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Abstract. We evaluated the effects of culturing mouse
MTAL cells under conditions that suppressed steady-
state cytosolic Cl� on chloride channels fused into bi-
layers from basolateral vesicles of cultured MTAL
cells.We used two agents to suppress Cl� entry: 10�6 M
PGE2 and 10

�4
M bumetanide. Basolateral Cl� chan-

nels from control cultured MTAL cells exhibited the
signature characteristics of mmClC-Ka channels: in-
creased open-time probability (Po) either by raising
cytosolic-face [Cl�] or, at 2 mM cytosolic Cl�, by
adding (ATP + PKA), and first-order conductance
kinetics. Either 10�6 M PGE2 or 10

�4
M bumetanide in

culture media reduced steady-state MTAL cytosolic
Cl�. Chloride channels from these cells exhibited
characteristics unique to CTAL mcClC-Ka channels,
namely: no augmentation of Po either by raising
cytosolic Cl� or with cytosolic (ATP + PKA), and
multi-ion occupancy. Semi-quantitative RT-PCR and
real-time quantitative PCR showed that culturing
MTAL cells with 10�6 M PGE2 or 10

�4
M bumetanide

reduced mRNA levels encoding mmClC-Ka but not
mRNA levels encoding mcClC-Ka. However, when
MTAL cells were cultured under control conditions,
and then pre-incubated for 60 minutes with 10�4 M

bumetanide, cytosolicCl� fell acutely butCl� channels
exhibited characteristics ofmmClC-Ka channels. Thus
PGE2 and bumetanide, both of which lower steady-
state MTAL cytosolic Cl� concentrations, inhibit
either the transcriptional and/or the translational
processes for mmClC-Ka synthesis.
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Introduction

This paper reports the effects of culturing mouse
MTAL cells under conditions that reduce cytosolic
Cl� concentrations in growing cells on the functional
activity of two basolateral Cl� channels, mmClC-Ka
and mcClC-Ka, obtained from MTAL cells. Cultured
mouse MTAL cells contain the two highly homolo-
gous mRNAs encoding the Cl� channels mmClC-Ka
and mcClC-Ka [15]. Under normal growth condi-
tions [20, 33, 34, 40], Cl� channels fused into bilayers
from basolateral membrane vesicles of cultured
mouse MTAL cells exhibit the typical functional
characteristics of mmClC-Ka channels, namely: an
increase in the open time probability (Po) with ele-
vations of cytosolic-face Cl� concentrations (K1/2 =
10 mM Cl� [20, 29–31, 40]); an increase in Po when
cytosolic faces are exposed to (ATP + PKA) at 2 mM

cytosolic-face Cl� [20, 29, 30, 40]; and first-order
kinetics of ion conductance typical of single-ion
channel occupancy [12, 13, 34].

In the preceding paper [37], we showed that,
when Cl� channels were fused into bilayers from
basolateral MTAL vesicles, cytosolic-face addition of
phenylglyoxal (PGO), which presumably blocks Cl�

interaction by covalent binding to arginine or lysine
residues [14, 23, 24, 31], altered the properties of
mmClC-Ka channels to those characteristic of
mcClC-Ka channels [33, 36, 40], namely: no increase
in Po when raising cytosolic-face Cl

� concentrations
from 2 mM to 50 mM; no increase in Po when (ATP +
PKA) were added to cytosolic-face Cl� concentra-
tions at 2 mM cytosolic face Cl�; and self-block
kinetics of ion conductance typical of multi-ion oc-
cupancy. These properties were previously observed
only in Cl� channels from cultured CTAL cells [33,
36, 40].

To explore further the relations between cellular
Cl� concentrations and basolateral Cl�-channel
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functional activity in cultured mouse MTAL cells, we
cultured the latter under three sets of conditions:
control circumstances [15, 33, 34]; in the presence of
10�6 M PGE2, which suppresses adenylate cyclase
activation of Na+/K+/2Cl� entry in microperfused
mouse MTAL segments by activating Gi, the guanine
nucleotide regulatory subunit that inhibits activity of
the catalytic subunit of adenylate cyclase [3, 4, 22];
and in the presence of 10�4 M bumetanide, which
inhibits Na+/K+/2Cl� entry into cultured MTAL
cells or microperfused MTAL or CTAL segments [9,
10, 16, 21]. We found that, either with PGE2 or
bumetanide addition to the culture media, the MTAL
cells had significantly lower steady-state cytosolic Cl�

concentrations than control cells.
Chloride channels from basolateral membranes

of control MTAL cells, when fused into bilayers, had
the signature properties of mmClC-Ka channels.
However, Cl� channels fused into bilayers from
MTAL cells grown in the presence of either PGE2 or
bumetanide had the characteristic properties of
mcClC-Ka channels. Furthermore, using either
semiquantitative RT-PCR or real-time quantitative
PCR, we found that cultured MTAL cells grown in
the presence of PGE2 or bumetanide had dramati-
cally reduced levels of the DNA fragment specific for
mmClC-Ka, while there was no detectable change in
the levels of the DNA fragment specific for mcClC-
Ka. Finally, control MTAL cells pre-incubated for
one hour with bumetanide yielded Cl� channels
which, when fused into bilayers, had the typical
properties of mmClC-Ka channels, despite the fact
that the one hour pre-incubation of control MTAL
cells with 10�4 M bumetanide also reduced strikingly
cytosolic Cl� concentrations. Thus we conclude that,
in these cultured MTAL cells, steady-state reductions
in cytosolic Cl� concentrations suppressed gene
transcription and/or mRNA translation responsible
for encoding mmClC-Ka.

Preliminary reports of these findings have app-
eared in abstract form [38, 39].

Materials and Methods

The mouse MTAL and CTAL cells used in the present studies were

identical to those described in the previous paper [37] and in earlier

publications [20, 33, 34, 40].

MEASUREMENT OF CYTOSOLIC Cl�

CONCENTRATIONS

Mouse CTAL and MTAL cells were grown to confluence on

Corning 75-cm tissue culture flasks in a 1:1 mixture of Dulbecco’s

Modified Eagle’s Medium and Ham’s F12 Nutrient Mix plus 5%

fetal bovine serum with penicillin G (100 units/mL), streptomycin

sulfate (100 lg/ml) and 15 mM HEPES (pH 7.4). Where indicated,

either 1 lM PGE2 or 0.1 mM bumetanide was added to the growth

medium in paired experiments. In a separate set of paired

experiments, MTAL cells were pre-incubated for 1 hour with an

ADH cocktail containing 0.2 lU/mL ADH, 20 lM forskolin and

0.5 mM db-cAMP [15, 33], either without or with 0.1 mM bumet-

anide in the pre-incubation media. Similarly, CTAL cells were pre-

incubated for 1 hour either with or without 0.1 mM bumetanide or

1 lM PGE2.
In all experiments, the cells were gently removed from flasks by

scraping, isolated by centrifugation (800 · g) and washed in a 250
mM sucrose/30 mM histidine (pH 7.4) HS buffer. The cells were

again isolated by centrifugation (800 · g), HS buffer2 removed and

the resultant pellets sonicated with a Virsonic 475 pulse sonicator

(Virtis Company, Gardiner, NY). Intracellular Cl� concentrations

were measured as described by Cotlove, et al. [1, 2], using a Buchler

Digital Chloridometer model 4-2500 (Buchler Instruments, Fort

Lee, NJ); that is, total chloride ion content was measured in 100-lL
aliquots of sonicated cells. The chloridometer was standardized

using control chloride solutions and was linear over the range of 5

mM to 100 mM (X = 0.97y + 0.10, R = 0.997).

SEMIQUANTITATIVE RT-PCR ANALYSIS

Semiquantitative RT-PCR analysis [5, 17, 18, 25] using poly(A) +

mRNA from MTAL cells and primers specific for either the cDNA

mmClC-Ka, which encodes mmClC-Ka, or for cDNA mcClC-Ka,

which encodes mcClC-Ka, was carried out on cultured mouse

MTAL cells as described in detail previously [15]. As in the latter

study, measurements were considered reliable when the RT-PCR

product DNA fragment accumulation was in the linear range, that

is, 5–50 ng DNA/sample and 15–25 cycles. Thus, in the experiments

reported in Fig. 8, the dashed line indicates the lower limit for

linear RT-PCR DNA fragment accumulation. Beta-actin control

RT-PCR experiments carried out contemporaneously with these

studies are shown in Figs. 7 and 8. As indicated in Figs. 7 and 8, the

control b-actin experiments yielded predicted DNA fragments 400

base pairs in length, a result identical to that observed in our prior

studies [15].
In the experiments reported in Figs. 7 and 8, cultured mouse

MTAL cells were grown in paired experiments with and without 1

lM PGE2 in the growth medium, and RT-PCR DNA fragment

levels were measured at the same cell passage for both control and

PGE2-treated cells. As in our prior studies [15], PCR reactions were

performed using a Gene-Amp PCR System 9600 (Perkin-Elmer),

the products were separated on 1% agarose gels and visualized by

ethidium-bromide staining. The relative band intensities corres-

ponding to PCR products of expected molecular mass were

quantified by a densitometer (Eagle Eye II; Stratagene, La Jolla,

CA) using a 100 bp Mass Standard (New England Biolabs, Beverly,

MA).

REAL-TIME QUANTITATIVE PCR

RNA was isolated from MTAL cells using a FastTrack 2.0 Kit

(Invitrogen, Carlsbad, CA) and quantified by spectrophotometry.

RNA was transcribed using reverse transcriptase from Gene AMP

Gold RNA PCR Core Kit (PE Biosystems, Foster City, CA) as

described previously [15]. For quantification of mmClC-Ka and

mcClC-Ka gene expression, quantitative PCR with internal fluo-

rescent hybridization probes in the ABI Prism 7700 sequence

detection system was used.
Primers and probes for PCR were designed based on sequence

differences between mmClC-Ka and mcClC-Ka [15]. The upstream

PCR primer 5¢-TGA-GCT-GGT-ACA-ACT-ACA-3¢ for mmClC-

Ka corresponded to the region from base 924 to base 945 (bases are

numbered as for the sequence with GenBank accession number

AF124847), and the reverse primer 5¢-GGT-TTG-CTG-GTA-
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GCC-AG-3¢ corresponded to the region from base 999 to base 1015.

The upstream PCR primer 5¢-TTT-ACC-TGT-TCT-GTC-AGC-
GAA-ATT-3¢ for mcClC-Ka corresponded to the region from base

1041 to base 1064 (bases are numbered as for the sequence with

GenBank accession number AF124848), and the reverse primer 5¢-
CGT-AGG-ACG-GCT-TGC-TTG-TAG-3¢ corresponded to the

region from base 1125 to base 1145. The internal oligonucleotide

probe was labeled with the fluorescent dyes 5-carboxyfluoroscein

(FAM) on the 5¢ end and N,N,N¢,N¢-tetramethyl-6-carboxyrhod-
amine (TAMRA) on the 3¢ end. The internal mmClC-Ka TaqMan

probe (Synthegen, Houston, TX) was hybridized within the 91-bp

region amplified by the mmClC-Ka PCR primers and had a se-

quence 5¢-(FAM)-CTT-ATT-TTT-CCT-CAA-GGC-CAA-TGG
GTT-(TAMRA)-3¢. The internal mcClC-Ka TaqMan probe was
hybridized within the 90-bp region amplified by the mcClC-Ka PCR

primers and had a sequence 5’-(FAM)-TCT-CCG-CTT-CAT

CAA-GAC-CAA-TCG-CTA-(TAMRA)-3¢. This combination of

primers and probes provided no cross reactivity as detected in

control experiments, and had no homology with other sequences in

GenBank.
The TAMRA emission spectrum was used to standardize for

background fluorescence [11, 26]. The quantity of DNA and cDNA

in each reaction was determined with reference to a standard curve

generated by amplification of known amounts of target DNA or

RNA (converted to cDNA). As reported for the DNA TaqMan

assay [6], the standard curves for the RNA targets were linear over

5 orders of magnitude, with an intra- or interassay coefficient of

variation of less than 10% with standards.
The PCR mixture (50 ll total volume) consisted of mmClC-Ka

or mcClC-Ka upstream and reverse primers 0.8 lM each, 100 nM

TaqMan probe, dATP, dCTP and dGTP (Pharmacia, Alameda,

CA) each at a concentration of 200 nM, 400 nM dUTP (Pharmacia),

5 mM MgCl2, 100 ng of bovine serum albumin per lL (Pharmacia),
10 ng of yeast RNA (Ambion) per lL, 1 U of uracil DNA glyco-

sylase (New England Biolabs, Beverly, MA), 1 U of Taq polyme-

rase (Invitrogen), and PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM

KCl). Amplification and detection were performed with the ABI

7700 system utilizing the following profile: 1 cycle of 50�C for 2

min, 1 cycle of 95�C for 5 min, 40 cycles of 94�C for 30 sec, and

60�C for 1 min for mmClC-Ka or 62�C for mcClC-Ka for 1 min.
The threshold was set at 10 times the standard deviation of the

mean baseline emission calculated for PCR cycles 3 to 10.

The fractional cycle number reflecting a positive PCR result is

called the cycle threshold (Ct). The Ct values for standards and

samples were usually in the range of between 18 and 32 cycles of

amplification. The amount of product in a particular reaction

mixture was measured by interpolation from a standard curve of Ct

values generated from known starting concentrations of DNA. The

efficiency of each RT reaction was determined by the use of in

vitro-transcribed RNA from the cloned mmClC-Ka and mcClC-Ka

genes. Dilutions of control transcripts ranging to 102 to 105 mol-

ecules lL�1 in 10 ng lL�1 yeast carrier RNA (Ambion) were

included in each RT-PCR assay. RT assays of markedly low effi-

ciency (<0.5%) were rejected and repeated. To estimate possible

DNA contamination, all samples were subject to a no-RT control

which was then subtracted from the RNA result. All RT reactions

were also controlled by blank samples with and without RT

enzyme.

36Cl� FLUXES IN CULTURED MOUSE MTAL CELLS

The 36Cl�-uptake experiments were carried out by rapid filtration

using Millipore filters (HAWP pore size 0.45 lm) as described
previously [32, 35]. MTAL cells were suspended in a HEPES

buffered salt solution (HBS) containing (mM): 135 NaCl, 5 KCl, 1

MgCl2, 1 CaCl2, 10 glucose, 10 HEPES and 1 NaH2PO4 (pH 7.4)

for 15 min. prior to assay at 37�C. When present, ADH cocktail

and/or 1 lM PGE2 were added 15 min. prior to assay.
36Cl� uptake

was initiated by the addition of 36Cl� at a final concentration of 4.5

mM. Aliquots of 100 lL of the reaction mixtures were applied to

the filters at timed intervals and washed to terminate 36Cl� uptake.

36Cl� EFFLUX

The 36Cl� effluxes were carried out as described previously [35]. In

paired experiments, MTAL cells were grown to confluence on 6-

well cell culture plates. The latter contained either: control medium;

control medium with 1 lM PGE2; or control medium with 10�4 M

bumetanide. The cells were loaded with 1 lC/mL 36Cl� for 12

hours. Where indicated, ADH cocktail was pre-incubated for 1

hour with the cells. The cells were then washed 3 times with 2 mL of

HBS and efflux was measured by removing and replacing the buffer

at timed intervals up to 10 min. Rate constants were derived by

fitting the data to first-order exponential decay using Origin 4.1

(Microcal Software, Northhampton, MA) and expressed as T1/2.

SINGLE-CHANNEL RECORDINGS IN
PLANAR LIPID BILAYERS

The procedures for preparing basolaterally-enriched vesicles from

cultured mouse MTAL or CTAL cells have been described in detail

elsewhere [20, 33, 34, 40] and were utilized in identical fashion in

the present studies. Likewise, the techniques for forming lipid bi-

layers and for measuring the electrical properties of Cl� channels

incorporated into bilayers were the same as those used in the pre-

ceding paper [37] and in earlier studies [19, 20, 28, 33, 34]. In all

cases, experimental data were expressed as mean values ± SEM for

the indicated number of experiments. A single bilayer was taken to

be n = 1. Curve fitting and simple linear regression were done on

computer using Origin 4.1 (Microcal Software).

Results

CYTOSOLIC Cl� CONCENTRATIONS FOR VARIOUS
CULTURE MEDIA OR PRE-INCUBATION CONDITIONS

Table 1 shows the results of two different sets of
paired experiments examining cytosolic Cl� concen-
trations under different conditions. In the first set,
MTAL cells were grown under control conditions
using the medium typically used for cell culture in our
laboratory (Methods; [20, 33, 34, 40]) and, contem-
poraneously, either with 10�6 M PGE2 or with 10

�4
M

bumetanide addition to the culture medium. PGE2
was chosen because, in microperfused MTAL seg-
ments, PGE2 blocks ADH- or db-cAMP-mediated
enhancement of net Cl� absorption by activating the
Gi guanine nucleotide regulatory subunit of adenylate
cyclase, thus suppressing activity of the latter [3, 4,
22]. And to insure that the observed PGE2 effects
were not referable to other, undefined actions of
PGE2 on growing MTAL cells in culture, we carried
out parallel experiments using 10�4 M bumetanide
addition to the culture medium, since bumetanide is a
specific blocker of Na+/K+/2Cl� entry across apical
membranes in cultured mouse MTAL cells [9, 10, 16].
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The results presented in Table 1 show clearly that,
either with PGE2 or bumetanide addition to the cul-
ture medium, cultured MTAL cells had significantly
lower cytosolic Cl� concentrations than cells cultured
under control conditions.

In the second set of paired experiments, we
evaluated the effects of pre-incubating MTAL cells
grown under control conditions for one hour either
with an ADH cocktail or with bumetanide. In keep-
ing with earlier studies from this [9, 10, 16] and other
laboratories [21] on microperfused MTAL segments,
the ADH cocktail increased significantly cytosolic

Cl� concentrations from 19.4 ± 0.4 mM to 25.3 ±
0.7 mM. Furthermore, one hour pre-incubation of the
control cells with bumetanide produced the expected
fall in cytosolic Cl� concentrations.

In prior studies [32, 35], we found that, in cultured
MTAL but not CTAL cells, activation of the adeny-
late cyclase cascade augmented the rates of bumeta-
nide-sensitive 36Cl� uptake and bumetanide-sensitive
36Cl� efflux. These findings are obviously in concert
with the effects of ADH or db-cAMP on enhancing
net Cl� absorption in microperfused MTAL but not
CTAL segments [8, 9]. The experiments reported in
Table 2 examined the effects of adding PGE2 to the
growth medium on the T1/2 for

36Cl� efflux in MTAL
cells. In keeping with our earlier findings [32, 35],
control cells incubated with the ADH cocktail had a
considerably shorter T1/2 for

36Cl� efflux than control
cells. However, the addition of PGE2 to culture
medium abolished this ADH-dependent enhancement
of the T1/2 for

36Cl� efflux.
Furthermore, as indicated in Table 3, pre-incu-

bation of control cells with an ADH cocktail in-
creased significantly the rate of 36Cl� uptake, a finding
in keeping with our prior studies [32, 35]. Of particular
pertinence to the present studies, the results in Table 3
also show that PGE2 suppressed dramatically both
the control and the ADH-stimulated rates of 36Cl�

uptake. Thus, when considered together, the data in
Tables 1–3 indicate that, in accord with findings in
microperfused MTAL segments [3, 4], PGE2 sup-

Table 1. Effects of various pre-incubation conditions or additions to growth medium on intracellular [Cl�] in cultured mouse MTAL cells

One-hour pre-incubation Growth medium Intracellular [Cl�] (mM) n P

None control 19.4 ± 0.4 9 –

None 1 lM PGE2 11.3 ± 1.5 6 0.0002

None 0.1 mM bumetanide 7.7 ± 1.2 6 0.000002

ADH cocktail Control 25.3 ± 0.7 4 0.002

0.1 mM bumetanide Control 9.5 ± 1.2 4 0.001

MTAL cells were cultured contemporaneously using the culture conditions described previously [20, 32, 35]. In paired culture experiments,

either 1 lM PGE2 or 0.1 mM bumetanide was added to the control culture medium. In the paired pre-incubation experiments, the ADH

cocktail, when present, contained 0.2 lU/ml ADH, 20 lM forskolin and 0.5 mM db-cAMP (see Ref. 32). All p values are referable to the

experiments without pre-incubation and using control growth medium.

Table 2. The effect of PGE2 in growth medium on the T1/2 for
36Cl� efflux in cultured mouse MTAL cells

Growth medium Control T1/2 ADH-cocktail T1/2

(sec)

Control d 158 ± 7 ——— (n = 6; p = 0.00001) ——— 94 ± 3 e
N.S. p = 0.00001

Control + 10�6 M PGE2 b 143 ± 6 ——— (n = 6; p = NS) ——— 145 ± 5 c

Paired experiments in which MTAL cells were cultured either under control conditions [20, 32, 35] for cell culture or with control medium to

which was added 10�6 M PGE2. The cells were loaded with
36Cl� as described previously [32, 35] and the T1/2 for

36Cl� efflux was measured,

in paired experiments, as described previously [35]. The incubation media for 36Cl� efflux experiments were either control solution, control

solution to which was added 10�6 M PGE2 with or without an ADH cocktail, which included 0.2 lU/mL vasopressin, 20 lM forskolin and

0.5 mM db-cAMP, as in our prior experiments [32].

Table 3. Effect of PGE2 pre-incubation on initial rates of 36Cl�

uptake in cultured mouse MTAL cells

One-hour

pre-incubation

36Cl� uptake

(mM/mg protein Æ 30 sec)
n p

None 42.8 ± 13.2 5

0.04
e

cADH cocktail 111.6 ± 41.1 5

0.004
e

cADH cocktail

1 lM PGE2

17.4 ± 7.5 5

Cultured mouse MTAL cells were pre-incubated under the in-

dicated conditions (see Table 1). The p values compare the control

values withthose with pre-incubation using the ADH cocktail, and

pre-incubation with ADH cocktail either with or without 1 lM
PGE2.
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pressed the rate of Cl� entry and the rate of Cl� efflux
from MTAL cells. Moreover, the suppression of Cl�

entry when PGE2 was added to culture medium also
resulted in a significant reduction of cytosolic Cl�

concentration with respect to MTAL cells grown
under control conditions.

Finally, ADH enhances net Cl� absorption in
microperfused MTAL but not CTAL segments [8–10,
16, 21]. Thus, in the experiments listed in Table 4, we
compared cytosolic Cl� concentrations in contem-
poraneously cultured MTAL and CTAL cells, as well
as the effects of culturing CTAL cells either under
control conditions or, in paired experiments, with
10�6 M PGE2 or 10

�4
M bumetanide in the culture

medium. Three key results are evident. First, the
control MTAL cells had approximately 50% greater
cytosolic Cl� concentrations than control CTAL
cells. Second, in keeping with earlier data indicating
that net Cl� absorption in microperfused CTAL
segments was not augmented either by ADH or by
db-cAMP [3, 4, 8], the results in Table 4 show that
PGE2 addition to the culture medium had no effect
on cytosolic Cl� concentrations in CTAL cells. This
finding is also consistent with the fact that adenylate
cyclase activation enhances both the rate of net Cl�

uptake and the rate of net Cl� efflux in cultured
MTAL cells, while no such adenylate-cyclase effect
occurs in cultured CTAL cells (Tables 2, 3; [33]).
Finally, the results in Table 4 show that, in paired
experiments, bumetanide addition to culture medium
significantly reduced cytosolic Cl� concentrations in
CTAL cells.

EFFECTS OF 10�6 M PGE2 OR 10
�4

M

BUMETANIDE ADDITION TO GROWTH

MEDIUM ON CHANNEL CHARACTERISTICS

Figures. 1–6 show the effects of paired experiments
assessing the effects of adding either 10�6 M PGE2 or
10�4 M bumetanide to the culture medium on the
characteristics of Cl� channels fused into bilayers
from basolateral vesicles of cultured MTAL cells.
Figures 1 and 2 show paired experiments where we
tested the response of Cl� channels either to raising
cytosolic-face Cl� concentrations from 2 mM to 50

mM or, at 2 mM cytosolic-face Cl�, adding (ATP +
PKA) to cytosolic-face solutions.

The control data in the upper panel of Fig. 1
show that, when MTAL cells were grown under
control conditions, the Cl� channels exhibited the
unique signature characteristics of mmClC-Ka
channels [29, 31, 33], namely: a rise in Po when cy-
tosolic-face Cl� concentrations were raised from 2
mM to 50 mM; and, at 2 mM cytosolic-face Cl�, an
(ATP + PKA)-mediated rise in Po. The lower panel
in Fig. 1 shows clearly that neither maneuver aug-
mented Po in Cl

� channels fused into bilayers from
MTAL cells grown in the presence of 10�6 M PGE2.
Likewise, the paired data presented in Fig. 2 indicate
that, when the MTAL cells were grown in the pres-
ence of 10�4 M bumetanide, Cl� channels fused into
bilayers from basolateral vesicles of these cells ex-
hibited no increase in Po either when cytosolic-face
Cl� concentrations were raised from 2 mM to 50 mM

or, with 2 mM cytosolic-face Cl�, when (ATP +
PKA) were added to cytosolic-face solutions.

Figures 3–6 show paired experiments, which ex-
amined the effects of adding either 10�6 M PGE2
(Figs. 3, 4) or 10�4 M bumetanide (Figs. 5, 6) to
culture media on the kinetic properties of Cl� chan-
nels fused into bilayers from basolateral vesicles of
cultured MTAL cells. The control data presented in
Figs. 3 and 4 show that, without PGE2 or bumetanide
addition to culture medium, the Cl� channels exhib-
ited the first-order single-occupancy kinetics typical
of mmClC-Ka channels [34]. However, when the
MTAL cells were grown either in the presence of
PGE2 (Figs. 3, 4) or bumetanide (Figs. 5, 6), the Cl

�

channels derived from MTAL cells exhibited self-
block with Hill plots typical of multi-ion occupancy
and previously seen only in mcClC-Ka channels ob-
tained from cultured CTAL cells [36] or, as noted in
the preceding paper [37], in mmClC-Ka channels
from MTAL cells exposed to cytosolic-face PGO
after fusion into bilayers.

In short, when the MTAL cells were grown in the
presence of either PGE2 or bumetanide, each of
which lowered cytosolic Cl� (Table 1), although by
different mechanisms [3, 4, 9, 10, 16, 21], the Cl�

channels derived from basolateral membranes of

Table 4. Effects of various additions to growth medium on intracellular [Cl�] in cultured mouse MTAL and CTAL cells

Cells Growth medium Intracellular [Cl�] (mM) n p p

MTAL Control 19.4 ± 0.9 9 – gCTAL Control 13.5 ± 0.5 11 0.00002 – )
CTAL Control + 1 lM PGE2 12.0 ± 0.8 11 >0.1

CTAL Control + 0.1 mM bumetanide 8.4 ± 0.8 8 0.00003

MTAL and CTAL cells were cultured as described previously [20, 33, 34]. In paired culture experiments with CTAL cells, either 1 lM PGE2
or 0.1 mM bumetanide was added to the culture medium. The p values compare either control CTAL cells with control MTAL cells; or

CTAL cells grown with either PGE2 or bumetanide in culture medium to control CTAL cells grown under control conditions.
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those Cl�-depleted MTAL cells exhibited the prop-
erties typical of mcClC-Ka channels from CTAL cells
[33, 36] rather than those of mmClC-Ka channels
from MTAL cells [20, 29, 30, 33, 34]. More specifi-
cally, when MTAL cells were grown either in the
presence of PGE2 (Fig. 1) or bumetanide (Fig. 2), Po
was not enhanced either by raising cytosolic-face Cl�

from 2 mM to 50 mM or, at 2 mM cytosolic-face Cl�,
by adding (ATP + PKA) to cytosolic-face solutions.
Furthermore, in contrast to the first-order single
occupancy exhibited by Cl� channels from control
cells (Figs. 3, 4), channels from MTAL cells grown in
the presence of PGE2 (Figs. 3, 4) or bumetanide
(Figs. 5, 6) exhibited self-block and Hill plots typical
of multi-ion occupancy kinetics.

EFFECTS OF PGE2 ON RT-PCR DNA-FRAGMENT
EXPRESSION IN CULTURED MTAL CELLS

In our prior RT-PCR studies [15], we found that
poly(A) + mRNA from cultured MTAL cells used
with primers specific either for the cDNA mmClC-Ka,

Fig. 1. Paired experiments comparing MTAL cells grown in con-

trol medium to MTAL cells cultured with 10�6 M PGE2 in the

growth medium on the response of Cl� channels from basolateral

vesicles fused into bilayers to variations in cytosolic-face [Cl�]

concentrations and/or (ATP + PKA). The p values with (ATP +

PKA) and/or 50 mM Cl� are expressed with respect to data

obtained with 2 mM trans Cl�.

Fig. 2. Paired experiments illustrating the effects of adding 0.1 mM

bumetanide to the culture medium for growing MTAL cells on the

response of Cl� channels from MTAL basolateral membrane ves-

icles incorporated into bilayers on variations in cytosolic-face Cl�

concentrations and/or cytoplasmic-face ATP/PKA addition. The

paired control data are in the upper panel of Fig. 1. The p values

with (ATP + PKA) and/or 50 mM Cl� are expressed with respect

to data obtained with 2 mM trans Cl�.

Fig. 3. Paired experiments showing the relation of gCl to sym-

metrical increases in external Cl� concentrations in Cl� channels

fused into bilayers from basolateral membrane vesicles obtained

from MTAL cells cultured without and with 10�6 M PGE2 in the

growth medium. The lines connect paired measurements in

individual bilayers.
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which encodes mmClC-Ka, or for the cDNA mcClC-
Ka, which encodes mcClC-Ka, yielded DNA frag-
ments specific for mmClC-Ka and mcClC-Ka,
respectively. In cultured mouse CTAL cells, we found
RT-PCR DNA fragments encoding mcClC-Ka, and
barely detectable DNA fragments encoding mmClC-
Ka [15]. The results in Figs. 1–6 indicate that adding
either 10�6 M PGE2 or 10

�4
M bumetanide to the

growth medium for MTAL cells resulted in basolat-
eral Cl� channels that had the properties unique to
mcClC-Ka channels typically seen in cultured CTAL
cells rather than mmClC-Ka channels from MTAL
cells. Accordingly, we also tested the effects of adding
10�6 M PGE2 to the growth medium for culturing
MTAL cells on the levels of 400 bp length DNA
fragments obtained, using the same technique de-
scribed previously [15], that is, using poly(A) +

mRNA from cultured MTAL cells and primer spe-
cific either for mmClC-Ka, the gene encoding
mmClC-Ka, or for mcClC-Ka, the gene encoding
mcClC-Ka.

Figure 7 shows a representative set of RT-PCR
experiments including b-actin controls and primers
specific for the cDNAs mmClC-Ka and mcClC-Ka,
each carried out in paired fashion using poly(A) +
mRNA obtained from MTAL cells grown in the
absence or presence of 10�6 M PGE2. In all cases, the
DNA fragments obtained had the anticipated length,
400 base pairs. Inspection of Fig. 7 shows that, when
the primer was specific for mmClC-Ka, 10�6 M PGE2
in the growth medium virtually abolished the ap-
pearance of the DNA product encoding mmClC-Ka.
However, when the primer was specific for mcClC-
Ka, 10�6 M PGE2 in the growth medium had no

Fig. 4. A Michaelis plot of the control experi-

ments from Fig. 3 (upper panel) and a Hill plot of

the data from Fig. 3 (lower panel) with PGE2 in

the growth media. For the Hill plot, gmaxCl was

obtained, as described previously (36), from the

peak gCl observed in Fig. 2.
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discernible effect on the appearance of the DNA
product encoding mcClC-Ka.

A complete set of semiquantitative RT-PCR re-
sults for these experiments is presented in Fig. 8. The
vertical bars in Fig. 8 indicate, for these paired ex-
periments, the mean values ± SEM of the RT-PCR
products (ng/lL). The dashed horizontal line indi-
cates the lower limit of linear RT-PCR DNA frag-
ment accumulation, as documented in our prior
studies [15]. The densitometric data illustrated in Fig.
8 show that, in cultured MTAL cells, adding PGE2 to
the growth medium had no detectable effect on the
RT-PCR DNA fragment specific for encoding
mcClC-Ka, 12.56 ± 2.06 ng/lL without PGE2 and
10.96 ± 3.98 ng/lL with PGE2 (p =N.S.). However,
when PGE2 was added to the growth medium for
culturing MTAL cells, the RT-PCR DNA fragment
specific for encoding mmClC-Ka was reduced from
10.77 ± 2.51 ng/lL to 4.34 ± 1.0 ng/lL (p = 0.04).
Moreover, with 10�6 M PGE2 in the growth medium,
the RT-PCRDNA fragment of 4.34± 1.0 ng/lL was,
as indicated in Methods, below the linear range for
RT-PCR DNA fragment accumulation [15]. In short,
the addition of 10�6 M PGE2 to the growth medium
for cultured mouse MTAL cells suppressed the RT-
PCR DNA fragment specific for mmClC-Ka channels
below levels detectable reliably, but had no discernible
effect on the RT-PCR DNA fragment specific for
encoding mcClC-Ka channels in these MTAL cells.

REAL-TIME QUANTITATIVE PCR

Wewished to providemore stringent verification of the
semiquantitative data presented inFigs. 7 and 8, and to
evaluate the effects of bumetanide addition to growth

medium, which also suppresses steady-state Cl� con-
centrations in cultured MTAL cells (Table 1), on the
mRNAs encoding mmClC-Ka and mcClC-Ka. Thus
wemeasured, using real-timequantitative PCR ([6, 11];
Methods), mmClC-Ka and mcClC-Ka expression, us-
ing RNAs isolated from MTAL cells grown under
control conditions or with either 1 lMPGE2 or 0.1 mM

bumetanide addition to the growth medium.
The results of these paired experiments are pre-

sented in Fig. 9. The data are presented as the ratios of
the DNA fragments encoding either mmClC-Ka or
mcClC-Ka in treated (either with bumetanide or PGE2
in the growth medium for culturing MTAL cells) with
respect to untreated (control growthmedium culturing
MTAL cells) MTAL cells. It is clear from the results
presented in Fig. 9 that, in accord with the data pre-
sented in Figs. 7 and 8, PGE2 addition to the growth
media for culturingMTAL cells suppressed expression
of the DNA fragment encoding mmClC-Ka channels
by approximately 60% but did not affect expression of
the DNA fragment encoding mcClC-Ka channels.
Furthermore, the results presented in Fig. 9 indicate
clearly that an identical pattern of results obtained
usingMTAL cells grown eitherwith (Fig. 9, treated) or
without (Fig. 9, untreated) bumetanide addition to the
medium for culturing MTAL cells.

EFFECT OF PRE-INCUBATING CONTROL MTAL CELLS
WITH BUMETANIDE

The results presented in Figs. 1–6 show clearly that
the addition of either PGE2 or bumetanide to the
medium for culturing MTAL cells resulted in: a re-
duction in cytosolic Cl� concentrations (Table 1);
suppression by PGE2 of the ADH-mediated en-
hancement in the T1/2 for

36Cl� efflux in cultured
MTAL cells (Table 2); and, for Cl� channels fused
into bilayers from MTAL cells cultured either in the
presence of PGE2 (Figs. 1, 3, 4) or bumetanide (Figs.

Fig. 5. Paired experiments showing the effects of adding 0.1 mM

bumetanide to the growth medium for culturing MTAL cells on the

variation of gCl with symmetrical increases in cis and trans Cl
�

concentrations in bilayers containing Cl� channels from basolat-

eral membrane vesicles of MTAL cells cultured with 0.1 mM bu-

metanide in the growth medium. The lines connect paired

measurements in individual bilayers. The control data for these

experiments are shown as empty circles in Fig. 3.

Fig. 6. A Hill plot of the data from Fig. 5. The Hill plots were

carried out as described in the legend to Fig. 4.
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2, 5), Cl� channel characteristics having the signature
properties of mcClC-Ka channels derived from cul-
tured CTAL cells [33, 36]. Since culturing MTAL
cells in the presence of either PGE2 or bumetanide
resulted in a steady-state fall in cytosolic Cl� (Table
1), it was pertinent to evaluate the effects of lowering
cytosolic Cl� concentrations acutely on the charac-
teristics of Cl� channels obtained from MTAL cells
grown under typical conditions.

To that end, we exposed cultured MTAL cells
grown under normal conditions to a one-hour pre-in-
cubation with 10�4 M bumetanide. The data presented
in Table 1 show that such pre-incubation reduced cy-
tosolic Cl� concentrations in normally cultured
MTAL cells from 19.4±0.4mM to 9.5± 1.2mM (p=
0.001). We then prepared basolateral vesicles from
normally grown cells either pre-incubated or not pre-
incubated with bumetanide and assessed the charac-

Fig. 7. A 1% agarose gel stained with

ethidium bromide showing RT-PCR

DNA products obtained using

mRNA from MTAL cells grown with

(+) and without (�) PGE2 in the
culture medium. Primers were specific

for mmClC-Ka, mcClC-Ka and

b-actin.

Fig. 8. Densitometric results of paired experi-

ments illustrating the effects of 10�6 M PGE2 in

the growth medium for either MTAL or CTAL

cells on RT-PCR DNA-fragment accumulation in

cultured MTAL cells. The RT-PCR experiments

were carried out using b-actin as control, as de-
scribed previously [15]. The dashed line indicates

the lower limit of the linear range for RT-PCR

DNA-fragment accumulation of DNA fragments,

determined previously in our laboratory [15].

Fig. 9. The effect of bumetanide and PGE2 on the

expression of the DNA fragments encoding either

mmClC-Ka or mcClC-Ka in cultured MTAL cells

evaluated by real-time quantitative PCR, as described

in Methods. The data are shown as the ratios of

(treated) DNA fragments obtained in cells grown

either in 10�6 M PGE2 or 10
�4

M bumetanide versus

DNA fragments obtained from control (untreated)

cells.
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teristics of Cl� channels fused into bilayers from these
two sets of vesicles.

The results of these experiments are presented in
Figs. 1, 3 and 4 for Cl� channels derived from cultured
MTALcellsnotpre-incubatedwithbumetanide, and in
Figs. 10 and 11 for culturedMTAL cells pre-incubated
for one hour with bumetanide. A comparison of these
data shows clearly that short-term reductions in cyto-
solicCl� concentrationswithbumetanidedidnotaffect
those Cl� channel properties unique to mmClC-Ka
channels, namely: augmentation of Po by raising cy-
tosolic-faceCl� concentrations from2mMto50mMor,
at 2mMcytosolic-faceCl�, by adding (ATP+PKA) to
cytosolic-face solutions (Fig. 10); and first-order con-
ductance kinetics typical of single-ion channel occu-
pancy (Fig. 11).

Discussion

In the preceding paper [37], we found that, when
basolateral vesicles from normally cultured mouse
MTAL cells were incorporated into bilayers, the Cl�

channels observed when aqueous phases lacked PGO
had the typical characteristics of mmClC-Ka channels
[20, 29, 30, 34, 40]. However, when PGO, which binds

covalently to arginine and lysine residues [14, 23, 24,
31], was added to cytosolic-face solutions, the Cl�

channel characteristics changed to those having the
signature properties of mcClC-Ka channels [33, 36],
and previously observed onlywhen basolateral vesicles
from cultured CTAL cells were fused into bilayers.

In order to evaluate the interactions between
cytosolic Cl� concentrations and mmClC-Ka acti-
vity, the studies reported in this paper examined, in
paired experiments, the characteristics of Cl� chan-
nels obtained from basolateral MTAL vesicles grown
either under control conditions and then pre-incu-
bated for one hour with 10�4 M bumetanide; or cul-
tured with either 10�6 M PGE2 or 10

�4
M bumetanide

in the growth medium. We also studied the effects of
adding either 10�6 M PGE2 or 0.1 mM bumetanide to
growth medium on the relative abundance of the
mRNAs encoding mmClC-Ka and mcClC-Ka in
cultured mouse MTAL cells.

WhenMTAL cells were cultured in the presence of
either PGE2 or bumetanide, there was a significant
drop in intracellular Cl� (Table 1). When control
MTAL cells were pre-incubated with an ADH cock-
tail, cytosolic Cl� increased, while pre-incubating
control MTAL cells with bumetanide significantly re-
duced cytosolic Cl� (Table 1). Control MTAL cells
pre-incubated with PGE2 showed a striking inhibition
of the ADH cocktail-mediated enhancement of 36Cl�

uptake (Table 3); and culturing MTAL cells in the
presence of PGE2 suppressed the ADH-mediated en-
hancement in the T1/2 for

36Cl� efflux (Table 2). Fi-
nally, control cultured MTAL cells had significantly
higher Cl� concentrations than control cultured
CTAL cells, and PGE2 addition to growth media had
no effect on cytosolic Cl� concentrations in cultured
CTAL cells, while bumetanide addition to culture

Fig. 10. The effect of exposing MTAL cells grown under control

conditions (Figs. 1, 2; Table 1), then pre-incubated for 1 hour with

0.1 mM bumetanide (Table 1), on the response of Cl�channels in-

corporated into bilayers from basolateral MTAL membrane vesi-

cles, either to raising cytosolic-face Cl� concentrations (upper

panel) or, with 2 mM cytosolic-face Cl�, to the sequential addition

of (ATP + PKA) and 50 mM cytosolic-face Cl�. The lines connect

measurements3 in the same bilayers.

Fig. 11. A Michaelis plot of the effect of varying external Cl�

concentrations symmetrically on gCl in basolateral membrane Cl
�

channels from basolateral vesicles of MTAL cells cultured under

control conditions (Table 1), then exposed to 0.1 mM bumetanide

for 1 hour.
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medium reduced significantly the cytosolic Cl� in
CTAL cells. These results are consistent with earlier
findings in microperfused mouse MTAL and CTAL
segments, where ADH enhances apical Na+:K+:2Cl�

entry in mouse MTAL segments [9, 10, 16] but not in
mouse CTAL segments [8, 9], and PGE2 suppresses the
ADH-mediated increase in adenylate cyclase activity
in microperfused MTAL segments [3, 4].

Now when the MTAL cells were cultured in the
presence of either PGE2 (Figs. 1, 3, 4) or bumetanide
(Figs. 1, 5, 6), cytosolic Cl� concentrations fell uni-
formly (Table 1) and the Cl� channels fused into
bilayers from basolateral vesicles of these cells uni-
formly exhibited the properties of mcClC-Ka chan-
nels obtained from cultured mouse CTAL cells [33,
36]. However, when control MTAL cells were pre-
incubated for one hour with bumetanide, cytosolic
Cl� concentrations were also reduced significantly
(Table 1), but the Cl� channels obtained from baso-
lateral vesicles of the control MTAL cells depleted of
Cl� by pre-incubation with bumetanide had the
characteristics typical of mmClC-Ka channels (Figs.
10, 11; Refs. 20, 29–31, 34). Thus we conclude that
the effects of growing MTAL cells in the presence of
either PGE2 or bumetanide, which resulted in mcClC-
Ka rather than mmClC-Ka expression in bilayers
(Figs. 1–6), was due to a complex mechanism initi-
ated by steady-state reductions in cytosolic Cl�.

In this connection, the semiquantitative RT-PCR
results presented in Fig. 8 [5, 15, 17, 18, 25] and the
real-time quantitative PCR results presented in Fig. 9
both indicate that, with a primer specific for mcClC-
Ka, PGE2 addition to the growth medium had no
effect on the level of the DNA fragments that encode
mcClC-Ka. However, when we used a primer specific
for mmClC-Ka, PGE2 addition to the growth medium
suppressed the level of DNA fragments that encode
mmClC-Ka below the linear range detectable for RT-
PCR product accumulation. In other words, PGE2
addition to the growth medium used to culture
MTAL cells suppressed specifically the mRNA en-
coding mmClC-Ka but not the mRNA encoding
mcClC-Ka. Moreover, the results presented in Fig. 9
also show clearly that addition of bumetanide to
culture medium, which resulted in MTAL cells hav-
ing significantly reduced steady-state Cl� concentra-
tions, and basolateral vesicles that, when fused in
bilayers, had the signature characteristics of mcClC-
Ka channels (Figs. 1–6), also suppressed specifically
the appearance of the DNA product encoding
mmClC-Ka, but not that, which encodes mcClC-Ka.

Thus it is reasonable to infer that the steady-state
reductions in cytosolic Cl�, which occurred when
MTAL cells were cultured (Table 1; Figs. 1–6), with
either PGE2 or bumetanide blunted mmClC-Ka syn-
thesis either by suppressing gene abundance and/or by
inhibiting mRNA abundance encoding mmClC-Ka.
The data presented in the preceding paper [37] indi-

cate that, when basolateral MTAL vesicles are fused
into bilayers, PGO addition to cytosolic-face solu-
tions alters the properties of mmClC-Ka to channels
having the conductance characteristics of mcClC-Ka
channels. The mechanism for PGO inactivation of
mmClC-Ka channels is not known, but it is reasona-
ble to propose, as noted in the preceding paper [37],
that inactivation may occur because covalent PGO
binding to specific arginine or lysine residues on the
cytoplasmic face of mmClC-Ka results in conforma-
tional changes in mmClC-Ka channels such that the
latter assume the transport characteristics of mcClC-
Ka channels. As noted previously [37], this argument
is plausible since mmClC-Ka and mcClC-Ka channels
share 95% homology.

The data presented in this paper indicate that
culturing MTAL cells under conditions that lower
steady-state cytosolic Cl� concentrations—that is,
with either PGE2 or bumetanide in growth medi-
um—inhibits either the transcriptional and/or trans-
lational events responsible for mmClC-Ka synthesis.
The molecular details accounting for this inhibition of
mmClC-Ka synthesis are unknown. But to our
knowledge, the combined findings that pulsed in-
creases in cytosolic-face Cl� concentrations augment
open-time probability in mmClC-Ka channels [20, 28–
31, 33], while steady-state cytosolic reductions in sub-
strate concentrations—that is, cytosolic Cl� concen-
trations—suppress mmClC-Ka activity either by
blocking gene expression or by reducing mRNA ac-
tivity, represent a novel set of observations for ClCCl�

channels.
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