonic anhydrase
inhibitor acetazolamide is able to cause significant
inhibition of the 7,8-benzoquinoline-stimulated current.
This finding is not unique to 7,8-benzoquinoline since
acetazolamide also significantly reduced the CI” secretory
response to EBIO. Furthermore we show that DNDS
significantly reduces the response to 7,8-benzoquinoline,
while Devor et al. (1999) report that both acetazolamide
and DNDS have only small (< 10 %) inhibitory effects on
the responses to EBIO. Not only did acetazolamide and
DNDS significantly reduce the response to 7,8-benzo-
quinoline in our experiments, but so did amiloride when
applied ata high concentration to the basolateral surface to
inhibit the Na*™~H" exchanger. The responses to amiloride
and DNDS were not additive; when applied after DNDS,
amiloride caused further minor inhibition, while when
DNDS was added after amiloride, no further inhibition
resulted. This suggests that the transporting mechanisms
inhibited by DNDS and amiloride work in concert.
Furthermore the inhibitory responses to acetazolamide
and DNDS were not additive, again suggesting that both
interact, at least partially, via a common mechanism. We
consider that our data can be used to provide a case for the
existence of HCO; -dependent Cl™ secretion in Calu-3
monolayers stimulated with 7,8-benzoquinoline. In
elaborating this proposition frequent reference will be
made to the diagram shown in Fig. 10. With two
exceptions evidence exists for the presence and location of
all the transporting components indicated.
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As acetazolamide has no known pharmacology except the
inhibition of carbonic anhydrase, it is instructive to ask
where it acts in the context of the diagram in Fig. 10.
Clearly the cytoplasmic form of carbonic anhydrase, CAII,
is inhibited, reducing the formation of cytosolic
bicarbonate ions. CAII has also been shown to bind to and
form a complex with NHEI, AE2 and NBC1 (Vince &
Reithmeier, 2000; Gross et al. 2002; Li et al. 2002).
Evidence that these three transporters are present in
Calu-3 cells has also been obtained. RT-PCR detected the
expression of the electrogenic Na*~HCO;™ transporter,
NBCI1, and the CI' -HCO;" exchanger, AE2, and functional
evidence was provided for NHEI, the sodium—proton
exchanger sensitive to high concentrations of amiloride
(Lofting et al. 2000; Inglis et al. 2002). Human bronchi
have also been shown to contain mRNA for NHE1
(Dudeja et al. 1999). The three anion exchangers AE1, AE2
and AE3 all bind cytosolic CAIl (Vince & Reithmeier,
2000), as does the C-terminal region of NHEI, the latter

K* Na* K*
Apical Basolateral
( KCNNZI
K+

CFTR
Crea—a——

HCO5™ 2 é
CA IV @

H* + HCOg"

— \

Figure 10. Diagram of a Calu-3 human epithelial
transporting cell

Evidence for all the transporting components shown, except two, is
available and cited in the text. The exceptions are transmembrane
carbonic anhydrase (CAIV) and cytosolic adenylyl cyclase (AC).
Abbreviations are: sodium—proton exchanger, NHE1; CI'-HCO;~
exchanger, AE2; electrogenic sodium-bicarbonate transporter,
NBC1; Na*™—K*-2CI" cotransporter, NKCC1; cytosolic carbonic
anhydrase, CAIl; transmembrane carbonic anhydrase, CAIV;
cytosolic adenylyl cyclase, AC; intermediate conductance calcium-
sensitive potassium channel, KCNN4; cAMP-sensitive potassium
channel, KCNQ1/KCNE3; and cystic fibrosis transmembrane
conductance regulator, CFTR. Sodium—potassium-ATPase is
indicated by the alternating sign.
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being enhanced by low pH and by phosphorylation (Li et
al. 2002). Cytoplasmic carbonic anhydrase CAlIl also forms a
complex with NBC1. Phosphorylation of Ser™ alters the
stoichiometry of NBC1 from 2:1 to 3:1 and thermodynamic
arguments indicate that the phosphorylated form of NBC1
is exporting while the non-phosphorylated form is
importing. Acetazolamide only inhibits NBC1 when the
CAII-NBC1 complex is in the 3:1 form (Gross et al. 2002).
It is also known that cells expressing NHE1 and CAII have
twice the transport rate of cells expressing NHE1 alone (Li
et al. 2002). The term ‘metabolon’ has been coined for
complexes of membrane transporters with carbonic
anhydrase as a device for co-ordinating metabolism with
enhanced transporting activity. The hypothesis is that
increasing substrate availability adjacent to the transport
mechanism reduces the diffusion time and is responsible
for enhancing transport rate. Thus NHE1, AE2 and NBC1
are all targets for acetazolamide, although inhibition of
CAII will not completely inhibit transport. It is noted that
7,8-benzoquinoline causes cytosolic acidification which
would facilitate the binding of CAII to NHE1. Therefore it
is not surprising that DNDS and amiloride produce
similar effects on 7,8-benzoquinoline responses to
acetazolamide. The consequence is that the reduction in
NaCl entering the cell results in a reduced source of Cl”
available for transepithelial transport. This mechanism of
Cl” secretion was proposed for the equine trachea to
explain the source of basal electrogenic Cl™ transport
(Tessier et al. 1990). DNDS inhibits both AE2 and NBCl1;
however, it is unlikely that NBC1 functions as an importer
of HCO;™ after stimulation with 7,8-benzoquinoline
because of membrane hyperpolarisation, so the major
effect of DNDS is likely to be on AE2.

Recently, from a study of the corneal endothelium, it has
been shown that cytosolic soluble, non-forskolin-sensitive
adenylyl cyclase contributes significantly to baseline cAMP
production, sufficiently so to influence CFTR activity and
basal transport (Sun et al. 2003). It was found that
phosphorylation of adenylyl cyclase was increased by
150 % in the presence of HCO;™ and increased cAMP levels
by 42 %. While the presence of soluble adenylyl cyclase has
not been investigated in Calu-3 cells, the mechanism
described for the cornea provides a further way in which a
reduction in intracellular HCO; ™ can influence anion
transport. Inhibition of carbonic anhydrase will reduce the
availability of HCO;  in cells, especially if hyper-
polarisation due to 7,8-benzoquinoline has inhibited or
reversed the effect of NBCl, and could influence apical
membrane Cl” conductance via an effect on cAMP
generation.

It is shown that removal of HCO;/CO, from the bathing
fluid reduces the responses to 7,8-benzoquinoline,
supporting the contention that acetazolamide is acting via
inhibition of carbonic anhydrase. However, when the

] Physiol 551.1

sensitivity to 7,8-benzoquinoline was poor, in that the
SCC response was smaller than expected, the effect
disappeared. Although no systematic study has been made,
our impression is that poor responses are generally
obtained in old monolayers from high passage numbers,
especially when used 4-5 days post feeding. Caci et al.
(2003) have also encountered this phenomenon with
human airway epithelial cells and contend that it is due to
variation in endogenous cAMP concentrations. Our
investigations in poorly responding monolayers support
this view, as addition of IBMX restored the responses to
7,8-benzoquinoline and the effects of HCO;/CO,
removal. An important conclusion from this result is that
the bicarbonate dependence is most important when the
responses are large.

Thus there are a variety of ways in which inhibition of
carbonic anhydrase with acetazolamide or removal of
HCO;/CO,; can reduce the transport of Cl” ions across
Calu-3 epithelia. However this creates some problems of
interpretation. For example, when bumetanide is given
after 7,8-benzoquinoline the inhibition appears to be too
large (greater than 50 %, while acetazolamide also inhibits
by 50 % or more). The bumetanide-sensitive Na*™—K*-2CI~
cotransporter is certainly present in Calu-3 cells, as
demonstrated by the presence of mRNA for, and protein
expression of, this transporter by Liedtke et al. (2001). Its
basolateral location is evidenced by the sidedness of the
effects of bumetanide. However, as has been shown, the
alternate NHE1 plus AE2 mechanism for Cl” secretion is
demonstrable only at higher transport rates. Thus one
possibility is that, as bumetanide blocks Cl™ secretion via
inhibition of the Na'™-K'-2Cl~ cotransporter, the
NHE1-AE2 mechanism downregulates since the transport
rate is lowered. This possibility will require investigation.
A further point is that the effects of acetazolamide after
7,8-benzoquinoline may be exaggerated if the basal HCO;~
secretion present in unstimulated Calu-3 monolayers
continues after stimulation with 7,8-benzoquinoline. This
may be unlikely if NBC1 is compromised by the addition
of hyperpolarising 7,8-benzoquinoline. Yet a further
complication is the sensitivity of the Na'-K'-2Cl”
cotransporter to Cl; (Haas & McBrayer, 1994; Putney et al.
1999). If blocking NHE1 and AE2 or alternatively
inhibiting carbonic anhydrase reduces CI7;, then the
activity of the cotransporter will be upregulated. We note
that when inhibitors are used there is some rebound after
maximal inhibition is achieved (Figs 5 and 6), which could
represent upregulation of the Na*™~K"-2Cl" cotransporter,
although we have not specifically investigated this.

We have searched for other possible actions of
acetazolamide on the channels known to be present in
both apical and basolateral membranes. Turning first to
the apical membrane, both functional and expression
studies show the presence of CFTR in Calu-3 cells (Haws et



5
S
S

(7%
i
A
s
=

=

~

3
~

] Physiol 551.1

al. 1994; Liedtke et al. 2001) and it is known that lowering
pH; reduces the chloride conductance (G¢j) of CFTR in
sweat gland epithelia (Reddy er al. 1998). Addition of
7,8-benzoquinoline caused a modest lowering of pH; but
provided no clue that pH changes were relevant to the
inhibitory effects of acetazolamide on SCC. We also
investigated if acetazolamide acted upon the basolateral
K" channels so crucial for the stimulation by 7,8-benzo-
quinoline. That two types of basolateral epithelial
K" channels exist in Calu-3 cells follows from the
demonstration of appropriate mRNAs (Cowley &
Linsdell, 2002). However, in nysatin-treated monolayers
acetazolamide had only a miniscule inhibitory effect on
the current, possibly as a result of cells that had not been
permeabilised with nystatin.

It is hardly necessary to comment on the presence of the
ubiquitous Na*-K*-ATPase in the diagram, since it is
found in all cells, but its basolateral location was proven
from the sidedness of the effects of ouabain on SCC in
Calu-3 monolayers (Singh et al. 1997). The inclusion of a
membrane-bound form of carbonic anhydrase, CAIV in
the apical membrane does require comment since it has
not been looked for in Calu-3 cells. CAIV is found in
HCO; -secreting human pancreatic duct cells, where
trafficking to the cell membrane is dependent upon CFTR
and where it may show channel characteristics (Fanjul et
al. 2002). Thus some fraction of the current inhibited by
acetazolamide may have been due to HCO;  movement
through CAIV. There is a continuing debate as to whether,
in HCOj; -secreting epithelia, HCO; effluxes through
CFTR or whether there is a parallel arrangement of CFTR
with a CI'=HCO;™ exchanger. However no evidence for the
presence of AE2 in the apical membrane of Calu-3 cells
has been found (Lee et al. 1998; Loffing et al. 2000).
Acetazolamide does not differentiate between membrane
bound and cytosolic CAs, hence we used non-permeable
CA inhibitors to investigate the possibility that membrane-
bound carbonic anhydrase in the apical membrane was
involved in anion transport. The inhibitors CAI 1-3 had no
discernable effect on the responses to 7,8-benzoquinoline.
Thus CAIV does not appear to be involved in the actions of
7,8-benzoquinoline on Calu-3 cells.

Finally, we must conclude that activities of AE2 and/or
NHE1 are increased by 7,8-benzoquinoline, as no Cl”
transport is present in the basal state. We do not know if
this activity is direct or a consequence of other changes.
Presumably this activity is also demonstrated by EBIO,
which we showed behaved similarly to 7,8-benzo-
quinoline. The quantitative differences between EBIO and
7,8-benzoquinoline could be explained by differences in
the relative activities on different cellular targets in both
the apical and basolateral membranes.

In summary, 7,8-benzoquinoline activates Cl” secretion by
co-ordinate actions at basolateral K™ channels and apical
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ClI” channels, presumably CFTR. CI” enters the cell
through the basolateral membrane using the Na™—K"-2CI~
cotransporter and a parallel arrangement of NHE1 with
AF2, these latter two being sensitive to acetazolamide
because of their association with CAIIl. Amiloride and
DNDS can achieve the same effect as acetazolamide, again
through inhibition of one of the processes for Cl™ entry.
Transport mediated by NHE1 together with AE2 is
important when the transport rate is high. The
electrogenic sodium-bicarbonate cotransporter probably
has little effect on transepithelial transport in the presence
of 7,8-benzoquinoline, since it is inhibited or reversed by
membrane hyperpolarisation. Thus a fraction of the
current stimulated by 7,8-benzoquinoline and inhibited
by acetazolamide can be said to represent HCO; -
dependent Cl” secretion.
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