
preliminary to allow conclusive statistical 
analysis. 
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C1- Channels in CF: Lack of Activation by Protein 
Kinase C and CAMP-Dependent Protein Kinase 

Secretory chloride channels can be activated by adenosine 3',5'-monophosphate 
(cAMP)-dependent protein kinase in normal airway epithelial cells but not in cells 
from individuals with cystic fibrosis (CF). In excised, inside-out patches of apical 
membrane of normal human airway cells and airway cells from three patients with CF, 
the chloride channels exhibited a characteristic outwardly rectifying current-voltage 
relation and depolarization-induced activation. Channels from normal tissues were 
activated by both CAMP-dependent protein kinase and protein kinase C. However, 
chloride channels from CF patients could not be activated by either kinase. Thus, 
gating of normal epithelial chloride channels is regulated by both CAMP-dependent 
protein kinase and protein kinase C, and regulation by both kinases is defective in CF. 

T HE APICAL CL- CONDUCTANCE OF Airway epithelia contain outwardly recti- 
airway epithelia controls transepithe- fying C1- channels that are activated 
lid CI- secretion. The magnitude of through CAMP-dependent pathways (3). 

C1- secretion, which is regulated by several The purified catalytic subunit of CAMP- 
secretagogues, determines the q u a n t i ~  of - - 
respiratory tract fluid (1). The ipical "CI- T.-C. Hwang, L. Lu, P. L. Zeitlin, W. B. Guggino, 

conductance of epithelia from patients with Department of Physiology, The Johns Hopkins Univer- 
sin;, Baltimore, MD 21205. 

CF is abnormallv low because of an inabilitv D.' C. ~ruene;, Cardiovascular Research Institute. Uni- 

of padrenergi; agonists to increase versity of California, San Francisco, CA 94143. 
R. Huganir, Howard Hughes Medical Institute, and 

magnitude of the apical C1- conductance Department of Neuroscience, The Johns Hopkins Uni- 
(2). This abnormality contributes to the versity> MD 21205. 
production of thick mucous in CF patients. *To whom correspondence should be addressed 

Fig. 1.  Current-voltage relations (I- I/) of CI- channels 
activated by PKC in normal human fetal tracheal cells 
and by depolarizing voltages both in adult normal and 
CF airway cells. The number of channels in a patch varied 
from one to four. Data were recorded by an EPC-7 
patch-clamp amplifier (List Darmstadt, Federal Republic 
of Germany), filtered at 1 k H z  (Frequency Devices, 
Haverhill, MA) digitixd with a pulse-code modulator 
(Japanese Victor Corporation), and stored on video 
cassette recorder (Japanese Victor Corporation). Data -, 
were analyzed on a PDP 11/23 computer (Digital Equip- 
ment Corporation). The bath solution contained 150 
mM NaCI, 2 mM MgCIZ, 1 mM EGTA, 5 mM Hepes, 
and 0.5 mM CaCIZ (free CaZ+ was 1.2 wM). The pipet 
contained 150 mM NaCI, 2 mM CaC12, and 5 mM 
Hepes. The pH of both solutions was adjusted to 7.3 -4.0- 

with tris base. With 300 mM C1- in the bath, the reversal potential (15 mV) was close to that expected 
for the C1- concentration gradient (16.7 mV). Graph was drawn by Sigmaplot Version 3.1 (Jandel 
Scientific). e, human fetus; 0, human adult; 13, human CF. 
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dependent protein kinase (PKA) can direct- 
ly activate normal CI- channels in excised 
patches, whereas C1- channels from CF 
patients that have the same outward rectifi- 
cation and single channel conductance fail to 
respond to the kinase (4, 5). This suggests 
that defective phosphorylation may be re- 
sponsible for the lack of p-adrenergic ago- 
nist stimulation of CI- secretion in CF 
tissues. 

Epithelial C1- secretions can also be regu- 
lated by CAMP-independent pathways. For 
example, both the ca2+ ionophore A23187 
and prostaglandin F2a stimulate C1- secre- 
tion without inducing measurable changes 
in intracellular CAMP concentration (6). 
Furthermore, the phorbol ester phorbol 12- 
myristate 13-acetate (PMA), a protein ki- 
nase C (PKC) activator, also increases C1- 
secretion without causing a rise in intracellu- 
lar CAMP, although the actual first messen- 
ger of PKC stimulation is not known (7, 8). 
We have used the patch-clamp technique to 

2 min after PKC, -50 mV 
+- - 

20 s later, -50 mV 

+ M V W  
1 min later, +50 mV 

Excised, -50 mV 
++ 

2 mln after PKA, -50 mV 
+ P v L s u  

20 s later, -50 mV 

1 mln later, +50 mV 

Fig. 2. Activation of fetal epithelial C I  channels 
by PKC and PKA. Excised membrane patches 
from human fetal tracheal cells were held at -50 
mV for 2 min before PKC (A) or PKA (B) and 
cofactors, DiCs (Serdary, Ontario, Canada) and 
Mg-ATP (Sigma) for PKC and only Mg-ATP for 
PKA, were added to the solution facing the 
cytoplasmic side of the membrane. In six experi- 
ments, Walsh inhibitor peptide, a specific inhibi- 
tor for PKA, was added with PKC. Channel 
activity was monitored for another 8 min. PKC 
and PKA were prepared as described (18). Final 
concentrations of chemicals and enzymes were 1 
rnM ATP, 1 pM DiCs, 2 pM Walsh inhibitor, 10 
nM PKC, and 50 nM PKA. Arrows indicate the 
closed state. 

determine whether ~urified PKC and PKA 
can regulate C1- channels in normal adult 
and fetal airway epithelia (9) and whether 
regulation by both kinases is defective in CF 
patients. 

Excised patches of cell membrane from 
normal fetal and adult and CF adult ainvavs 
displayed no channel activity until they were 
depolarized to between +50 and + 120 mV 
(all voltages are referenced to a bath 
ground). Voltage-activated channels had an 
outwardly rectifying current-voltage (I- I/) 
relation with a reversal potential in asym- 
metrical solutions consistent with C1- chan- 
nels (Fig. 1). The electrophysiological prop- 
erties were identical to those reported previ- 
ouslv for secretow CI- channels (3-5). 

\ ,  

T~u; ,  fetal and aduit airway cells contain the 
same type of secretory C1- channels. 

To -determine whether secretory CI- 
channels are regulated by both PKC and 
PKA, we maintained excised patches first at 
-50 mV to avoid voltage activation. After 

u 

an initial period of 2 min to verify the 
absence of spontaneous channel activity, 
PKC or PKA plus cofactors [adenosine tri- 
phosphate (ATP), and dioctanoylglycerol 
(the diacylglycerol analog DiCs)] was added 
to the bath. After channel activity was ob- 
served, the voltage was changed- to values 
between + 50 and + 8 7  mV to verify that the 
kinase-activated channels were epithelial C1- 
channels. No sDontaneous channel activitv 
was seen at negative voltages for at least 8 
min with buffer containing only the cofac- 
tors (0110); the presence of C1- channels in 
these patches was verified by depolarization. 
In normal fetal and adult airway cells, CI- 
channel activity was evoked within 7 min of 
the addition of PKC or PKA (Table 1 and 

Table 1. Protein kinase activation of CI- chan- 
nels. PKA, 50 nM; PKC, 10 nM. Normal adult 
human epithelia include primary cu~tures of nasal 
scrapings and tracheal epithelial primary cultures. 
Fetal human tracheal cells were transformed with 
an origin of replication-defective SV40 plasmid 
(17). The adult CF group includes primary cul- 
tures of nasal polyps from two CF patients, and 
both primary and SV40-infected cultures of CF 
bronchial epithelia from one CF patient. Data are 
expressed as "number of patches activated by 
protein kinaseslnumber of patches containing CI- 
channels." In the adult CF cells, the presence of 
channels was confirmed by voltage activation. 
Experiments in which channels were not observed 
after kinase treatment and after depolarization 
were not included (ten with fetal cells, three with 
normal adult cells, and five in CF cells). 

PKA 
Source PKA PKC + 

PKC 

Fetal tracheal epithelia 617 718 
Adult airway epithelia 313 
Adult CF airway epithelia 019 017 013 

+PKA and PKC, -50 mV for 8 min 
++ 

Activation by +77 mV, then -50 mV 

- + ~ f % P - r - w h & P m -  
+50 mV 

- + d  m m ~  VMVi my 
1 2  PA 

100 ms 

Fig. 3. Failure of both PKC and PKA to activate 
a C I  channel in a CF cell. The experimental 
conditions were as in Fig. 2. 

Fig. 2) .  The time courses of activation by 
PKC and PKA were very similar. PKC did 
not activate C1- channels (014) in the pres- 
ence of the PKC inhibitor staurosporine 
(10). Staurosporine by itself did not activate 
CI- channels (013) or inhibit subsequent 
voltage activation. In contrast, PKC activat- 
ed channels in the presence of the Walsh 
PKA inhibitor (11). The concentration of 
the PKA inhibitor was sufficient to com- 
pletely block the activation of C1- channels 
by PKA (013). Therefore, PKC and PKA 
can directly activate C1- channels. The I- V 
characteristics of PKC- and PKA-activated 
CI- channels were identical to those activat- 
ed by depolarizing voltages (Fig. 1). 

To ascertain if PKC activation of C1- 
channels is defective in CF, we applied both 
PKC and PKA to patches of membrane 
excised from bronchus and nasal polyp cells 
from patients with CF. In CF cells, the 
catalytic subunit of PKA was not able to 
activate the channels, as has been reported 
(4,s). In addition, we found that PKC alone 
or in combination with PKA failed to open 
channels in membrane patches from three 
different CF patients (Table 1 and Fig. 3). 
In these experiments, the presence of CI- 
channels was verified by depolarization acti- 
vation (Fig. 3). 

Phosphorylation sites are present on sev- 
eral different types of ion channels and are 
important in channel regulation (12). For 
example, both PKA and PKC phosphorylate 
the nicotinic acetylcholine receptor (13) and 
the dihydropyridine receptor (14) of the 
Ca2+ channel in skeletal muscle. Phospho- 
rylation by both kinases accelerates the rate 
of desensitization of the nicotinic receptor 
(13). In cardiac cells both L-type ca2+ (15) 
and delayed rectifier K+ channels (16) are 
activated by PKC and PKA phosphoryl- 
ation. PKA also activates epithelial CI- 
channels (4, 5). Our work suggests the 
existence of either multiple phosphorylation 
sites or a single site that can be phosphory- 
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lated either by PKC or PKA. Thus, several 
hormonal signals operating via CAMP-de- 
pendent and CAMP-independent pathways 
lead separately to stimulation of C1- channel 
activity. 

Both PKC and PKA are unable to activate 
epithelial CI- channels from CF patients. 
Our data suggest that both kinases act on a 
common pathway directly involved in C1- 
channel gating. If one assumes that CF 
arises from a single mutation in the CF gene, 
then this mutation could cause a C1- chan- 
nel defect either at a common PKC and 
PKA phosphorylation site or at a specific 
domain that couples separate phosphoryl- 
ation sites to channel activation. 
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Regulation of Chloride Channels by Protein Kinase C 
in Normal and Cystic Fibrosis Airway Epithelia 

Apical membrane chloride channels control chloride secretion by airway epithelial 
cells. Defective regulation of these channels is a prominent characteristic of cystic 
fibrosis. In  normal intact cells, activation of protein kinase C (PKC) by phorbol ester 
either stimulated or inhibited chloride secretion, depending on the physiological status 
of the cell. In  cell-free membrane patches, PKC also had a dual effect: at a high calcium 
concentration, PKC inactivated chloride channels; at a low calcium concentration, 
PKC activated chloride channels. In  cystic fibrosis cells, PKC-dependent channel 
inactivation was normal, but activation was defective. Thus it appears that PKC 
phosphorylates and regulates two different sites on the channel or on a n  associated 
membrane protein, one of which is defective in cystic fibrosis. 

C HLORIDE SECRETION BY AIRWAY 

epithelium is controlled in part by 
C1- channels in the apical mem- 

brane of the cell (1). These channels are in 
turn regulated by adenosine 3',5'-cyclic mo- 
nophosphate (CAMP)-dependent protein 
kinase (PKA), which phosphorylates the 
CI- channel or an associated protein, there- 
by activating (2) the channel (3). In cystic 
fibrosis (CF), regulation of this channel is 
defective: PKA does not activate C1- chan- 
nels, although these channels are present in 
the membrane and can be activated by depo- 
larization after membrane patches are ex- 
cised from the cell (3, 4). Defective regula- 
tion of C1- channels in epithelium from 

patients with CF may contribute to the 
pathophysiology of this genetic disease (5). 

PKC is important in regulating secretion 
(6 ) ,  and it controls ion channels in several 
cell types (7).  In airway epithelia, two CI- 
secretagogues, isoproterenol and bradyki- 
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Flg. 1. Effect of PMA and A 20 B C 
cAMP on '''1- efflux. (A) 
Efflux was measured under 
control conditions (Con- 2 15 
trol) or with addition of 'I 
PMA (PMA) (100 nM) or % 
10 pM forskolin plus 500 wo 
pM IBMX (CAMP) (9). 5 
Data are mean i- SEM j 
(n = 11 cover slips from 
three experiments); both 
PMA and CAMP increased o 
efflux (P < 0.05). (B) Efflux Control PMA cAMP Control PMA CAMP Control PMA 

in CF cells; conltions are 
the same as in Fig. 1A (n = 4 cover slips from one experiment). (C) Effect of PMA on the response to 
CAMP. Cells were exposed to PMA (100 nM) or vehicle (Control) for 10 min before addition of 10 pM 
forskolin plus 500 pM IBMX (CAMP) (n = 10 cover slips from three experiments). The CAMP-induced 
increase in efflux was less in the presence of PMA (P < 0.05). Values for all efflux rates were obtained 2 
to 5 min afcer addition of agonists when efflux rate was greatest. Forskolin and IBMX produced 
comparable increases in CAMP in the presence and absence of PMA (10). In (C) baseline efflux rate was 
similar in the control and PMA groups because the PMA-stimulated increase in '251- efflux was 
transient and had returned to baseline values 10 min after addition of PMA. 0, Baseline; B, 
intervention. 
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