
Generation of CAMp-Amvated Chloride Currents by in?ace!lul" 6-metho~y-N-(3-~~1fO~~~~1) 
qulnollnlum (SPQ) (1 1). Fluorescence in- 
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bath& in NaI, and then after replacement of 
MATTHEW P. ANDERSON, DEVRA P. RICH, RICHARD J. GREGORY, NaI with NaN03. Iodide quenches SPQ 
ALAN E. SMITH, MICHAEL J. WELSH* fluorescence; NO3- does not. In this assay, 

increased anion permeability results in a 
Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) cause faster rate of increase of the fluorescence 
cystic fibrosis. In order to evaluate its function, CFTR was expressed in HeLa, Chinese after substitution of NO3- for I- (4). 
hamster ovary (CHO), and NIH 3T3 fibroblast cells, and anion permeability was Addition of forskolin to nonaansfected 
assessed with a fluorescence microscopic assay and the whole-cell patch-clamp tech- HeLa cells or 3T3 fibroblasts did not in- 
nique. Adenosine 3',Sf-monophosphate (CAMP) increased anion permeability and crease halide permeability (not shown), in- 
chloride currents in cells expressing CETR, but not in cells expressing a mutant CFTR dicating that in the absence of CFTR there 
(hF508) or in nontransfected cells. The simplest interpretation of these observations is no measurable CAMP-regulated C1- chan- 
is that CFTR is itself a CAMP-activated chloride channel. The alternative interprets- nel activity in these cells (see also Fig. 4) 
tion, that CFTR directly or indirectly regulates chloride channels, requires that these (12). When cells were transfected with 
cells have endogenous cryptic, chloride channels that are stimulated by CAMP only in pTM-CFTR-4 (coding for CFTR) (Fig. 1, 
the presence of CFTR. A and B), CAMP stimulated the rate of 

fluorescence increase. In control studies, 

C Y s n c  FIBROSIS (CF), THE MOST used this system to express functional CFTR transfection with pTM-CFTR-3AF508 
common lethal genetic disease of in CF airway epithelial cells (3,4); it has also (coding for CFTRAF508) (Fig. 1, C and D) 
Caucasians, is caused by mutations been used to express a functional K+ chan- did not induce a response to CAMP. The 

in the gene for C R R  (1-5). The predomi- nel in several cell types (10). We assessed cell transfection procedure resulted in equal 
nant clinical manifestations of the disease membrane halide permeability in single cells expression of CFTR and CFTRAF508 in 
result from improper function of epithelial by measuring the fluorescence intensity of HeLa cells (Fig. IF). Thus expression of 
tissues (4, and CFTR is expressed predom- 
inantly in epithelia (2). In epithelia affected 
by CF, C1- transport is abnormal. Airway - 184 - 
epithelia from patients with CF fail to se- . 
Crete C1- because CAMP-dependent phos- 
phorylation does not activate apical mem- . 
brane C1- channels (7). Expression of 2 
CFTR, but not CFTR containing the most 
common mutation found in CF chromo- 8 

soma (CFTRAF508), corrects the C1- 
channel defect in epithelial cells from pa- 
tients with CF (4, 5). However, this exper- 
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iment does not identi@ the function of 8 80 
CFTR. As a first step in defining the func- d / tion of CFTR, we expressed CFTR in nor- $ 
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mal epithelial and nonepithelial cells and 2 
assessed CAMP-stimulated C1- channel aai- 
vation. - 
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We used HeLa (a human cervical carcino- 1 12 3 12 
iin) nln) s5& 

ma line), CHo (a Chinese hamster Fig. 1. The change in fluorescence of SPQ-loaded HeLa cells (A and C), 3T3 fibroblasts (B and D), and 
ovary cell line), NIH 3T3 (a mouse fibro- T84 cells (E) after substitution of NO3- for I- in the bathing medium. 0 n symbols, basal conditions; 
blast cell line), and T84 cells (a human colon closed symbols, stimulated [20 @I fonkolin and 100 @I 3-i~obuty~l-m&~l-xanthine (IBMX)] 
carcinoma epithelial cell line). We previous- conditions. Cells were transfected with either pTM-CFTR-4 (A and B), pTM-CFTR-3AF508 (C and 

D), or pTM-CFTR-4 (@, 0) and pTM-1 (m, O) (E) (26). Data are mean 2 SEM for 34 control and ly found that T84, but not HeLa, 3T3, Or 75 stimulated cells in (A); 14 control and 77 stimulated cells in (B); 55 control and 83 stimulated cells 
CHo contain CFTR using antibod- in (C); 6 control and 36 stimulated cells in (D); 75 control and 429 stimulated CFTR and 68 control 
ies that immunoprecipitate C f l R  (3). and 409 stimulated pTM-1 cells in (E). For T84, we compared cells transfected with pTM-CFTR-4 to 
When we used a more sensitive technique, cells transfaed with pTM-1 to control for effects of vacclnia virus infection and plasmid transfection; 
the polymerase chain (PCR), we infection and transfection with pTM-1 slightly reduced both the basal and the CAMP-induced increase 

in the rate of fluorescence change (without altering the relation between the two) when compared to 
to CFTR mRNA in HeLa Or noninfected-nontansfected controls. In some cases the standard error bars are smaller than the symbols. 

3T3 cells (8). Data points were collected every 90 s in (A) through (D) and every 30 s in (E). Stimulated values at 
To express CFTR, we used the vaccinia- 3 rnin are significantly eater than basal values for cells transfected with pTM-CETR-4 (P < 0.05). In 

T 7  hybrid expmsion system developed by (E), stimulated values f%r cek transfected with pTM-CFTR-4 and pTM-1 are greater than b a d  values 
(P < 0.001) and stimulated values for cells transfected with TM CFTR-4 are greater than those for and (4. we previously cells transfected with pTM-1 (P < 0.001). (F) Expression o P ~ ~ ~  in transfected H e h  cells. H e h  

M. P. ~ ~ d ~ ~ ~ ~ ~ ,  D. P. ~ i ~ h ,  M. J. wekh, ~~~~~d cells were transfected (26) with pTM-1 (lane l),  pTM-CFTR-2 fane 21, or pTM-CFTR-2AF508 (lane 
Hughcs Medical Institute, Depamnents of Internal Med- 3). Twelve hours after transfectlon, cells were incubated with [3 Slmethionmne (25 pCi/ml) for 1 hour 
icine and Physiology and Bio hysicj, University of Iowa and collected in (20 pl per dish) 25 mM 4morpholinepropane sulfonic acid (pH 8.0), 2.5% 
College of Medicine, Iowa &ty, IA 52242. 3-[(3-cholamido~ropyI)-dimethyl-amrnoniol-10 ane sulfonate, 185 mM KC], 1 mM (ethylenedi- 

GRgOri and A' Srmhl Geve Corponti0n3 nitri10)-tetraacet~c acid, aprotinin (100 pg/ml), an117 FM phenylmethylsulfonyl fluoride. Cell lysate Framingham, MA 01701. 
(20 pl) was analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography. The gel was 

*To whom correspondence should be add&. exposed to film for 3 days. 



CFTR, but not CFTRAF508, resulted in 
the appearance of a CAMP-stimulated halide 
permeability not previously observed in 
these cells. 

T84 cells express high concentrations of 
CFTR (2) and large CAMP-activated C1- 
currents (13, 14). Transfection of these cells 
with pTM-CFTR-4 increased CAMP-acti- 
vated halide permeability to values greater 
than those observed in pTM-1 transfected 
cells (Fig. 1E). This result indicates that 
overexpression of CFTR causes a hrther 
increase of anion permeability in cells that 
already express CFTR. This finding is con- 
sistent with earlier suggestions of a dosage 
relation between CFTR and C1- permeabil- 
ity (4, 15) and suggests that the amount of 
CFTR determines the magnitude of the 
CAMP-stimulated anion permeability. 

T o  determine if the increase in halide 
permeability was due to C1- channel activa- 
tion, we used the whole-cell patch-clamp 

technique (16) to directly measure C1- cur- 
rents in HeLa cells (Fig. 2A). Elevation of 
cAMP did not alter current in any of the 
nontransfected cells (current * SEM was 15 
2 3 pA before and 12 ? 3 pA after stimu- 
lation; n = 8) or cells transfected with 
CFTRAF508 cDNA (current was 22 2 5 
pA before and 29 k 8 pA after stimulation; 
n = 7), a result consistent with data ob- 
tained with the SPQ assay (Fig. 1). In 
contrast, cAMP activated currents in cells 
transfected with CFTR cDNA (Figs. 2A 
and 4) (current was 62 * 101 pA before and 
887 2 1608 pA after forskolin; n = 16; P < 
0.025; Wilcoxon paired sample test). Al- 
though we cannot completely exclude the 
possibility that CFTRAF508 has some effect 
on C1- curent, our data suggest that such an 
effect is at most 3% of that observed in cells 
transfected with CFTR cDNA. 

Of the 16 HeLa cells transfected with 
CFTR cDNA and studied by patch clamp, 8 

Nontransfected CFTR CFTWF508 
Baseline - - - - -  .---- - - - - -. - 

Forskolin + IBMX 
----. 

z A - 9 0 r n Y ~ - 9 0 r n v g L  - 
30 rnV steps 102.4 rns 

Forskolin + IBM 

-1 
rnV 

0 

Baseline 
- - -- 

Forskolin + IBMX 

- - - - - .  

Forsk + IBMX & [GI], 
. . . . . . . . . . . . . . . . . . . .  

-90 rnV=-90rnV 
30 rnV steps 102.4 ms 

showed an acute increase in current with 
CAMP stimulation; in those cells that re- 
sponded, current increased from a baseline 
of 93 * 48 to 1739 * 697 PA. The fact that 
not every cell responded is consistent with 
our previous studies with this expression 
system in airway epithelial cells from pa- 
tients with CF (4) and with the heteroge- 
neous response in HeLa and 3T3 cells with 
the SPQ assay. 

Currents were measured with the relative- 
ly impermeant cation N-methyl-D-gluca- 
mine (NMDG), and changes in C1- concen- 
tration shifted the current-voltage (I- l/) 
relation as expected for a C1- current (Fig. 
2, B and C). When forskolin was removed 
from the bath, current returned to basal 
values (Fig. 2D). Current could also be 
stimulated by addition of 8-(4-chlorophe- 
nylthio) adenosine 3',5'-monophosphate 
(CPT-CAMP) and inhibited by the C1- 
channel blocker diphenylamine-2-carboxylic 
acid (DPC) (3  rnM DPC inhibited the 
current by 63% and 36% in two cells stud- 
ied). Dspolarizing voltages had minimal 
time-dependent effects on the CAMP-acti- 
vated C1- current (Fig. 2, A and C). The 
CAMP-activated C1- current had a linear I- V 
relation (Fig. 2B). All of these properties are 
similar to CAMP-activated whole-cell C1- 
currents in epithelial cells that normally ex- 
press CFTR (14). 

Transfection of CHO cells with pTM- 
CFTR-4 (17) caused the production of a 
similar current in response to CAMP stimu- 
lation (Fig. 3, A through C, and Fig. 4). The 
CAMP-induced currents in CHO cells were 
similar to those in HeLa and CF airway cells 
(4) (Fig. 3A), although we sometimes ob- 
served a small time-dependent increase in 
current at depolarizing voltages. The I-V 
relation reversed as expected for a C1- cur- 
rent (Fig. 3B). Figure 3C shows an example 
of the time course of CAMP-activated C1- 
currents in a cell with a very large current 
response. 

Speculation about the function of CFTR 
has been based on several observations: 
CFTR is a membrane-associated phospho- 
protein (3); CAMP-dependent (phosphoryl- 
adon-dependent) C1- channel activation is 
defective in CF epithelial cells (7); expression 
of C R R  but not CRRAF508 corrects the 
C1- channel defect in CF epithelial cells (4, 
5); and portions of the deduced amino acid 
sequence of CFTR show similarity to that of 
some nucleotide binding proteins (2, 18). 
These observations have led to the develop- 
ment of three main hypotheses about the 
relation between CFTR and C1- channels: (i) 
CFTR is itself a CAMP-activated C1- channel. 
(ii) CFTR directly regulates C1- channels. 
CFTR might associate with C1- channels and 
in so doing regulate their function (that is, 

Fig. 2. Expression of CFTR produces D 8000- 
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CAMP-activated Cl- currents in HeLa cells 
(27). (A) Currents before (top) and after 

Forskolin + IBMX - 
(bottom) addition of forskolin (20 kM) 
and IBMX (100 (LM) to elevate cAMP in 
nontransfected cells and cells transfected - 
with pTM-CETR-4 or pTM-CFTR- 
3AF508. Dashed line is at zero current. L a, 

L 
(B) I-V relation obtained before (open 
symbols) and after (closed symbols) addi- 
tion of forskolin and IBMX. 1- V relations 
were obtained in symmetrical C1- solu- 
tions (B) and after reduction of the Cl- 
concentration in the bath ([Cl],) from 0 200 400 600 
139.8 mM to 4.8 mM (0) (Cl- replaced Time (s) 
by aspartic acid; expected reversal poten- 
tial, +84.8 mV). (C) Current tracings used to generate the data in (B). (D) Time course for activation 
and reversal of currents; bar, time during which forskolin and IBMX were present. 



Fig. 3. Expression of A B PA 
C E R  induces CAMP- Baseline Forsk. + CPT-CAMP 
activated CI- current in 
CHO (27)' (A) CPTc,4MP&[Cl]i 
Currents before and af- 
ter addition of CPT- 
CAMP (500 KM) in a Baseline 
cell transfected with 
pTM-CFTR-4. The CI- -3500 
concentration in the pi- 

- 8 0 m V  8 L  

, $  30 m~ step from -N m v  2a.8 ms -7000 
relation before and after c 
addition of forskolin (20 
p,M) and CPT-CAMP - Forsk. + CPTsAMP Forsk. + CPT-cAMP 

(500 pM) in a cell trans- * 
fected with pTM- 8000 - 
CETR-4. (The I- V rela- s tion before stimulation - 
is hidden under the line = 
forming the x axis.) The 4000- 

I-V relation was ob- 
tained with a voltage 
ramp from -100 to 
+ 100 mV. The CI- con- o 400 800 
centration in the pipette Time (s) 
was reduced to 11.8 
mM(CI- replaced with 
aspartic acid; expected reversal potential, -65.6 mV). The I-V relation likely rectifies because of 
asymmetric CI- concentrations. (C) Time course for activation and reversal of currents; bars, time 
during which forskolin and CPT-CAMP were present. Because the current was so large, series resistance 
compensation (16) was temporarily turned off between the asterisks. 

cause them to become sensitive to CAMP). 
(iii) CFTR indirectly regulates C1- channels. 
Proponents of this alternative argue that 
CFTR is a pump and not a channel (18) on 
the basis of the observation that the deduced 
amino acid sequence of CFTR contains pu- 
tative nucleotide binding folds and mem- 
brane spanning sequences; this overall se- 
quence organization of CFTR resembles that 
of several other eukaryotic and prokqotic 
proteins (19) (some, but not all, of which are 
involved in active transport). How might a 
pump regulate C1- channels? CFTR might 
pump a C1- channel inhibitory factor out of 
the cell or pump a factor into the cell that is 
required for CAMP to activate C1- channels 
(20). 

Alternatively, CFTR might be both a 
channel and an adenosine triphosphatase 
(ATPase) (or at least bind nucleotides). The 
presence of nucleotide binding folds [which 
conserve the "Walker motif' for ATP bind- 
ing (21)] does not exclude the possibility 
that some of the membrane spanning re- 
gions of CFTR form a transmembrane pore 
or channel. For example, the chloroplast 
ATP synthase (22) has both catalytic and 
channel activity. 

Our data show that expression of CFTR 
produced CAMP-activated C1- currents in 
cells that do not normally express CFTR. In 
addition, overexpression of CFTR in cells 
that already express large amounts of CFTR 
caused a CAMP-stimulated anion permeabil- 
ity that was greater than that in cells trans- 
fected with control plasmid. In contrast, 

expression of CFTRAF508 did not induce 
CAMP-activated C1- channels. The magni- 
tude of the currents induced by expression 
of CFTR was sometimes very large (5,000 
to 10,000 PA) (Figs. 2D, 3C, and 4); thus, 
if CFTR affects silent C1- channels, CHO 
and HeLa cells must have a large number of 
such silent channels. 

The CAMP-activated C1- currents we re- 
port here are similar to those seen with the 
whole-cell patch-clamp technique in both 
normal cells expressing endogenous CFTR 
(14) and CF cells expressing recombinant 
CFTR (4, 5) .  Those C1- currents have a 
relatively linear I- V relation and lack time- 
dependent voltage effects. Recent single- 
channel patch-clamp studies have also re- 
ported CAMP-activated C1- currents with a 
linear I-V relation in normal cells (23), 
although comparable studies have not been 
done in cells from CF patients. At present, it 
is not clear how these observations can be 
reconciled with previous single-channel 
studies, which showed defective regulation 
of an outwardly rectifying C1- channel in 
CF airway epithelia (24) and a CAMP-acti- 
vated outwardly rectifying C1- channel in 
other epithelia (25). The resolution of this 
apparent difference will be important in the 
future. 

If CFTR is not a C1- channel, our data 
require that HeLa, CHO, and 3T3 cells 
have C1- channels that become CAMP-sen- 
sitive only in the presence of CFTR. Because 
the vaccinia virus system inhibits synthesis 
of cellular proteins, it is unlikely that CFTR 

A 6oool :o:l . :Fi :F- - 
4, 
-4000 - 
f2 
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0 2000 

0 
B 

1 Control 1 CFTR . 1 CFTRAF508 

Fig. 4. Comparison of currents measured at t 8 0  
mV before (Basal) and after (CAMP) addition of 
agents that increase cAMP in HeLa (A) and CHO 
(B) cells. Forskolin (20 pM) alone, forskolin with 
IBMX (100 pM), and CPT-CAMP (500 pM) 
alone all gave similar results. CAMP significantly 
increased the current in pTM-CFTR-&trans- 
fected cells (P  < 0.004 for HeLa; P < 0.01 for 
CHO). cAMP did not significantly increase cur- 
rents in either of the other two groups. There 
were no statistically significant differences in base- 
line current between the groups; n, number of 
cells studied in each group. The peak current 
res onse to cAMP in pTM-CFTR-ktransfected 
celg was observed 177 i 29 s (HeLa) and 155 + 
11 s (CHO) after addition of agents that increase 
CAMP. Membrane capacitance was similar for all 
three groups, indicating that differences in current 
cannot be attributed to differences in cell size. In 
HeLa cells, membrane capacitance was 24 + 4 pF 
for nontransfected, 18 r 1 for CFTR, and 17 + 
4 for CFTRAF508. In CHO cells, membrane 
capacitance was 29 k 7 pF for nontransfected, 22 
+ 2 for CFTR, and 25 + 3 for CFTRAF508. 
Statistical significance was tested with the 
Wilcoxon paired-sample test. 

-8000.n 
%. - 
C( 

e 
5 4000- 
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stimulates the synthesis of new C1- chan- 
nels. If CFTR pumps a regulatory factor 
into or out of the cell, or if CFTR associates 
with and thereby regulates C1- channels, 
these cells must contain C1- channels that 
can respond to such a factor or such an 
association. Although our data do not rig- 
orously disprove such hypotheses, the sim- 
plest interpretation is that CFTR is itself a 
CAMP-activated C1- channel. 

= 8  ln.7 . -- 
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cence: Fluorescence was assayed 8 to 14 hours after 
transfection (4). Cells were loaded with SPQ by 
including 10 mM SPQ in the media for 9 to 12 
hours. SPQ fluorescence was initially quenched by 
incubating cells for 25 to 45 min in a.buffer con- 
taining 135 mM NaI, 2.4 mM K2HP04, 0.6 mM 
KH2P04, 1 mM MgS04, 1 mM CaSO,, 10 mM 
Hepes (pH 7.4), and 10 mM dextrose. Forskolin 
(20 kM) and IBMX (100 kM) were added 5 min 
before the anion substitution. After measuring flu- 
orescence for at least 2 min, the 135 mM NaI 

solution was replaced by one containing 135 mM 
NaNO, (time zero) and fluorescence was measured 
for another 13 to 17.5 min. Fluorescence of SPQ in 
single cells was measured with a Nikon inverted 
microscope, a SPEX digital imaging system, and a 
DAGE SIT66 camera. Excitation was at 350 nm and 
emission was at >410 nm. Studies were done at 
room temperature. Cells were chosen for quantita- 
tion of fluorescence without knowledge of the rate 
of change; the area of measurement was chosen from 
the last fluorescence image. Depending on the area 
studied and cell density, 3 to 85 cells were studied 
per field. One field was examined per experiment 
and at least three different transfected cultures (ex- 
periments) were studied for each condition. Only 
cells that had greater than 7 units of fluorescence 
increase were included. To correct for cell-to-cell 
differences in absolute fluorescence intensity (due to 
differences in cellular concentration of SPQ and 
differences in cell size), we present the data as % 
fluorescence, which is 100 X (F, - P,)I(F13 - Po), 
where F,, F,3, and F, are fluorescence intensity at 
time zero, 13 min, and at time t ,  respectively. The 
T84 studies (Fig. 1E) were longer, and F,,,, was 
used for calculation. At 13 and 17.5 min, there was 
sufficient discrimination between basal and stimulat- 
ed conditions, yet leakage of SPQ and phototoxicity 
were minimized. (A longer duration would magnify, 
rather than reduce, the difference between basal and 
CAMP conditions.) Statistical significance between 
groups of averaged data was assessed by unpaired t 
test at the 3-min time point; 3 min was selected on 
the basis of our previous work (4) and because, at 
this time, basal and CAMP conditions were easily 
distinguished. 

27. Currents were measured with the whole-cell patch- 
clamp technique (16). For HeLa cells the pipette 
contained 120 mM NMDG, 5 mM Hepes, 3 mM 
MgCI,, 1 mM CsEGTA, 1 mM MgATP, pH 7.2 
(1 17.5 mM HCI). The external bath solution con- 
tained 140 mM NMDG, 10 mM Hepes, 1.2 mM 
CaCI,, 1.2 mM MgCI,, 10 mM dextrose, pH 7.2 
(135 mM HCI). Membrane voltage was maintained 
at -90 mV and depolarized to +80 mV for 500 ms 
every 3 s. For CHO cells the pipette contained 120 
mM NMDG, 115 mM aspartic acid, 5 mM Hepes, 
3 mM MgCI,, 1 mM CsEGTA, pH 7.2 (5.8 mM 
HCI), 1 mM MgATP. Membrane voltage was main- 
tained at -80 mV and depolarized to +80 mV for 
500 ms every 4 s. HeLa cells were studied 13 i 1 
hours after transfection; CHO cells were studied 21 
+ 2 hours after transfection; the time for CFTR and 
CFTRAF508 expressing cells was the same. Series 
resistance and cell capacitance were compensated 
(16). Cells were studied at 30" to 35°C. 
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