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Abstract

 

The cortical thick ascending limb (CTAL) absorbs Cl

 

2

 

 via a
Na

 

1

 

-K

 

1

 

-Cl

 

2

 

 cotransport at the apical membrane and sev-
eral Cl

 

2

 

 channels at the basolateral membrane, including a
9-pS channel having several properties of the cystic fibrosis
transmembrane conductance regulator (CFTR). Having
checked that CFTR mRNA is present in the mouse CTAL,
we investigated whether this channel is a CFTR molecule
by applying the patch-clamp technique to CTALs microdis-

 

sected from CFTR knockout mice (

 

cftr

 

m1Unc

 

). The 9-pS
channel was active in cell-attached patches from tubules of
mice homozygous for the disrupted 

 

cftr

 

 gene [CFTR (

 

2

 

/

 

2

 

)]
at the same frequency and with the same activity (

 

NP

 

o

 

) as in
normal [CFTR (

 

1

 

/

 

1

 

)] or heterozygous [CFTR (

 

1

 

/

 

2

 

)]
mice. The conductive properties of the channel, studied on
inside-out patches, were identical in CFTR (

 

2

 

/

 

2

 

), CFTR
(

 

1

 

/

 

1

 

), and CFTR (

 

1

 

/

 

2

 

) tubules, as were the sensitivities to
internal pH and internal ATP, two typical features of this
channel. In addition, the Cl

 

2

 

 absorption in isolated, micro-
perfused CTALs and the Na

 

1

 

-K

 

1

 

-Cl

 

2

 

 cotransport activity
were identical in CFTR (

 

2

 

/

 

2

 

), CFTR (

 

1

 

/

 

1

 

), and CFTR
(

 

1

 

/

 

2

 

) mice. These results show that the 9-pS Cl

 

2

 

 channel is
distinct from CFTR, and that the CFTR protein has no in-
fluence on the Cl

 

2

 

 absorption in this part of the renal tu-
bule. (

 

J. Clin. Invest.

 

 1998. 102:1986–1993.) Key words: Cl

 

2

 

channel 

 

• 

 

CFTR 

 

• 

 

basolateral membrane 

 

• 

 

kidney 

 

• 

 

epithelium

 

Introduction

 

The thick ascending limb of the loop of Henle (TAL)

 

1

 

 reab-
sorbs some 20–40% of the NaCl filtered by the glomerulus,
mainly by the operation of a Na

 

1

 

-K

 

1

 

-2Cl

 

2

 

 cotransporter at the

apical membrane, and Na

 

1

 

-K

 

1

 

-ATPase and Cl

 

2

 

 conductance
at the basolateral membrane (1). Studies on isolated, micro-
perfused TALs have shown that the NaCl basal reabsorption
occurring in this renal segment is increased two- to fivefold by
several polypeptide hormones, including arginine vasopressin
(AVP), acting via cAMP (1). This type of ion transport system
is reminiscent of that used by Cl

 

2

 

-secreting epithelia such as
the intestine and airways (2), where a Na

 

1

 

-K

 

1

 

-2Cl

 

2

 

 cotrans-
porter is located at the basolateral side of the epithelium (in-
stead of the apical one), and there is an apical Cl

 

2

 

 conductance
(instead of a basolateral one). It is now clear that the cystic fi-
brosis transmembrane conductance regulator (CFTR) protein,
in the epithelia where Cl

 

2

 

 

 

secretion is controlled by cAMP, is
the Cl

 

2

 

 channel mediating the apical membrane step of Cl

 

2

 

 se-
cretion (2).

We have shown recently that the Cl

 

2

 

-absorbing TAL of
mouse kidney contains, in addition to the 20–40-pS Cl

 

2

 

 chan-
nel found by us and others (3, 4), a 9-pS Cl

 

2

 

 channel in the ba-
solateral membrane that resembles the CFTR in several re-
spects (5). This channel is active in the basal state and is
stimulated by cAMP via phosphorylation. Like CFTR, the
channel is stimulated by intracellular ATP in the presence of
Mg

 

2

 

1

 

 and blocked by 5-nitro-2-(3-phenylpropylamino)benzoic
acid and diphenylamine-2-carboxylic acid (5), but unlike
CFTR (6, 7) it is very sensitive to internal pH (8). Several stud-
ies have shown that CFTR mRNA is present in all parts of the
human and rat renal tubules, including the loop of Henle (9),
and in the mouse kidney (10). Thus, the TAL 9-pS channel
may be a CFTR molecule that is located at the basolateral side
of TAL cells because of the absorptive function of this epithe-
lium. Alternatively, this channel may be a distinct molecular
entity, although it bears some functional resemblance to
CFTR, and is the equivalent of CFTR for this type of epithe-
lium, which absorbs Cl

 

2

 

 

 

under the control of cAMP.
This study was carried out to investigate this question in

the cortical TAL by taking advantage of the recent creation of
mice with a disrupted 

 

CFTR

 

 gene. We used the animal model
created by Snouwaert et al. (10) by inserting a 

 

neomycin

 

 gene
in place of part of exon 10 (

 

cftr

 

tm1Unc

 

 mouse). Electrophysiolog-
ical studies (11–15) demonstrated no cAMP-dependent Cl

 

2

 

 se-
cretion in jejunum, cecum, colon, nasal, and oviduct tissues of
mice homozygous for the disrupted 

 

cftr

 

 gene. These mice suf-
fer from a mild disorder of the pancreas and airways (14), due
to the presence of an alternative secretory Cl

 

2

 

 pathway, a cal-
cium-sensitive Cl

 

2

 

 channel which compensates for the total
lack of cAMP-dependent Cl

 

2

 

 currents (14, 15).

 

Methods

 

This study used 

 

cftr

 

m1Unc

 

 mice (10, 11) bred in the Centre de Dével-
oppement des Techniques Avancées pour l’Expérimentation Ani-
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1. 

 

Abbreviations used in this paper:

 

 AVP, arginine vasopressin;
CFTR, cystic fibrosis transmembrane conductance regulator; CTAL,
cortical thick ascending limb of the nephron; EBCR, epithelial baso-
lateral chloride conductance regulator; pH

 

i

 

, intracellular pH; TAL,
thick ascending limb of the nephron. 
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male (CDTA, Orléans, France), and then delivered to the laboratory
where experiments were done within a few days. Mice homozygous
and heterozygous for the disrupted 

 

CFTR

 

 gene are referred to as
CFTR (

 

2

 

/

 

2

 

) and CFTR (

 

1

 

/

 

2

 

) mice, respectively, while wild-type
animals are CFTR (

 

1

 

/

 

1

 

) mice. Male and female mice, aged 3–8 wk,
were killed by cervical dislocation. CFTR (

 

2

 

/

 

2

 

) mice (11.4

 

6

 

0.5 g
body wt,

 

 n 

 

5 

 

40) were considerably smaller than CFTR (

 

1

 

/

 

1

 

)
(17.9

 

6

 

0.6 g body wt,

 

 n 

 

5 

 

36) and CFTR (

 

1

 

/

 

2

 

) (19.0

 

6

 

0.6 g body wt,

 

n 

 

5 

 

40) mice (

 

P

 

 

 

, 

 

0.05). The genotype of each mouse was deter-
mined by PCR analysis of DNA using fragments of tail.

Short-circuit current experiments were done on distal colon tis-
sues to verify that there was no cAMP-dependent Cl

 

2

 

 secretion in
CFTR (

 

2

 

/

 

2

 

) mice (11, 14). Tissues were bathed on both sides with an
oxygenated Krebs solution containing HCO

 

3

 

2

 

. Bilateral addition of
10

 

2

 

5

 

 M forskolin elicited no increase in short-circuit current (

 

D

 

I

 

sc

 

) in
CFTR (

 

2

 

/

 

2

 

) mice (

 

D

 

I

 

sc

 

 

 

5 2

 

2.1

 

6

 

6.8 

 

m

 

A/cm

 

2

 

, 

 

n

 

 

 

5 

 

10), whereas it sig-
nificantly increased short-circuit current in CFTR (

 

1

 

/

 

1

 

) mice (

 

D

 

I

 

sc

 

 

 

5

2

 

29.4

 

6

 

8.1 

 

m

 

A/cm

 

2

 

, 

 

n

 

 5 7) and CFTR (1/2) mice (DIsc 5 219.666.0
mA/cm2, n 5 11).

RT-PCR analysis. Total RNA was extracted from whole mouse
kidneys and microdissected mouse cortical thick ascending limbs of
the nephron (CTALs) and was reverse-transcribed (16). 100–300 ng
kidney cDNA, non–reverse-transcribed RNA, and CTAL cDNA
were amplified for 34–35 cycles in a 100-ml total volume containing 50
mM KCl, 20 mM Tris-HCl (pH 8.4), 40 mM dNTP, 1.5 mM MgCl2, 1 U
Taq DNA polymerase, 42.6 pmol of CFTR primers, and 7.2 or 0.6
pmol b-actin primers, without or with 1 mCi [a-32P]dCTP. The two
CFTR primers were: sense 59-CAGTCATCTCTGCCTTGTGGGA-
39 in the mouse CFTR exon 9 and antisense 59-CGAACTGA-
AGCTCGGACGTAGACT-39 in the mouse CFTR exon 13. b-actin
primers were the same as described previously (16). The thermal cy-
cling program was as follows: 948C for 30 s, 608C for 30 s, and 728C for
60 s. Amplification products were run on 2% agarose gel, stained
with ethidium bromide and photographed, or on 4% polyacrylamide
gel and autoradiographed.

Patch-clamp. CTALs were microdissected from the mouse kid-
neys after a collagenase treatment (Worthington CLS II, 300 U/ml) as
described previously (5). Two patch-clamp experiments were usually
done simultaneously. Single-channel currents were recorded from
patches of basolateral membranes using the cell-attached and inside-
out configurations (17). The bath reference was 0.5 M KCl (in a 4%
agar bridge) connected to an Ag/AgCl pellet. The applied clamp po-
tential (Vc 5 Vbath – Vpipette) is superimposed on the spontaneous cell
membrane potential Em (which is unknown) in cell-attached patches,
while it corresponds to the trans-membrane potential in excised
patches. Currents due to anions moving from the outer to the inner
surface of the patch are positive and correspond to upward deflec-
tions in single-channel current tracings.

Single-channel current recordings were filtered at 300 Hz, digi-
tized at 1 kHz, and analyzed with custom-designed software (Thierry
Van den Abbeele, Paris, France). The normalized currents (NPo)
were calculated from the equation I 5 NPo i, where i is the amplitude
of the unit current of the 9-pS channel. The mean current (I) passing
through the channels present in the patch was estimated from current
amplitude histograms, taking the closed current level for the 9-pS
channel as reference. In cell-attached patches, the closed current
level was determined by inhibiting the pH-sensitive 9-pS channel by
NH4Cl superfusion. Other channels contributed minimally to the to-
tal current. The large-conductance Cl2 channel (3) generally had a
low activity. A few measurements which showed highly active high-
conductance Cl2 channels were not included in the results. K1 chan-
nels were not visible under the present experimental conditions (low
[K1]o, see reference 18). The maximal number of channels simulta-
neously open throughout the recording (Nmax) was determined by a
visual inspection. In cell-attached patches, the reversal potential of
the i/v curve Er is equal to the algebraic difference between Em and
the equilibrium potential for the ions passing through the channel.
Relative ion permeabilities were estimated from the reversal poten-

tial for current flow (Er) using the voltage Goldman-Hodgkin-Katz
equation.

The patch-pipette and bath solutions contained (mM): NaCl 140,
KCl 4.8, MgCl2 1.2, CaCl2 1, glucose 10, Hepes 10 and were adjusted
to pH 7.4 with NaOH. Bathing solutions used for inside-out patches
were titrated to pH 7.2 and the Ca21 concentration was usually
brought to , 1028 M by adding 2 mM EGTA. A low-NaCl solution
differed from the standard solution in that the NaCl concentration
was reduced to 14 mM (with 260 mM sucrose) and no KCl was in-
cluded. The liquid-junction potential was determined using a 2.7 M
KCl-filled pipette placed successively in control and low-NaCl solu-
tions, and measuring the resulting voltage deflection in zero-current
clamp. A value of 9 mV was found, and Vc was corrected accordingly.
Experiments were conducted at room temperature (20–248C) unless
otherwise stated.

Assessment of Na1-K1-2Cl2 cotransport activity. The activity of
the Na1-K1-2Cl2 cotransporter was monitored by taking advantage
of the fact that NH4

1 can be taken up by the cotransporter in place of
K1 (19, 20). NH4Cl (4 mM) was superfused onto CTAL tubules, caus-
ing sustained intracellular acidification, which was preceded by a
transient alkalinization. The time courses of intracellular pH (pHi)
decreases in the presence of NH4Cl (see Fig. 7) were fitted by a one-
exponential equation. Na1-K1-2Cl2 cotransport activity was defined
as the bumetanide-sensitive component of the acidification rate (20),
i.e., the difference between acidification rates in the absence and

Figure 1. CFTR mRNA in whole kidney and microdissected CTAL. 
Total RNA was extracted from mouse whole kidneys and CTALs 
and was reverse-transcribed. (A) Samples of cDNA (300 ng) from 
whole kidneys (K) were amplified by PCR for 35 cycles. 15-ml ali-
quots of the PCR reaction were loaded on a 2% agarose gel and the 
fragments were stained with ethidium bromide. (Top) Amplified 
products of the expected size (636 bp) were obtained in CFTR (1/1) 
and CFTR (1/2) mice with CFTR primers. No bands were detected 
in CFTR (2/2) mice or by omitting cDNA (C). (Bottom) Equivalent 
amounts of amplified products (250 bp) for b-actin, used as internal 
standard, were detected using 300-ng aliquots from the same cDNAs 
of CFTR (1/1), CFTR (1/2), and CFTR (2/2) mice. No bands 
were detected by omitting cDNA (C) or using non–reverse-tran-
scribed RNA (not shown). (B) Autoradiograms of 32P-labeled frag-
ments formed by RT-PCR from whole kidney of a CFTR (1/1) 
mouse (K) and CTALs microdissected from CFTR (1/1) [TAL 1/1] 
and CFTR (2/2) [TAL 2/2] kidneys. CFTR-amplified products for 
34 cycles from 100 ng cDNA were detected in the normal mouse kid-
ney and in normal microdissected CTAL when compared with the 
amount of b-actin–amplified products. No CFTR mRNA was de-
tected in CFTR (2/2) CTAL.
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presence of bumetanide. The activity of other NH4
1

 transporters (19, 20)
was reduced by including 250 mM Ba21 throughout the experiment.

BCECF fluorescence was monitored in ratio mode using video-
enhanced fluorescence microscopy and image processing (Argus-50;
Hamamatsu Photonics K.K., Hamamatsu City, Japan) at 378C. A
CTAL was epi-illuminated at 490 and 440 nm and the fluorescence
emitted from a 50–80-mm long portion of the CTAL was detected at
535 nm by an intensified CCD camera (C2400-87; Hamamatsu). Im-
ages were generated at each excitation wavelength by integrating
eight frames (256 3 241 pixels). Image pairs, acquired every 20 s
(control) or 3 s (NH4Cl exposure), were ratioed on a pixel-by-pixel
basis, and converted to pHi values (10) using the high K1/nigericin
method (8). All fluorescent images were corrected for shading. Back-
ground noise (including cellular autofluorescence) was not detectable.

Microperfusion experiments. CTALs were microperfused in vitro
(21). The tubule lengths in the three groups were not statistically differ-
ent (not shown). Each tubule was transferred to a Lucite chamber kept
at 36.060.18C, with a flow rate of z 5 ml/min, and allowed to equili-
brate for l h. AVP (10210 M) was added to the bath for 40 min after a
30-min control period. Samples of luminal fluid were collected every 10
min. The composition of the perfusion solution was (mM): NaCl 140,
KCl 4, Na2HPO4 0.33, NaH2PO4 0.44, MgCl2 1, MgSO4 0.8, CaCl2 1,
Hepes 10, and urea 10. Glucose (5 mM) was added to the bathing solu-
tion. All solutions were adjusted to pH 7.4. Cl2 concentrations in the
collected fluid (Cc) and perfusate (Cp) were determined by microelec-
trometric titration. The flow rate (V) was calculated from the volume
of the collected sample, assuming that water reabsorption was negligi-
ble in these segments (1). The net Cl2 flux was calculated as JCl 5 (Cc 2
Cp)V, expressed in picomoles per minute.

Statistics. Experimental values are given as means6SEM; n de-
notes the number of experiments. Statistical significance was evalu-
ated within each series by paired Student’s t test. Data were com-
pared between groups using one-way ANOVA or Kruskal-Wallis
analysis when the data were not normally distributed (SigmaStat;
SpSS GmbH, Erkrath, Germany). Proportions were compared using
the x2 test. A P value of 0.05 was considered significant.

Results

CFTR mRNA in mouse kidney and thick ascending limb. RT-PCR
was used to detect CFTR mRNA in the whole kidney and mi-
crodissected CTALs. CFTR mRNA was detected in the kid-

neys from CFTR (1/1) and from CFTR (1/2) mice, but not
in kidneys from CFTR (2/2) mice (Fig. 1 A). CTALs micro-
dissected from CFTR (1/1) mouse kidneys showed CFTR
transcripts but no CFTR mRNA was found in CFTR (2/2)
CTALs (Fig. 1 B).

Channel recording in cell-attached patches. Previous studies
showed that the CTAL basolateral membrane contains a Cl2

channel of z 9 pS. This channel is readily detected in the cell-
attached configuration when tubules are preincubated with a
solution containing 10 mM forskolin for at least 10 min (5, 8).
The first series of experiments determined whether this chan-
nel was present in CTAL tubules microdissected from CFTR
(2/2) mice. Cell-attached patches revealed an ion channel
with a unit conductance of z 9 pS in CFTR (1/1) (9.060.7 pS,
n 5 16), CFTR (1/2) (8.060.5 pS, n 5 31), and CFTR (2/2)
(8.860.3 pS, n 5 35) mice. The reversal potential was close to
0 mV in the three groups, suggesting that the permeating ion
species was at equilibrium [CFTR (1/1): 0.461.6 mV, n 5 16;
CFTR (1/2): 0.361.5 mV, n 5 31; CFTR (2/2): 20.361.1
mV, n 5 35]. The unit conductances and reversal potentials for
the three groups of CTAL tubules were not statistically differ-
ent and were quite similar to those previously reported (5).
The percentage of patches containing this channel was also
similar in the three groups: 69% for CFTR (1/1) (29 patches
from 15 mice), 79% for CFTR (1/2) (62 patches from 25
mice), and 78% for CFTR (2/2) (69 patches from 24 mice).
Fig. 2 A shows openings of this channel obtained in the cell-
attached mode from a CFTR (2/2) CTAL. Very brief open-
ings of a second type of Cl2 channel (3) are visible in some in-
stances. The mean i/v relationship of the small channel in the
cell-attached mode is shown in Fig. 2 B for CFTR (2/2).

We then assessed the normalized current, NPo, as an esti-
mate of channel activity in cell-attached patches, using NH4Cl
superfusion to determine the closed current. Channel activity
was recorded for 2–3 min at 180/1100 mV. Then a solution
containing 10 mM NH4Cl was superfused onto the tubule.
NH4Cl caused an initial transient alkalinization, followed by
tonic intracellular acidification (see Fig. 6), and almost com-
pletely inhibited the 9-pS Cl2 channel, which is pH sensitive

Figure 2. 9-pS Cl2 channel recorded from 
CTAL tubules of CFTR (2/2) mice. (A) 
Single-channel current recordings at vari-
ous clamp potentials (Vc) recorded from 
one basolateral membrane patch in the 
cell-attached configuration. Vc is superim-
posed on the spontaneous cell membrane 
potential (which is unknown). Some brief 
openings of a second type of Cl2 channel 
(3) are superimposed upon the smaller 
openings of the 9-pS Cl2 channel. Pipette 
and bath: 140 mM NaCl solution. The letter 
C to the left of the trace indicates the 
closed current level in this and subsequent 
figures. (B) Mean i/v relationships for the 
channel, obtained from CFTR (2/2) tu-
bules in the cell-attached configuration 
(filled squares, bath: 140 mM NaCl solu-
tion, 8–30 measurements in 31 patches) and 
in the inside-out configuration (open cir-
cles, bath: 14 mM NaCl solution, 5–10 mea-
surements in 12 patches). Pipette: NaCl so-
lution. Points are means6SEM. The lines 
are linear regressions of the data.
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(8). The mean current over the control period was measured
taking the leak current value in the presence of NH4Cl as base-
line, and used to calculate NPo. Fig. 3 A shows a current re-
cording from a patch formed on a CFTR (1/2) tubule which
contained a large number of channels.

NPo was very variable in each group, ranging from less than
1 to 110 (Fig. 3 B). This cannot be attributed to variations in pi-
pette tip size, since we used pipettes with the same resistance
(3.9–5.7 MV) throughout the study. A plot of NPo in each
group showed no correlation with pipette resistance. Thus the
variations in NPo suggest that either the 9-pS Cl2 channels are
distributed in clusters, or that the cells have widely differing
Cl2 conductances. The mean NPos were 3268 (n 5 17) for
CFTR (1/1), 2767 (n 5 12) for CFTR (1/2), and 2568 (n 5
16) for CFTR (2/2) tubules (Fig. 3 B); they were not statisti-
cally different. The maximal numbers of small-conductance
Cl2 channels (Nmax) in each patch for the three tubule groups

were also similar (data not shown). The experiments were re-
peated at 378C in the absence of forskolin and gave qualita-
tively similar results: the small-conductance Cl2 channel was
present in CFTR (2/2) tubules and had an Nmax of 1263 (n 5
10), whereas the Nmax was 1865 (n 5 10) in CFTR (1/1) and
964 (n 5 9) in CFTR (1/2) patches (NS, ANOVA on ranks).

Conductance and selective properties of the channel in ex-
cised patches. In the excised configuration, identical NaCl so-
lutions on both sides of the membrane patch resulted in chan-
nels with similar conductances in CFTR (1/1), CFTR (1/2),
and CFTR (2/2) CTALs (Table I, no statistical differences
between the groups).

The anion/cation selectivity was determined by reducing
the NaCl concentration in the bathing solution to 14 mM while
keeping the pipette solution at 140 mM NaCl. The i/v curves
for the channel from CFTR (1/1), CFTR (1/2), and CFTR
(2/2) CTAL tubules were similar, the unit conductances were
identical, and the reversal potentials were close to the equilib-
rium potential for chloride, verifying that the channel is chlo-
ride selective (see Table I). The reversal potentials were used
to calculate a PCl/PNa permeability ratio of 13.5–16.9 (Table I).
Fig. 2 B shows the mean i/v relationship for CFTR (2/2)
CTALs with a 14 mM NaCl bathing solution. Previously, we
observed that replacing all Cl2 with I2 resulted in total inhibi-
tion of the channel (7). Therefore, we obtained an estimate of
PI/PCl by measuring the shift in the reversal potential when a
14 mM NaCl solution was supplemented with 10 mM NaI. This
caused a 20-mV shift of the reversal potential towards positive
voltages (Table I), showing that the channel is highly perme-
able to I2 (PI/PCl < 2) in all three tubule groups.

Regulation in inside-out patches: effects of internal pH,
ATP, and pyrophosphate. The 9-pS Cl2 channel in CTAL is
stimulated by internal ATP in z 30–60% of inside-out patches
(5). Channel activity was stimulated by ATP in CFTR (2/2)
CTAL tubules (Fig. 4 A). 1 mM ATP increased NPo in 52% of
patches from CFTR (1/1) tubules (21 test patches), 37% of
patches from CFTR (1/2) tubules (27 test patches), and 30%
of patches from CFTR (2/2) tubules (27 test patches). The
changes in NPo induced by ATP varied greatly, from 0.1 to 4.0,
in each tubule group. The differences between groups for the
percentage of responding patches and the increase in NPo

(DNPo) were not statistically significant (Fig. 4 B).
Pyrophosphate stimulates the activity of the human CFTR

Cl2 channel (22, 23). Pyrophosphate (5 mM) increased the
NPo of the 9-pS Cl2 channel to a similar extent in CFTR (1/1)
and CFTR (2/2) CTALs in the presence of ATP: 161612 (n 5
3) and 192% (n 5 2), respectively, when expressed as a per-
centage of control. A typical response for a CFTR (1/1) tu-
bule is given in Fig. 4 C. Pyrophosphate had no effect when no
channel was active in the ATP-containing solution.

One important property of the CTAL Cl2 channel that dis-
tinguishes it from the human recombinant CFTR channel (6,
7) is that it is very sensitive to internal pH (10). This property
was preserved in the thick ascending limb of CFTR (2/2)
mice (Fig. 5 A). The effects of internal pH on channel activity
were investigated by comparing the NPo at pH 6.8 and at pH
7.6. to control (pH 7.2); there was no statistically significant
difference between the three tubule groups (Fig. 5 B).

To complete this study, we investigated whether disruption
of the cftr gene indirectly affected the activity of another Cl2

transport system, the Na1-K1-Cl2 cotransporter, or the overall
Cl2 transport across the CTAL epithelium.

Figure 3. An estimate of the number of 9-pS Cl2 channels in cell-
attached patches. (A) Current recording at 1 80 mV from a cell-
attached patch formed on a CFTR (1/2) CTAL tubule. At the ar-
row, a NaCl solution containing 10 mM NH4Cl, superfused onto the 
tubule to acidify the intracellular compartment, rapidly inhibited the 
activity of the 9-pS Cl2 channel, as previously reported (8). Taking 
the final current level as baseline, a NPo of 42 was calculated for this 
particular patch. (Inset) Current recordings from the same cell-attached 
patch on an expanded time scale. Letters indicate the position of the 
excerpt within the continuous recording. (B) Histograms showing the 
distribution of NPo in patches attached to CFTR (1/1), (1/2), and 
(2/2) CTALs. Mean NPo6SEM (open squares) were not statistically 
different (ANOVA on ranks). Numbers of observations are shown in 
parentheses.



1990 Marvão et al.

Na1-K1-2Cl2 cotransporter activity. One CTAL tubule was
superfused with a Ringer solution containing 4 mM NH4Cl
with and without the cotransporter inhibitor bumetanide (0.1
mM). As previously reported (19), the bilateral addition of
NH4Cl, without bumetanide, in the presence of barium, led to
a small, very transient alkalinization2 followed by tonic acidifi-

cation (Fig. 6). The acidification was greatly blunted by bumet-
anide (Fig. 6). Bumetanide-sensitive acidification rates in
CFTR (1/1) (20.4660.1 pH units/min, nine tubules from six
mice), CFTR (1/2) (20.3560.05 pH units/min, five tubules
from three mice), and CFTR (2/2) (20.3560.07 pH units/
min, six tubules from four mice) mice were not statistically dif-
ferent, indicating similar activities in the three groups.

Cl2 absorption in isolated, microperfused CTAL tubules.
The JCl under basal conditions were not significantly different
in the three groups (Fig. 7 A): 37.865.5 pmol/min (n 5 13) for
CFTR (1/1), 27.464.8 pmol/min (n 5 12) for CFTR (1/2),
and 26.064.9 pmol/min (n 5 12) for CFTR (2/2) mice. The
tubule perfusion rates, and hence the perfused chloride bulks
for all the groups (Fig. 7 A), were also similar: 3.5560.45,
3.2860.27, and 3.2160.55 nl/min for CFTR (1/1), CFTR (1/2),

Table I. Conductive Properties of the 9-pS Cl2 Channel in Excised Patches

Solution CFTR (1/1) CFTR (1/2) CFTR (2/2)

g (pS) 140 NaCl 10.461.4 (6) 8.460.8 (12) 9.660.6 (12)
g (pS) 14 NaCl 10.860.7 (13) 10.860.4 (11) 10.560.6 (12)
Er (mV) 14 NaCl 243.761.7 (13) 242.662.1 (11) 241.263.3 (12)
PCl/PNa 14 NaCl 16.9 15.9 13.5
g (pS) 14 NaCl 1 10 NaI 11.0 (2) 10.860.2 (4) 10.260.4 (4)
Er (mV) 14 NaCl 1 10 NaI 220.361.7 (3) 219.062.1 (4) 219.162.6 (4)
PI/PCl 14 NaCl 1 10 NaI 2.0 2.0 1.9

The unit conductance (g) and the reversal potential (Er) were estimated from a linear regression of individual i/v relationships. (n), number of obser-
vations. The various solutions mentioned are standard (140 NaCl), low-NaCl (14 NaCl), and low-NaCl supplemented with 10 mM NaI (14 NaCl 1 10
NaI) solutions. The Cl2 to Na1 (PCl/PNa) and I2 to Cl2 (PI/PCl) permeabilities were deduced from the mean Er values using the Goldman-Hodgkin-
Katz voltage equation. There was no statistical difference between the groups.

Figure 4. Activation of the 9-pS Cl2 channel by inter-
nal ATP and by pyrophosphate. (A) Channel current 
recording from one inside-out patch in CFTR (2/2) 
tubule showing activation of the Cl2 channel by ATP 
which is in the typical range for this group. The large, 
brief deflections are openings of the second type of 
Cl2 channel with a larger conductance (3). Vc 5 59 
mV. (B) Histograms showing the increase in NPo 
(DNPo) induced by 1 mM ATP. Numbers of observa-
tions are shown in parentheses. The data were not dif-
ferent between groups (ANOVA on ranks). DNPo 
values were 1.260.3 for CFTR (1/1), 0.760.2 for 
CFTR (1/2), and 0.960.5 for CFTR (2/2) CTALs. 
(C) Current recording from one inside-out patch 
formed on a CFTR (2/2) CTAL showing the activa-
tion of the 9-pS Cl2 channel by pyrophosphate (PPi, 5 
mM) in the presence of ATP. Inside-out patches were 
bathed with a 14 mM NaCl solution (pipette: NaCl so-
lution). Vc 5 69 mV.

2. The NH4Cl-induced initial alkalinizations reflect the basolateral en-
try of the membrane-permeant species, NH3, and its intracellular
combination with H1 to form NH4

1. Since both apical and basolateral
membranes were exposed to NH4Cl, [NH3]o is constant. As NH4

1 en-
ters the cells and dissociates into NH3 and H1, the newly formed NH3

tends to increase [NH3]i above its equilibrium and readily leaves the
cells. Because the diffusion of NH3 is thought to be at a faster rate
than NH4

1 entry, it is not rate limiting in the secondary acidification.
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and CFTR (2/2) mice, respectively. There was also a signifi-
cant linear relationship between JCl and the flow rate for the
CFTR (2/2) and CFTR (1/1) groups (y 5 9.6x 2 2.5, P ,
0.001, and y 5 9.0x 1 3.1, P , 0.01, respectively). But there
were no significant differences in the slopes and ordinates, in-
dicating that JCl was not different in the two groups for a simi-
lar tubule flow rate (Fig. 7 B).

The effect of AVP on JCl was investigated in the three
groups of mice, since this hormone increases the intracellular
cyclic AMP in the mouse TAL (21). The AVP effect was not
tested in two tubules from CFTR (2/2) mice. The hormone
significantly increased JCl by 17.165.1 pmol/min for the CFTR
(1/1), 16.562.6 pmol/min for CFTR (1/2), and 17.065.3
pmol/min for CFTR (2/2) mice (Fig. 7 C). The data from the
three groups (Fig. 7 D) fitted the same linear relationship be-
tween JCl values in the presence and absence of AVP (y 5 1.3x 1
7.9, r 5 0.89, P , 0.001).

Discussion

This study on cftrtm1Unc mice (10) shows that the 9-pS CTAL
Cl2 channel is present at the same frequency in cell-attached
patches from CFTR (1/1), CFTR (1/2), and CFTR (2/2)

mice. It has the same ion selectivity properties and similar sen-
sitivities to pH, ATP, and pyrophosphate in all three groups of
mice. In addition, the overall Cl2 absorption across CTAL epi-
thelium is normal in CFTR (2/2) mice.

The 9-pS CTAL Cl2 channel and CFTR. Several lines of ev-
idence indicate that the CTAL Cl2 channel is distinct from
CFTR. First, the currents due to 9-pS channel activity were
similar in CFTR (2/2), CFTR (1/1), and CFTR (1/2) mice.
The only published single-channel study of cf mice found that
there were few CFTR Cl2 channels in the apical membrane of
cultured gall bladder cells from a DF508 cystic fibrosis mouse
(24): the number of channels per patch was 16% of that in nor-
mal mice at room temperature. Because the processing of
DF508 protein may be facilitated at room temperature (2), the
authors also tested for the presence of the mutated CFTR at
378C and reported that the number of CFTR channels per
patch was 1% of that in normal mice at this temperature. A
similar loss of CFTR should be expected in our study if the
CTAL channel was a CFTR protein.

The same studies (24) indicated that the mouse CFTR has
a lower unit conductance (z 5 pS) than the CTAL Cl2 channel
(8–10 pS). Recently, a similar unit conductance of 5.8 pS was
found at 378C for mouse CFTR expressed in Chinese hamster
ovary cells (25). We find that the unit conductance of the
CTAL Cl2 channel is z 11–12 pS at 378C [CFTR (1/1):
12.660.8 pS (n 5 10); CFTR (1/2): 11.160.9 pS (n 5 10);
CFTR (2/2): 11.960.6 pS (n 5 11)]. The human CFTR (6, 7)
is also rather insensitive to pH (this characteristic has not been
investigated in the mouse), whereas the CTAL Cl2 channel is
very sensitive to internal pH (8). There are other, additional
differences: the I2 to Cl2 permeability ratio (deduced from re-
versal potentials in inside-out patches) is . 1 in both the
mouse and the human CFTR (24, 26), as it is in CTAL Cl2

channel (5). However, interaction of I2 with the channel pore
reduces the unit conductance in CFTR (24, 26), whereas it de-
creases Po in the TAL Cl2 channel without decreasing the unit

Figure 5. Modulation of Cl2 channel activity by internal pH. (A) Cur-
rent recording traces from one inside-out patch formed on a CFTR 
(2/2) CTAL bathed with a 14 mM NaCl solution (pipette: 140 mM 
NaCl solution) at pH 7.2, 7.6, and 6.8. Vc 5 50 mV. (B) Histograms 
giving NPo at pH 7.6 (hatched bars) and pH 6.8 (filled bars), ex-
pressed in percentages of NPo at pH 7.2 (open bars), for the three tu-
bule groups. There were no differences between the groups in the re-
sults obtained at pH 7.6 (ANOVA) or at pH 6.8 (ANOVA on ranks).

Figure 6. Na1-K1-2Cl2 cotransport activity in a CFTR (2/2) CTAL. 
The tubule was continuously superfused with Ringer’s solution con-
taining 250 mM BaCl2 and exposed to 4 mM NH4Cl in the absence 
and presence of 100 mM bumetanide. Least-squares fitting of the time 
courses of the pHi decrease caused by NH4Cl gave acidification rates 
of 20.64 in the absence of bumetanide and 20.18 pH unit/min in its 
presence. Similar values were found for CFTR (1/1) and CFTR (1/2) 
mice.
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conductance (5). Pyrophosphate moderately stimulates the ac-
tivity of the CTAL Cl2 channel, whereas it has no effect on
mouse CFTR (25), but does not lock open the CTAL Cl2

channel as it does for the human CFTR (22, 23).
The CFTR protein has been located in the human and rat

renal tubule by immunocytochemistry. It is in the apical mem-
branes of human distal tubule (27) and the rat cortical collect-
ing tubule (28), but there has been no report of CFTR in the
TAL basolateral membranes. The CFTR seems to be re-
stricted to the cytoplasmic compartment in TAL as in the
proximal tubule (28).

Cl2 absorption in isolated CTAL tubules from cf mice. An im-
portant finding of this study is that the Cl2 absorption across
the TAL segment is not altered in the basal state in cf mice and
remains sensitive to stimulation by vasopressin via cAMP. In
contrast, there is no detectable cAMP-dependent Cl2 secre-
tion in the intestine, airways, or pancreas in this cf model (11–15
and this study, see Methods). These results are in accordance
with what is expected from a mouse model of cystic fibrosis.
There are no striking disturbances of renal function in patients
with cystic fibrosis, although there have been a few reports of
alterations, such as a decrease in the dilution capacity (see ref-
erence 29).

It was reported recently that the sensitivity of the renal K1

channel, ROMK2, to glibenclamide is enhanced by coexpres-
sion with CFTR (30). This type of channel in the TAL apical
membrane modulates NaCl absorption by recycling the K1

ions transported into the cell by the Na1-K1-2Cl2 cotrans-
porter and by participating in the setting of the transepithelial

potential difference (1). Our results suggest that the function-
ing of this K1 channel is not altered in CFTR (2/2) mice, at
least as far as K1 recycling is concerned. However, many regu-
latory possibilities of CFTR were not explored in this study,
leaving open the question of the physiological role of CFTR
in TAL.

The molecular nature of the 9-pS CTAL Cl2 channel. Our re-
sults indicate that the 9-pS CTAL Cl2 channel is distinct from
CFTR. Several properties of the channel, notably stimulation
by ATP, PKA, and pyrophosphate, strongly suggest a struc-
tural similarity with CFTR and hence the ATP binding cas-
sette proteins. Vankuijck et al. (31) have reported the cloning
of a cAMP-activated chloride conductance regulator (epithelial
basolateral chloride conductance regulator, EBCR) belonging
to the ATP-binding cassette family. Antibodies detected the
EBCR on the basolateral side of TALs and distal tubules of
rabbit kidney (31). The protein generates Cl2 currents which
are activated by cAMP and blocked by 5-nitro-2-(3-phenylpro-
pylamino)benzoic acid, niflumic acid, and DIDS (31) in oo-
cytes. However, it is unclear whether the protein itself is a
channel or if it acts as a modulator of endogenous Cl2 chan-
nels. Further investigation is needed to determine whether
EBCR, alone or associated with another Cl2 channel, partici-
pates in the CTAL basolateral Cl2 conductance. The renal tu-
bule contains ClC Cl2 channels (see reference 32) that could
be involved in the formation of the 9-pS Cl2 channel. One hu-
man homologue to ClC-K1, ClCNKB, was found recently to
cause a new type of Bartter’s syndrome, thus pointing to the
importance of ClC Cl2 channels in the TAL segment (33).

Figure 7. Net Cl2 absorption in CTAL tubules. (A) 
Net Cl2 absorption (JCl, hatched bars) and tubule per-
fusion rate (V, filled bars). Numbers of tubules are 
shown in parentheses. (B) Curve describing the linear 
relationship between JCl (ordinate) and the flow rate 
(abscissa) in CFTR (2/2) (filled circles) and CFTR 
(1/1) (open circles) mice. One point was discarded 
from each of the two groups. The equation was y 5 

9.5x 2 0.45, r 5 0.85, P , 0.001, for the pooled data 
from the two groups. There was no significant linear 
relationship for CFTR (1/2) mice. (C) Net differ-
ence in JCl (DJCl) in the presence and absence of AVP, 
on the same tubule. (D) Curve describing the linear 
relationship between the net Cl2 flux in the presence 
(ordinate) and in the absence (abscissa) of AVP for 
CFTR (1/1) (open circles), CFTR (1/2) (crossed 
circles), and CFTR (2/2) (filled circles) mice. The 
equation was y 5 1.3x 1 7.9, r 5 0.89, P , 0.001, for 
the pooled data from the three groups.
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