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ABSTRACT We examined the regulation of a cloned epithelial Na + channel (a[3~/-rENaC) by protein kinase A 
(PKA) and protein kinase C (PKC). Experiments were performed in Xenopus oocytes and in planar lipid bilayers. 
At a holding potential of - 100 mV, amiloride-sensitive current averaged - 1,279 - 111 nA (n = 7) in etB~-rENaC- 
expressing oocytes. Currents in water-injected oocytes were essentially unresponsive to 10 ixM amiloride. A 1-h 
stimulation of PKC with 100 nM of PMA inhibited whole-cell currents in Xenopus oocytes to 17.1 - 1.8, and 22.1 + 
2.6% of control (n = 7), at holding potentials of - 100 and +40 mV, respectively. Direct injection of purified PKC 
resulted in similar inhibition to that observed with PMA. Additionally, the inactive phorbol ester, phorbol-12- 
myristate-13-acetate, 4-O-methyl, was without effect on et~3~/-rENaC currents. Pretreatment with the microtubule in- 
hibitor colchicine (100 ixM) did not modify the inhibitory effect of PMA; however, pretreatment with 20 t~M cy- 
tochalasin B decreased the inhibitory action of PMA to <20% of that previously observed. In vitro-synthesized 
ct[3~-rENaC formed an amiloride-sensitive Na+-selective channel when incorporated into planar lipid bilayers. Ad- 
dition of PKC, diacyl-glycerol, and Mg-ATP to the side opposite that which amiloride blocked, decreased the chan- 
nel's open probability (Po) from 0.44 -+ 0.06 to 0.13 _ 0.03 (n = 9). To study the effects of PKA on et[3~/-rENaC ex- 
pressed in Xenopus oocytes, cAMP levels were elevated with 10 ixM forskolin and 1 mM isobutyl-methyl-xanthine. 
This cAMP-elevating cocktail did not cause any stimulation of et[3~/-rENaC currents in either the inward or outward 
directions. This lack of activation was also observed in oocytes preinhibited with PMA and in oocytes pretreated 
with cytochalasin B and PMA. Neither et-rENaC nor et[3~/-rENaC incorporated into planar lipid bilayers could be 
activated with PKA and Mg-ATP added to either side of the membrane,  as Po remained at 0,63 z 0.06 (n = 7) and 
0.45 • 0.05 (n -- 9), respectively. We conclude that: et[3~/-rENaC is inhibited by PKC, and that ctl3",/-rENaC is not ac- 
tivated by PKA. Key words: PKA * PKC * ENaC * oocytes * PLB 

I N T R O D U C T I O N  

Apically located amiloride-sensitive Na + channels  are 
pivotal to the regulation of  transepithelial Na + trans- 
port.  These Na + channels are regulated by various hor- 
monal  and humora l  factors, many  of which act via sec- 
ond  messenger  activation of  prote in  kinases. Two im- 
por tan t  prote in  kinases, namely, PKA and PKC, have 
been implicated in the regulation of  amiloride-sensitive 
Na + channels. For example,  a variety of  agents, such as 
antidiuretic hormone ,  forskolin, theophylline, and per- 
meable  hydrolyzable analogues of  cAMP, have been 
used to increase intracellular levels of  cAMP and to ac- 
tivate the PKA pathway. In a n u m b e r  of  different epi- 
thelia, these agents consistently and markedly activate 
transepithelial Na + t ransport  via activation of  apical 
Na + channels (Els and Helman,  1991; Marunaka and 
Eaton, 1991; for review see Benos et al., 1995). This 
cAMP-mediated activation is widely considered a hall- 
mark  of  amiloride-sensitive Na + channels. 

Activation of PKC has been  shown by a variety of  
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methods  to inhibit  transepithelial Na + t ransport  via in- 
hibition of  apical Na § channel  activity. Yanase and 
Handler  (1986) demonst ra ted  that  PMA inhibits Na + 
t ransport  in turtle colon. Ling and Eaton (1989) 
showed by patch clamp of A6 epithelia that  PKC activa- 
tion inhibits open  channel  density. Silver et al. (1993) 
have demonst ra ted  that  elevation of Ca 2+, and presum- 
ably activation of  PKC, caused a decrease of  Na + chan- 
nel activity (NPo) in the rat cortical collecting duct  
(CCD))  Similarly, f rom measurements  on a purified 
bovine papillary Na + channel  reconst i tuted into planar  
lipid bilayers, Oh et al. (1993) have conf i rmed these 
observations and have suggested that  at least a compo-  

iAbbreviations used in this paper: CFTR, cystic fibrosis t r ansmembrane  
conductance regulator; DAG, diacyl-glycerol; g]mil, amiloride-sensi- 
five inward slope conductance  at - 1 0 0  mV; gaom~l, amiloride-sensitive 
outward slope conductance  at +40 mV;/-100, whole-cell cur ren t  at a 
holding potential  of  - 1 0 0  mV; I+40, whole-cell cur ren t  at a hold ing 
potential  of +40  mV; /amil, amiloride-sensitive cur ren t  at 10 vM 
amiloride; /]inn ~il, amiloride-insensitive current;  I a ] ~ ,  amiloride-sensi- 
rive current  at - 1 0 0  mV; 1atoll amiloride-sensitive cur ren t  at +40 *+40, 
mV; IBMX, isobutyl-methyl-xanthine;//V,, cur ren t  to voltage relation- 
ship; MPMA, phorbol-12-myristate-13-acetate, 4-O-methyl; ArT, total 
channel  density; Po, open  probability; rENaC, renal  epithelial Na + 
channel ;  -rvKc, t ime constant  for inhibi t ion by PKC; V~v, reversal po- 
tential or open  circuit voltage. 
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n e n t  o f  this i nh ib i t i on  is m e d i a t e d  via d i r ec t  phos-  
p h o r y l a t i o n  o f  this pu r i f i ed  Na  + c h a n n e l  by PKC. 

T h e  p r e s e n t  work  was ca r r i ed  o u t  to d e t e r m i n e  the  
r e g u l a t i o n  o f  a c l o n e d  ra t  ep i the l i a l  N a  + c h a n n e l  
( rENaC) by PKC a n d  PKA. T h e s e  c h a n n e l s  a re  f o r m e d  
by a m u l t i m e r i c  c o m b i n a t i o n  o f  c~, [3, a n d  ~ /subuni t s .  
These  assoc ia ted  p r o t e i n s  were  ini t ial ly c l o n e d  f rom co- 
lonic  ep i t he l i a  o f  rats f ed  a low Na  + d ie t  (Canessa  et  al., 
1993, 1994), b u t  have now b e e n  e x p a n d e d  to i nc lude  
h u m a n ,  bovine ,  a n d  Xenopus h o m o l o g u e s  ( M c D o n a l d  
et  al., 1994, 1995; Fu l l e r  e t  al., 1995; Puot i  e t  al., 1995). 
ENaCs have b e e n  p r o p o s e d  as c and ida t e s  for  the  chan-  
nels  tha t  m e d i a t e  Na  + t r a n s p o r t  in r ena l  CCDs, because  
pa t ch  c l a m p  s tudies  o f  these  c h a n n e l s  e x p r e s s e d  in Xe- 
nopus oocytes  r evea led  tha t  they  fo rm a smal l -conduc-  
t ance  (5 pS) ,  h igh ly  Na+-select ive c h a n n e l  with h igh  
ami lor ide-sens i t iv i ty  a n d  l ong  o p e n  a n d  close t imes,  
s imi lar  to the  obse rved  p h a r m a c o l o g i c a l  a n d  k ine t ic  
prof i les  o f  Na  + c h a n n e l s  p r e s e n t  in these  ep i t he l i a  
( Pa lmer  a n d  Fr ind t ,  1988). Wi th  the  e x c e p t i o n  o f  a re- 
c en t  r e p o r t  by Stutts e t  al. (1995) d e s c r i b i n g  the  effect  
o f  PKA on  0q3~/-rENaC t r ans fec ted  in to  MDCK cells, n o  
da t a  exist  d e s c r i b i n g  the  r e g u l a t i o n  o f  a[3y-ENaCs by 
p r o t e i n  kinases.  

C h a n n e l  f u n c t i o n  was s t ud i ed  in the  Xenopus oocyte  
h e t e r o l o g o u s  exp re s s ion  system a n d  in p l a n a r  l ip id  bi- 
layers. We  c o n c l u d e  tha t  s t imu la t ion  o f  PKC by 100 nM 
PMA causes an  i n h i b i t i o n  o f  o~[3"y-rENaC e x p r e s s e d  in 
Xenopus oocytes.  This  i n h i b i t i o n  was also c o n f i r m e d  by 
d i r ec t  i n j ec t ion  o f  PKC. T h e  la rges t  pa r t  o f  the  re- 
sponse  to PMA was a b o l i s h e d  by a 2-4-h  p r e t r e a t m e n t  
with the  m i c r o f i l a m e n t  d i s r u p t e r  cy tocha las in  B, bu t  
n o t  by the  m i c r o t u b u l e  d i s r u p t e r  co lch ic ine .  I n h i b i t i o n  
by PKC was also c o n f i r m e d  for  a[3~/-rENaC recons t i -  
t u t ed  in to  p l a n a r  l ip id  bi layers,  whe re  a d i r ec t  inhib i -  
t ion o f  s ing le -channe l  o p e n  p robab i l i t y  (Po) was ob- 
served af ter  the  add i t i on  o f  PKC, diacyl-glycerol (DAG),  
a n d  ATP. These  observa t ions  suggest  a dua l  mecha -  
n ism o f  d i r ec t  a n d  i n d i r e c t  ac t ion  o f  PKC. In  contras t ,  
t he re  was n o  effect  o f  fo r sko l in  a n d  isobutyl-methyl-  
x a n t h i n e  (IBMX) on  oocytes  exp re s s ing  cx[3"y-rENaC, 
cons i s t en t  with the  lack o f  an  effect  o f  cAMP on  Na  + 
t r a n s p o r t  in the  ra t  co lon  (Br idges  et  al., 1984), the  tis- 
sue f rom which  ENaCs were  or ig ina l ly  c loned .  Addi -  
t ionally,  n o  effect  o f  PKA-med ia t ed  p h o s p h o r y l a t i o n  on  
ENaC single c h a n n e l  activity was obse rved  in  p l a n a r  
l ip id  bilayers.  T h e s e  observa t ions  ind ica te  tha t  the  
c h a n n e l  f o r m e d  by a[3"y-rENaC by i tself  is insensi t ive to 
PKA act ivat ion.  

M A T E R I A L S  A N D  M E T H O D S  

RNA Synthesis 

The pSport plasmid (GIBCO BRL, Gaithersburg, MD), which 
contained either e~-, [3-, or ~-rENaC (a generous gift from Dr. B. 

Rossier, University of Lausanne), was linearized with overnight 
incubation with Not I (Promega Corp., Madison, WI). Cystic fi- 
brosis transmembrane conductance regulator (CFTR) contained 
in PBQ4.7, a generous gift of Dr. R. Frizzell (University of Ala- 
bama at Birmingham), was linearized overnight with EcoRV 
(Promega Corp.). The appropriate DNA was purified using the 
Geneclean kit (Bio 101, Inc., Vista, CA). Sense RNA was synthe- 
sized from purified plasmid DNA using T7 RNA polymerase for 
e~13~-rENaC and for CFTR, according to the manufacturer's in- 
structions (Promega Corp.). RNA was in vitro synthesized in the 
presence of a methylguanosine cap analogue, mTG (5') ppp (5') G 
(NEB, Beverly, MA), in threefold excess of GTP. This procedure 
has been reported to stabilize cRNA and thus enhance its transla- 
tional efficiency (Krieg and Melton, 1984; Melton et al., 1984). 
After two rounds of phenol/chloroform extraction and ethanol 
precipitation, RNA was quantitated by measuring OD at 260 nm 
and stored at - 80~ 

Oocy te Expression 

Toads were obtained from Xenopus I (Ann Arbor, MI) and were 
kept in dechlorinated tap water at 18~ Toads were fed beef liver 
twice weekly. Oocytes were surgically removed from anesthetized 
toads and processed as previously described (Fuller et al., 1995). 
Briefly, oocytes were defoliculated by a 2-h collagenase incuba- 
tion (160 U/ml or 0.5 mg/ml, type 1A; Sigma Chemical Co., St. 
Louis, MO) in Ca2+-free medium. Oocytes were allowed to re- 
cover overnight before RNA injection. A Nanoject (Drummond 
Sci. Co., Broomall, PA) was used to inject 50 nl of nuclease-free 
water containing cRNAs at various concentrations, ec-rENaC- 
expressing oocytes were injected with 12.5 ng of cRNA, whereas 
c~[3~-rENaC-expressing oocytes were injected with 1-2 ng of each 
cRNA. Oocytes expressing CFTR were injected with 10 ng of 
cRNA. After injection, oocytes were incubated at 18~ for 2-3 
days until recording. In experiments that required the direct in- 
jection of PKC, oocytes were first impaled with the injecting elec- 
trode. This electrode was filled with a solution containing 1 ng/  
~1 of rat brain PKC. Before impalement, air was drawn into the 
tip of the electrode to minimize leakage of PKC into the oocyte. 
The oocyte was subsequently impaled with the two recording 
electrodes in the usual fashion. After establishing a control pe- 
riod, the Drummond injector was used for direct injection of 
~25 nl of PKC in these oocytes. All recordings were performed at 
a controlled room temperature, which was 19-20~ 

Solutions and Chemicals 

The pH of all oocyte solutions was adjusted to 7.5. Oocytes were 
defoliculated in Ca2+-free Ringer's of the following composition 
(in raM): 84 NaC1, 1 MgC12, 2 KC1, 5 HEPES. The oocyte culture 
medium was half strength L-15 (Sigma Chemical Co.) supple- 
mented with 15 mM HEPES and 0.5% of a 10,000 U/ml solution 
of penicillin/streptomycin (GIBCO BRL, Gaithersburg, MD). 
The recording medium contained the following (in mM): 96 
NaC1, 1 MgCI,~, 2 KC1, 1.8 CaC12, 5 HEPES. Planar lipid bilayers 
were symmetrically bathed with the following solution (in mM): 
100 NaC1, 10 MOPS, pH 7.4. Forskolin (Calbiochem Corp., San 
Diego, CA) was dissolved as a 10 mM stock in ethanol and was 
used at a final concentration of 10 p~M. PMA and phorbol-12- 
myristate-13-acetate, 4-O-methyl (MPMA; Calbiochem Corp.) 
were dissolved as a 1 mM stock in DMSO and were used at a final 
concentration of 100 nM. IBMX (Sigma Chemical Co.) was di- 
rectly dissolved in the recording medium. Colchicine and cyto- 
chalasin B (Sigma Chemical Co.) were dissolved in water and eth- 
anol at a stock concentration of 100 mM and 20 raM, respec- 
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tively. Purified rat  brain PKC and  DAG were obta ined from LC 
Laboratories (Woburn,  MA) and  used at a final concentra t ion  of 
5 n g / m l  (1 ng/p,1 stock in oocyte injection experiments)  and  5 
p,M, respectively. Purified catalytic subuni t  of PKA was obtained 
from Dr. Gail Johns on  (University of Alabama at Birmingham) 
and  was used at a final concentra t ion  of  1.85 n g / m l .  Both kinases 
were used in conjunct ion with Mg-ATP (Sigma Chemical Co.) at 
a final concentra t ion  of 100 ~M. 

Planar Lipid Bilayers 

Phospholipids were obta ined from Avanti Polar Lipids (Alabas- 
ter, AL). Bilayers were formed from a 2:1:2 weight mixture of di- 
phytanoyl-phosphatidyl-ethanolamine, diphytanoyl-phosphatidyl- 
serine, and  oxidized cholesterol in n-octane, as previously de- 
scribed (Ismailov et al., 1994). The bilayer membrane  was painted 
with a fire-polished glass capillary. After th inn ing  of the mem- 
brane  and  verification of the appropriate  capacitance for a bi- 
layer of ~200  p~m in diameter  (~300 pF), liposomes were spread 
onto  the formed membrane  with ano ther  fire-polished capillary. 

Data Acquisition and Analysis 

pCLAMP version 5.5 (Axon Instruments,  Foster City, CA) was the 
program used for data acquisition and  analysis for bo th  oocyte 
and  bilayer experiments.  Data were filtered at 1 KHz for the oo- 
cyte experiments.  Dual electrode voltage clamp was carried out  
using a TEV-200 oocyte clamp (Dagan Corp., Minneapolis,  MN). 
The bath clamp was connec ted  to the chamber  via a pair of chlo- 
r ided silver wires connected  to the chamber  via 3% agar bridges 
in 3 M NaC1. Oocytes were continuously perfused with solution at 
the rate of 2 ml, or approximately two chamber  volumes, per  
minute.  Oocyte hold ing  voltage was clamped to 0 mV at all times 
(i.e., short  circuit condit ions),  except dur ing  acquisition of the 
whole-cell currents  at various voltages. During periods of data ac- 
quisition, the membrane  voltage was s tepped for 450 ms from 
- 1 0 0  mV to +80 mV in increments  of 20 inV. Each 450-ms volt- 
age episode was also accompanied by a br ief  (~50  ms) clamp to 0 
mV to ensure the stability of the value of cur ren t  at 0 inV. This se- 
ries of voltage episodes was usually carried out  every 5 min. Cur- 
rent /vol tage  (I/V) relationships were constructed from the value 
of  the clamped voltage (verified to be accurate by digital acquisi- 
tion of the actual hold ing voltage) and  the averaged value of the 
last five current  points at the end  of each 500-ms holding voltage 
episode. This relationship was empirically fit to a second-order  
polynomial equat ion with R 2 values >0.99 (Sigma Plot version 
5.0; Jandel  Scientific, San Rafael, CA). Slope conductances were 
de te rmined  from the slope to the fitted equat ion at values be- 
tween - 1 0 0  and  - 9 5  mV (inward conductance)  and  at values be- 
tween +35 and +40 mV (outward conductance) .  Where  applica- 
ble, data were fit to a first-order falling exponential  with a built-in 
delay of 1 min (equal to the delay of solution exchange in the 
chamber)  using Sigma Plot software. 

Bilayer data were filtered at 100 Hz and  were acquired at 500 
Hz. Single channel  analysis was performed on records 3-15 min 
in duration.  An event list was genera ted  by pCLAMP, using a dis- 
cr iminat ing point  set to half  the maximal main-state channel  
conductance.  Single-channel Po was calculated according to the 
following equation: 

i = m  
]~ ti 

i = 1  
P ~  

where ~ is an event dwell time, N is the n u m b e r  of channels  
(equals one),  and  m and  T are the n u m b e r  of events and  the du- 
rat ion of the analyzed record, respectively. 

In Vitro Translation 

For planar  lipid bilayer experiments,  0~[3",/-rENaC was in vitro 
translated using a nuclease-treated rabbit  reticulocyte cell lysate 
system in the presence of  canine microsomal membranes  
(Promega Corp.) as previously described (Awayda et al., 1995). 
The  translation reaction was carried out  using ~ 2 0  tzCi of  
[35S]methionine (Dupont-New England Nuclear, Boston, MA). 
The  translation reaction was terminated and  solubilized by the 
addit ion of  0.4% (final concentra t ion)  of  Tri ton X-100. An equal 
volume of sample buffer (125 mM Tris, 20% glycerol, 0.01% bro- 
mopheno l  blue) was subsequently added, and  the lysate-contain- 
ing de novo-synthesized protein was purified by passing through 
a gel filtration (G-75) Sephadex column (Pharmacia Biotech, Pis- 
cataway, NJ). The column fraction enr iched in ENaC was deter- 
mined  via scintillation count ing  and  autoradiography as de- 
scribed by Awayda et al. (1995) and  by Ismailov et al. (1996). Li- 
posomes were made by the addit ion of 10 p~l of the column 
fraction enr iched in c~ alone or 10 ~1 of each fraction enr iched in 
a,  J3, and  % and  590 or 570 p,1 of reconst i tut ion buffer (400 mM 
KC1, 5 mM Tris, 0.5 mM MgCI2, pH 7.4) to Nz-evaporated phospho- 
lipids, containing 300 tzg of diphytanoyl-phosphatidyl-ethanol- 
amine,  200 p,g of diphytanoyl-phosphatidyl-serine, and  150 p~g of 
phosphatidyl-choline. From the amoun t  of incorporated 
[35S]methionine and  the percent  meth ion ine  composit ion of 
each ENaC subunit,  we estimated that  we were reconsti tuting 
~0.3-0 .5  p,g of each ENaC subunit  into liposomes (i.e., a pro- 
te in / l ip id  ratio of 0.0014-0.0023:1). Control  liposomes were 
made from an identical aliquot of the column-purified transla- 
tion reaction that  was carried out  in the absence of exogenous 
cRNA, but  otherwise received the same t rea tment  as the ENaC- 
RNA-containing reaction, including the addit ion of canine mi- 
crosomal membranes  to the reaction. These negative control  li- 
posomes conta ined no  detectable Na + channel  activity when 
fused to the bilayer membrane  in >300 separate attempts. 

Membrane Vesicles 

Oocyte membrane  vesicles were prepared  as previously described 
(Perez et al., 1994; Awayda et al., 1995). Briefly, 50 oocytes were 
homogenized  in 0.7 ml of an ice-cold high potassium buffer con- 
taining protease inhibitors. The homogena te  was overlaid on  a 
discontinuous 20-50% sucrose gradient.  After a 30-min spin at 
35,000 g, the interphase layer was collected and  respun at 50,000 
g. The  pellet, which conta ined the membrane  fraction, was resus- 
pended  and  stored at -20~  until  use. 

By convention,  inward flow of cations is designated as inward 
current  (negative current) ,  and  all voltages are reported with re- 
spect to ground or bath.  Data are reported as mean  _+ SEM, with 
the exception of single channe l  open  probabilities, which are re- 
por ted  as mean  _+ SD. Significance was de te rmined  using Stu- 
dent ' s  t test at the 95% confidence level. 

R E S U L T S  

E x p r e s s i o n  o f  0~-rENaC in  Xenopus o o c y t e s  r e s u l t e d  i n  

t h e  a p p e a r a n c e  o f  i n w a r d  a m i l o r i d e - s e n s i t i v e  c u r r e n t s .  

I n d e e d ,  f o r  o o c y t e s  c l a m p e d  a t  - 1 0 0  m V ,  a m i l o r i d e -  

s ens i t i ve  c u r r e n t s  ( / a ~ )  a v e r a g e d  54  -+ 5 nA,  ( n  = 15 

oocy t e s ,  f r o m  f ive t o a d s ) ,  a n d  r a n g e d  f r o m  21 to  113  

nA.  T h e s e  s m a l l  v a l u e s  o f  c u r r e n t  w e r e  c o n s i s t e n t  w i t h  
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FIGURE 1. Representative 
example of the whole-cell 
currents observed in c~[3~/- 
rENaG-expressing oocytes, 
and their corresponding 
quasi-steady state I/V rela- 
tionship. A is representa- 
tive of ENaC-expressing 
oocytes bathed with con- 
trol ND-96 solution. B is 
representative of the cur- 
rents during inhibition 
with 10 IxM amiloride. C 
represents the currents af- 
ter washout of amiloride. 
Amiloride-sensitive currents 
before and after recovery 
from amiloride treatment 
are shown in D and E. 
These currents were 
nearly identical and indi- 
cate that amiloride's inhib- 
itory effects were highly re- 
versible. The //V relation- 
ship of the amiloride- 
sensitive currents are 
shown in s Note that 

amiloride-sensitive ENaC currents are essentially voltage independent and inwardly rectified at hyperpolarizing voltages but begin to out- 
wardly rectify at markedly depolarized voltages (see text). 

those previously r epor t ed  f rom the expression of  the r 
subuni t  o f  ENaC (Canessa et al., 1993; Fuller et al., 
1995). Because o f  the difficulties in resolving small 
nanoamp-level  changes  o f  cu r ren t  over the course o f  
>1  h, we chose to examine  the effect o f  PMA on  oo- 
cytes expressing all three  ENaC subunits. U n d e r  these 
condit ions,  the currents  a t t r ibuted to the presence  o f  
all three  ENaC subunits  are m u c h  larger  (see below, 
and  Canessa et al., 1994), and  the time course  o f  cur- 
ren t  changes  can be easily fol lowed out  for  ex t ended  
periods even in oocytes with i nhe ren t  baseline drift. 

Effect of PKC on Oocytes Expressing afly-rENaC 

Coinject ion o f  cRNA e n c o d i n g  for  the eq3~/-rENaC sub- 
units resul ted in m u c h  larger  amiloride-sensitive cur- 
rents, and  l-/-amill00 averaged - 1 , 9 3 6  _ + 214 nA (n = 59 oo- 
cytes f rom 22 toads).  This e n h a n c e d  cu r r en t  was ob- 
served despite the 6-12-fold lower concen t r a t ion  o f  
injected cRNA (see Materials and  Methods) .  A repre-  
sentative whole-cell cu r r en t  trace for  an oocyte express- 
ing eq3~l-rENaC is shown in Fig. 1 A. This trace was col- 
lected at the end  o f  the cont ro l  per iod,  which usually 
lasted 30-60  min, d e p e n d i n g  on  stability o f  the base- 
line. As shown in Fig. 1, B and  C, amilor ide  reversibly 
inhibi ted the majority o f  cu r ren t  at all voltages. Amil- 
or ide was a d d e d  at 10 ~M for  5 min  (after 3 -4  min  no  
fu r the r  inhibi t ion is observed,  indicat ing that  a saturat- 
ing concen t r a t i on  o f  amilor ide  is equi l ibrated in the 

chamber ) .  As expected ,  with the addi t ion  o f  a saturat- 
ing concen t r a t i on  o f  a b locker  such as amilor ide  (/~ 
~ 7 0  nM, see Fuller et al. (1995), which is approxi-  
mately two orders  o f  magn i tude  less than  the concen-  
t rat ion used for  comple te  b lock in this study), the wash- 
ou t  per iod  was longer  than the wash-in period.  Usually, 
comple te  reversal o f  the effect o f  amilor ide  was on  the 
o rde r  o f  15-20 min  and  was largely d e p e n d e n t  on  the 
exchange  rates o f  solutions t h r o u g h  the chamber .  

The  cu r ren t  measured  at d i f ferent  hyperpolar iz ing  
voltages was essentially all amilor ide  sensitive, and  was 
highly reversible u p o n  washout  o f  amilor ide  (see Fig. 1, 
D and  E). The  I /V  relat ionships o f  the amiloride-sensi- 
tive c o m p o n e n t  before  and  after recovery f rom amil- 
or ide  are shown in Fig. 1 F. Consis tent  with a previous 
repor t  by Canessa et al. (1994), the cu r r en t  a t t r ibuted 
to ENaC was slightly inwardly rectified in the range o f  
- 1 0 0  mV to +40  mV. However,  these investigators did 
no t  ex tend  their  measu remen t s  to voltages m o r e  depo-  
larized than +40  mV. As observed in Fig. 1, amiloride-  
sensitive ENaC currents  between +40  and  +8 0  mV 
were slightly outwardly rectified and  were reversibly 
b locked  by amiloride,  as the ent i re  I/Vrelationship, be- 
fore  add ing  amilor ide  and  after recovery f rom 
amiloride,  was essentially u n c h a n g e d  (data representa-  
tive o f  11 exper iments  where reversibility o f  amilor ide 
was tested). Indeed ,  amiloride-sensitive currents  aver- 
aged - 1 , 9 3 6  -+ 214, 268 + 53, and  827 + 123 nA at 
- 1 0 0 ,  +40,  and  +80  mV, respectively (n = 59 oocytes 
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from 22 toads).  By comparison,  amiloride-sensitive cur- 
rents at + 4 0  and + 8 0  mV were 10 -+ 1 and 38 -+ 3% of  
/ 2 ~ ,  and ranged from 6 to 91% (ratio o f  "+solamil to 
/ 2 ~  ). Whereas the current at + 8 0  mV was less than 
the current at - 1 0 0  mV, the appearance o f  outward 
rectification is dependent  on  the increase in outward 
current at depolarized voltages. In that respect, the ra- 
tio o f  the slope conductance  at + 8 0  mV to that o f  the 
slope conductance  at + 4 0  mV averaged 2.02 --+ 0.25, 
and ranged from 0.28 to 10.22. Additionally, this ratio 
was > 1.0 in 44 out  o f  59 oocytes, indicating the pres- 
ence  o f  outward rectification in the I/V relationship o f  
these oocytes.  This observation clearly provides evi- 
dence  for the presence o f  appreciable amiloride-sensi- 
tive currents at depolarizing voltages. 2 

Shown in Fig. 2 is a representative effect o f  PMA on 
amiloride-sensitive ENaC currents. In this particular ex- 
ample,  the oocyte,  bathed in control  Ringer's solution 
(Fig. 2 A), was chal lenged with amiloride,  fol lowed by 
washout  o f  amiloride. After establ ishment o f  a new 
steady state, PMA was added for 1 h, fol lowed by a sub- 
sequent  addition o f  amiloride.  A comparison between 
A and C o f  Fig. 2 indicates that a large inhibit ion o f  
whole-cell  current at every voltage was observed after a 
1-h incubation with 100 nM PMA. The  magnitude o f  
the PMA-inhibited current is shown in Fig. 2 D, which 
clearly demonstrates  that PMA inhibited the majority 
o f  amiloride-sensitive ENaC current. An examinat ion  

~Examination of  the / /V  relationship of  the amiloride-sensitive (10 
p.M amiloride) ENaC current  revealed the presence of  an outward 
rectification of  ENaC at markedly depolarized intracellular voltages. 
Whereas this rectification was variable from oocytes to oocyte, the 
value of  the amiloride-sensitive current  at +80 mV was always signifi- 
cant, and, where tested, this current  was reversibly blocked by 
amiloride (see text). This "voltage activation" of  amiloride-sensitive 
currents at depolarizing voltages was distinct from the oocytes-endog- 
enous voltage-activated "neuronal '- type Na + channel,  which has a 
time constant of  activation and inactivation on the order  of  many 
minutes, as described by Baud and Kado (1984). This outward rectifi- 
cation may be the result of  a reversible voltage- and t ime-dependent  
activation of  amiloride-sensitive current  (on the order  of  tens of  milli- 
seconds) at these markedly depolarized voltages. These amiloride- 
sensitive outward currents were essentially completely blocked by 10 
o.M amiloride, as a further  increase of  the amiloride concentrat ion 
from 10 to 100 ~M did not  cause any fur ther  appreciable inhibition 
of  outward or inward currents. Thus, the apparent  voltage- and time- 
dependen t  activation of  these currents cannot  be due to a relief o f  a 
voltage-dependent block by amiloride (in reality an incomplete block 
by amiloride at these depolarized voltages would only serve to under- 
estimate the magnitude of  the amiloride-sensitive current  and never 
overestimate). We are uncertain whether  this p h e n o m e n o n  is related 
to the "action potential" p h e n o m e n o n  observed at the apical mem- 
brane of  the predominantly if not  solely Na+-transporting epithelium 
of  frog skin when this epithelium is subjected to current  pulses that 
cause marked intracellular voltage depolarization (Lindemann and 
Thorns, 1967; Fishman and Macey, 1968). However, no fur ther  at- 
tempt  was made to characterize this p h e n o m e n o n  because these ex- 
tremely depolarized voltages are nonphysiological. 

of  the corresponding  I/V relationships in Fig. 2 indi- 
cates that the reversal potential  was near + 2 0  mV. This 
marked shift o f  Vrev (Vrev ranged from - 5  to +25  mV in 
al3~/-rENaC-expressing oocytes versus a range from 
- 3 5  to - 6 0  mV in water-injected oocytes,  and, further- 
more,  Vr~ in ENaC-expressing oocytes,  after inhibit ion 
by 10 ~M amiloride,  was in the same range as that o f  
water-injected oocytes) is consistent  with the activation 
o f  an Na + conductance .  The  magnitude o f  V~  never 
reached the expected equil ibrium reversal potential  for 
Na +, assuming an intracellular [Na +] o f  5 -10  mM 
(Kushner et al., 1989; Dascal, 1987). This has been  at- 
tributed to an elevated intracellular [Na +] due  to load- 
ing o f  oocytes expressing such high levels o f  an 
Na+-selective channel  (Canessa et al., 1994). Thus, in 
a[37-rENaC--expressing oocytes,  the amiloride-sensitive 
currents measured o n  either side o f  this reversal poten-  
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FIGURE 2. Representat ive example  of  the effect  o f  PMA on whole- 
cell currents  in e~13"y-rENaC--expressing oocyte. Control  currents  
are shown in A, and  the  amiloride-inhibitable c o m p o n e n t  is shown 
in B. A 1-h PMA t rea tment  decreases whole-cell currents  to near  
background  values (C). Indeed ,  the  PMA-inhibitable currents  (D) 
are essentially equivalent  to the  amiloride-inhibitable currents  (B). 
T h e  dashed  lines in the  I/Vcurves r ep resen t  the  inward and  out-  
ward slope conduc tances  (see text). Data representat ive o f  10 ex- 
pe r iments  f rom four  toads. 
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T A B L E  I 

Effect of PMA on Inward and Outward a~y-rENaC Current in Xen@us Oocytes 

Current, nA Control1 .~niloride Control z PMA E1/C 2 Amiloride E2/C 2 

Inward (I_100) 

Mean - 1,757 - 73 - 1,279 - 214 0.171 - 60 0.050 

+ SEM 87 1l 111 22 0.018 9 0.009 

Outward (I+40) 

Mean +388 + 29 +273 +57 0.221 + 17 0.067 

_+ SEM 35 4 34 5 0.026 2 0.012 

n = 7; amiloride was added at 10 IxM for 5 min before and after adding 100 nM PMA for 1 h. Control2 (C2) represents the value of current immediately 
before adding PMA, Ei represents the value of current 1 h after adding PMA, and E~ represents the value current after adding amiloride at the end of the 
experiment. 

tial are representative of  inward and outward ENaC 
currents. We limited our  analysis to the effects of  drugs 
on inward and outward amiloride-sensitive currents at 
- 100 ~.t' Lfamill00 ) and + 40 mV ( a--100/amil ) , respectively, be- 
cause Xenopus oocytes are known to contain voltage- 
and t ime-dependent  Ca z+ and CI- channels, which are 
activated at voltages > + 6 0  mV (Dascal, 1987). Conse- 
quently, we also limited our  repor t  to effects on the 
amiloride-sensitive m e m b r a n e  slope conductance  at 
these two voltages. 

The  effects of  PMA on 1-100 and I+40 are summarized 
in Table I. PMA decreased L100 by 83% from a baseline 
value of  -1 ,279  to - 2 1 4  nA. This value is near  that of  

Iamil, which averaged the amiloride-insensitive current,  -ins 
- 6 0  nA. Similar results were observed for I+40, which 
was inhibited by 78% of  control  and fur ther  inhibited 
by amiloride to 6.7% of  control. Values of  /am il a t  ei- 
ther voltage were slightly decreased after the addition 
of PMA; however, the absolute values of  these changes 
are negligible when compared  with the values of  

amiloride-sensitive ENaC currents. The amiloride- 
insensitive currents were of  similar magni tude to the 
background currents present  in untreated water- 
injected oocytes at the same voltage (data not  shown). 
Therefore ,  we conclude that  the majority of  whole-cell 
current  at these two voltages is at tr ibuted to ENaC, and 
that expression of  this channel  does not  alter the natu- 
ral density of  endogenous  channels, at least between 
- 1 0 0  and +40 mV. Moreover, these low leak values ob- 
viate the need  for any leak subtraction. Nevertheless, 
repor ted  values already have the amiloride-insensitive 
c o m p o n e n t  subtracted. 

The  time course of  inhibition of  oocytes expressing 
a[3",/-rENaC by 100 nM PMA is shown in Fig. 3. The  in- 
ward amiloride-sensitive slope conductance at - 1 0 0  
mV (gamil) decreased slowly f rom 15.9 + 1.4 to 1.9 + 
0.5 txS (n = seven oocytes f rom three toads). Similarly, 
the outward slope conductance  (gamil) decreased f rom 
6.3 -+ 0.8 to 1.1 -+ 0.2 txS (n = seven oocytes f rom three 
toads). Alter correction for a baseline drift, which was 
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FIGURE 3. Changes of  amil- 
oride-sensitive slope conduc- 
tance in a[5~/-rENaC-expressing 
oocytes in response to 100 nM 
PMA. The  40-rain control  period 
was used to extrapolate a base- 
line t rend in A and B. The trend 
was subtracted, and the corre- 
sponding  change of  amiloride- 
sensifive conductance (10 ~M 
amiloride) was replotted in C 
and D. A simple exponential  de- 
cay function was used to fit the 
data with time constants and  the 
infinity values shown in C and D 
(n = seven oocytes f rom three 
toads). 
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FIGURE 4. MPMA, a weak 
PKC analogue, does not 
inhibit amiloride-sensitive 
a[3~-rENaC currents. A 
lack of effect was observed 
on both the inward (A) 
and outward (B) amiloride- 
sensitive conductances 
( n =  four oocytes from 
two toads). 

p r e s e n t  in this  g r o u p  o f  e x p e r i m e n t s ,  the  t ime  course  
o f  the  d e c r e a s e  o f  b o t h  g~m, a n d  go ami! c o u l d  be  a p p r o x -  
i m a t e d  with  m o n o e x p o n e n t i a l  k inet ics  with s imi lar  
t ime  cons tan t s  (XvKc), in the  r a n g e  o f  24 rain.  PMA was 
s l ight ly  m o r e  eff icacious at  d e c r e a s i n g  gamii t h a n  go ~mil . 
Af ter  1 h o f  PMA t r ea tmen t ,  gam, a n d  gamil a p p r o a c h e d  
the  values  o f  s lope  c o n d u c t a n c e  o f  a m i l o r i d e - t r e a t e d  
oocytes ,  which  a v e r a g e d  0.9 -+ 0.3 a n d  0.6 +- 0.1 ~S, re- 
spectively.  

Specificity of the PMA Effect 

T o  asce r ta in  tha t  the  o b s e r v e d  i n h i b i t i o n  with PMA 
c o u l d  be  a t t r i b u t e d  to PKC act ivat ion,  we e x a m i n e d  the  
ef fec t  o f  MPMA, an  inact ive  a n a l o g u e  o f  PMA, o n  oo-  
cytes exp re s s ing  e~[3~/-rENaC. Shown in Fig. 4 is the  t ime  
cour se  o f  ac t ion  o f  100 nM MPMA. N o  s igni f ican t  ef- 
fects were  o b s e r v e d  o n  e i t h e r  gamii a n d  o'amil ~,o , even  af ter  

30 min .  By cont ras t ,  a f te r  ha l f  an  h o u r ,  PMA caused  a 
67 a n d  a 53% dec rease  o f  gamil a n d  e,o~ , respect ively.  

Thus ,  it  a p p e a r s  tha t  the  P M A - m e d i a t e d  effect  was 
l ikely d u e  to its abi l i ty  to activate PKC r a t h e r  t han  a 
nonspec i f i c  l i poph i l i c  effect.  

To  ru le  o u t  tha t  i n h i b i t i o n  o f  ENaC by PMA, a n d  pre-  
sumably  PKC, was d u e  to nonspec i f i c  re t r ieva l  o f  oocyte  
p l a s m a  m e m b r a n e - - c o n t a i n i n g  ENaC,  a n d  any o t h e r  
m e m b r a n e - b o u n d  p ro te ins ,  we p e r f o r m e d  e x p e r i m e n t s  
on  oocytes  e xp re s s ing  wild-type CFTR. As shown in the  
r ep re sen t a t i ve  e x a m p l e  in Fig. 5, the  cAMP-eleva t ing  
m i x t u r e  o f  10 lxM forsko l in  a n d  1 m M  IBMX st imu- 
l a t ed  whole-ce l l  cu r r en t s  in  CFTR- in jec ted  oocytes  >30 -  
fo ld  ( m e a n  c u r r e n t  at  - 100 mV was 3.9 +- 0.7 p.A, n = 
33 oocytes  f r o m  n i n e  toads) .  C o m p a r a b l e  e x p e r i m e n t s  
in  wa te r - in jec ted  oocytes  r e su l t ed  in vir tual ly  n o  c h a n g e  
o f  whole-cel l  c u r r e n t s  (n  = 15, n i n e  toads) .  PMA treat-  
m e n t  d i d  n o t  affect  CFTR c u r r e n t s  even af te r  45 m i n  o f  
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FIGURE 5. Lack of an effect of PMA on 
CFTR-expressing oocytes. Representative 
CFTR currents in oocytes before (A) and 
after stimulation with forskolin and IBMX 
for 45 min (B). PMA did not inhibit these 
currents even after 45 min of continuous 
treatment (C). The time course of activa- 
tion of CFTR and the subsequent effect of 
adding 100 nM PMA is shown in D. The 
data in D were normalized to the value of 
maximal current at the end of the PMA pe- 
riod. Note the absence of effect of PMA. 
Also note that the stimulation of CF's ob- 
served in B was rapid where nearly 50% of 
the increase of current could be observed 
after only 5 min of treatment with the 
cAMP-elevating cocktail. 
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FIGURE 6. Inhibition 
of ENaC currents in 
oocytes directly in- 
jected with PKC. Direct 
injection of 25 nl of a 
solution of 1 ng/pJ 
PKC causes a marked 
inhibition of control 
ENaC currents (A), 
which reaches a rela- 
tive plateau after l h 
(B). Data representa- 
tive of four oocytes 
from two toads. C 
summarizes the mean 
changes of current in 

oocytes injected with PKC and those injected with vehicle alone. The data in C were normalized to the value of current immediately before 
intracellular injection (in some case standard error bars were smaller than the data points). 

con t inuous  incuba t ion  (Fig. 5 C). The  t ime course o f  
activation o f  CFTR with the cAMP cocktail  and  the sub- 
sequen t  effect  o f  a PMA effect is shown in Fig. 5 D. In  
this g r o u p  of  five oocytes (two toads),  it is clear that  
PMA does no t  have any detectable effects on  I-i00. 
These  data  provide direct  evidence that  PMA (and pre-  
sumably PKC) do  no t  cause nonspecif ic  inactivation o f  
m e m b r a n e  channels  by indiscr iminate  plasma mem-  
brane  endocytosis  (see Discussion) a nd  suggest  tha t  in- 
hibi t ion o f  0q3~/-rENaC by PMA (and presumably  PKC) 
occurs  via specific inhibi t ion o f  the channe l  itself. 

To  demons t r a t e  fu r the r  the  l ink be tween PMA and  
PKC activation and  ENaC inhibi t ion,  we r e c o r d e d  the 
whole-cell currents  in ENaC-expressing oocytes before  
and  after direct  inject ion of  PKC (see Materials and  
Methods) .  As shown in the representat ive example  in 
Fig. 6, A and  B, I-~00 decreased  by 51% f rom - 5 . 0 4  to 
- 2 . 4 6  ~A 1 h after inject ion o f  PKC. In  this configura-  
tion, amiloride-insensitive cur rents  were only slightly 
h igher  than those in oocytes impaled  with two elec- 
t rodes only ,(-,nsl'~mi~ = --0.19 +- 0.02 ptA, n = 4), indicat- 
ing the absence o f  apprec iable  leak in t roduced  by the 
third inject ing electrode.  This example  was representa-  
tive o f  four  exper iments  f r o m  two toads where  the aver- 
age changes  o f  I-m0, for  oocytes injected with PKC and  

those injected with vehicle alone,  are summar ized  in 
Fig. 6 C. The  magn i tude  (/-100 decreased  by 47.3 -+ 
1.9% after 1 h) and  the t ime course  o f  these changes  
are ana logous  to the values o f  inhibi t ion o f  ENaC (after 
cor rec t ion  o f  baseline drift) caused by the addi t ion o f  
PMA alone (see Fig. 3), p rovid ing  fu r the r  p r o o f  for  the 
specificity o f  the actions o f  PMA. 

Role of the Cytoskeleton 

The  observat ion o f  a relatively long  "re~ c may be indica- 
tive o f  a specific endocyt ic  trafficking of  ENaC in re- 
sponse to PKC activation. To  assess the extent ,  if any, o f  
cytoskeletal involvement  in the inhibi t ion by PMA, ex- 
per iments  were carr ied ou t  on  oocytes p re t rea ted  with 
e i ther  20 p~M cytochalasin B or  100 gtM colchicine.  Cy- 
tochalasin B was added  for  2 -4  h, fol lowed by a 30-min 
incuba t ion  with PMA. As shown in Fig. 7, the response  
to PMA was greatly b lun ted  for  bo th  gami~ and  gamil, 
which decreased  by 2.6 and  0.9 p~S, respectively. As 30 
min  was grea ter  than  the %~c o f  the decrease  o f  e i ther  

o.arnil g~mi~ or  ~,o , a m u c h  larger  decrease  o f  c o n d u c t a n c e  
was expec ted  (see above) than was actually observed.  
This b lun ted  response  to PMA implicates a role o f  actin 
microf i laments  in the PKC-media ted  inhibi t ion o f  e(13~- 
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FIGURE 7. Cytochalasin 
B blunts the inhibitory ef- 
fect of PMA on a[3~/- 
rENaC amiloride-sensitive 
currents. A blunted inhibi- 
tion was observed after a 
2-4 h pretreatment with 
20 p.M cytochalasin B. 
This partial relief of inhi- 
bition was equally evident 
in the inward (A) and out- 
ward (B) amiloride-sensi- 
tire conductances (n = 
seven oocytes from three 
toads). 

56 ENaC Regulation by PKC and PKA 



A Control ] 
I arENaC I I rENaC I 

. . . .  S, e c o n d ; ~  ~-"  

. _ _ ~ i  i_i _ _~_ _ _'_i'ii _1 0 Milliseconds 0 i ~ _  - 
0 300 

g [ PKC+ 100 pM ATP+5/JM DAG ] 

~ _ l  5 0 Seconds 3 5 
"(3 

~ Milliseconds ~ 
-- 0 I , , I 0 

0 300 
C [ 10/JM Amiloride ~176 

�9 - - , ; , : , '_ " . . ' : : ' L i2 .2 '_ : . : . - , .ZL~, ' : " .~ " :  .=:".::..Z:J-.~ , . . '~"422,Z." .L . ' ; ; : .  ~_ ~.:: . ; , : : , ; ,~:T,.~:;. ,~.t ; : , . ,~,: : .  0 ~2,,-~- '~.  '-.'~'U~:: ~'r : ;  :2 . ~ J ` % : 7 ~ % ~ ; L ' ~ ; ~ : ~ 2 ~ T ~ ; ` ` ~ - ~ ' : ? : " ~ : 7 J L ~ ` 1 : ~ ` ' ~ - ` ~ ` ~ 2 ` ~ ` ~ J . : ~ "  " - -  

I l I I Seconds 0 3 

20 
o 15 

~ lO 
c- 

O a. 5 

0 

D I Control ] 
arENaC 20 I aE 7 rENaC 

~ 15 ~ 
lO  

5 

, , , , , 0 , , , , , , ~ T ' - ,  

IPKC + 100/2M ATP + 5/2M DAG 

30 o 
v -  

x 20 
C 

o 10 

0 L 
I I 

30 

20 

10 

I ' "  I 0 I 

[ 1 0 pM Amiloride 

A L 
I I I 

8O 
o 

60 

~ 40 
O 
a_ 20 

0 I 

-1 0 

80 
60 
40 
20 
0 I I I I I I I I 

1 2 3 4 5 -1 0 1 2 
I I 

3 4 
pA pA 

FIGURE 8. Direct inhi- 
bition of ENaC by PKC 
in planar lipid bilayers. 
Protein was obtained by 
in vitro translation as de- 
scribed in Materials and 
Methods. Both a-rENaC 
and o~[3~/-rENaC were 
equally inhibited by 
PKC. The data are repre- 
sentative of  13 a-rENaC 
and 9 a[3"y-rENaC exper- 
iments from three trans- 
lation reactions. Similar 
results were obtained for 
the ENaC channel ob- 
tained from plasma mem- 
brane vesicles of oocytes 
expressing the appropri- 
ate protein. Shown in A 
is a representative com- 
pressed and expanded 
scale trace for both 
a-rENaC and aJ3~/-rENaC 
under  control condi- 
tions. The representative 
trace after inhibition by 
PKC is shown in B. The 
respective all-points am- 
plitude histograms are 
shown in Dand E. 10 I~M 
amiloride was routinely 
added at the end of each 
experiment to block 
channel activity com- 
pletely, as shown in C 
and F. Bilayer mem- 
brane potential was 
clamped to 100 mV. The 
time course of inhibition 
of single-channel activity 
with PKC could not be 
determined because of 
the transient stimula- 
tion of ENaC current ob- 
served after stirring of 
the chamber after the 
addition of drugs. This is 
likely attributed to the 
mechanical activation 
properties of ENaC (see 
Awayda et al., 1995; Is- 
mailov et al., 1996). 



rENaC. The  PMA-induced inhibition ofa[3y-rENaC was 
unal tered by a 4-5-h p re t rea tment  with colchicine (n = 
three oocytes f rom two toads, data not  shown). This re- 
sult indicates the absence of  rnicrotubule involvement 
in the activation of PKC and subsequent  inhibition of  
0t[3~/-rENaC. 

Direct Effects of PKC on a-rENaC and a~y-rENaC in 
Planar Lipid Bilayers 

We previously described a protocol  for studying in 
vi tro-translated ENaCs in planar  lipid bilayers (Awayda 
et al., 1995; Ismailov et al., 1996). Using this technique, 
we demonst ra ted  that in vi tro-translated (x-rENaC and 
0q3~/-rENaC form functional amiloride-sensitive Na +- 
selective channels. We used this technique to study the 
direct effects of  PKC on ENaCs. Only membranes  with 
a single channel  were used in the present  experiments .  
Consistent with previous reports,  (x-rENaC alone and 
0t[3~/-rENaC fo rmed  amiloride-sensitive Na + channels 
with multiple conductance  substates of  13 pS (Ismailov 
et al., 1996). These channels were both cation selective 
and had a high Na + to K + permeabil i ty ratio (10:1). 
Both channels were exquisitely sensitive to the diuretic 
amiloride, with apparen t  inhibitory equil ibrium disso- 
ciation constant  o f  165 + 20 nM (n -- 8 f rom three dif- 
ferent  translation reactions for each of  0~-rENaC and 
c~[3~-rENaC). As evident f rom the representative single 
channel  records in Fig. 8 A, and the associated all- 
points histograms in D, the channel formed by 0t-rENaC 
alone resided predominant ly  in a main 40-pS conduc- 
tance state, whereas the channel  fo rmed  by a[32~-rENaC 
resided predominant ly  in its 13-pS subconductance 
state. Addition of  a phosphorylat ion cocktail contain- 
ing purified rat brain PKC (5 ng / m l ) ,  DAG (5 ~M), 
and Mg-ATP (100 p~M) directly inhibited both a-rENaC 
and 0t[3~/-rENaC (Fig. 8, B and E). The  PKC cocktail did 
not affect ENaC single channel  conductance  (main 
conductance or subconductance levels) but  caused a 
decrease of  0t-rENaC main conductance  state Po f rom 
0.62 -+ 0.08 to 0.14 + 0.02 (n = 13, f rom three differ- 
ent translation reactions). Similar effects of  the PKC 
cocktail were observed on in vi tro-translated a[32~- 
rENaC incorporated into planar  lipid bilayers (13-pS 
conductance) ,  as the Po of  the prevalent subconduc- 
tance state decreased f rom 0.44 -+ 0.06 to 0.13 -+- 0.03 
(n = 9, f rom three different translation reactions). This 
inhibition was not  observed with DAG or ATP alone, 
and was only observed when all three componen t s  were 
added to the presumptive intracellular side of  the in- 
corpora ted  channel,  the side opposite to that blocked 
by amiloride. 3 Subsequent  addition of  10 p~M amiloride 

3A rout ine protocol that was carried out  in all of  the planar  lipid bi- 
layer exper iments  was the addit ion of  10 /.tM amiloride to the pre- 
sumptive extracellular side of  the channel  at the end  of  each experi- 

completely abolished any channel  activity for both 
0t-rENaC and 0 t~- rENaC (Fig. 8, Cand  F) .  

Lack of an Effect of PKA on Oocytes Expressing tr~y-rENaC 

Despite the observation of  PKC-mediated inhibition of  
ENaC, it is not  clear whether  ENaC alone can reconsti- 
tute all the propert ies  of  Na + channels found in tight 
epithelia. The issue of regulation of  ENaC by cAMP 
and PKA is central to this question. This question was 
addressed by assessing PKA regulation of  ENaC at both  
the oocyte expression system and incorporat ion into 
planar  lipid bilayers. 

0tI3~/-rENaC-expressing oocytes were treated with 10 
p~M forskolin and 1 mM IBMX. This concentrat ion of  
forskolin and  IBMX is known to cause a robust  and 
rapid (within minutes) activation of  CFTR expressed in 
Xenopus oocytes via elevation of cAMP levels and subse- 
quent  activation of  PKA (Cunningham et al., 1992; 
D r u m m  et al., 1991). A representative effect of  forsko- 
lin and IBMX treatment  on whole-cell currents on 
CFTR-expressing oocytes is shown in Fig. 5, A and B. 
This effect was rapid, with nearly 50% of  the increase in 
whole-cell current  occurr ing within 5 rain of  adding 
forskolin and IBMX. 

On the other  hand,  there was no effect of  the same 
cAMP-elevating cocktail on the amiloride-sensitive 0tl3~/- 
rENaC currents in the same batch of  oocytes. Indeed,  
the currents and the corresponding I / V  relationship 
for the control  oocyte (Fig. 9 A) could not  be differen- 
tiated f rom the current  and I/Vrelationship after treat- 
men t  with forskolin and IBMX for 40 rain (Fig. 9 B). As 
summarized in Fig. 10, this cAMP-elevating cocktail did 
not  have any immediate  or long term (40 min) effects 
on ei ther  gamil o r  gamit. In this g roup  of experiments,  
2 mil and / a m i l  unchanged  and averaged -1 ,143  100 ~ +40 w e r e  

+ 201 and 306 -+ 58 nA (n = five oocytes f rom three 
toads), respectively. 

To rule out  the possibility that the lack of  a cAMP ac- 
tivation of 0t[3~/-rENaC in Xenopus oocytes is at tr ibuted 
to a spontaneously maximally activated channel,  exper- 
iments were carried out  by first inhibiting 0t[3~/-rENaC 
current  by a 1-h incubation with PMA followed by stim- 
ulation of  cAMP levels with forskolin and IBMX. As 
seen in Fig. 11, there was no effect of  cAMP activation 
in PMA-pretreated oocytes. This lack of  an effect was 
observed on both gain, and gamil. Moreover,  no  effect 
of  cAMP on either of  these conductances was also ob- 
served in three separate oocytes (from two toads) that 

ment.  This was done  to verify the sided orientat ion of  the incorpo- 
rated channe l  and  its complete  block by a saturat ing concentra t ion 
of  amiloride. An example  of the effect of  10/zM amiloride is shown 
in the representative single-channel  traces and  the associated all- 
points  ampli tude his togram at the conclusion o f a  PKC and a PKA ex- 
per iment ,  Fig. 8, C a n d  F, and  Fig. 12, C a n d  F, respectively. 
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FIGURE 9. Representative example dem- 
onstrating the lack of a cAMP stimulation 
of the amiloride-sensitive (xl3~-rENaC cur- 
rents in oocytes. Representative example of 
the amilolide-sensitive ENaC current and 
corresponding I/V relationship before (A) 
and after 40 min of stimulation of cAMP 
levels with forskolin and IBMX (B). Dashed 
lines represent the inward and outward 
amiloride-sensitive slope conductances. 

have been pretreated with cytochalasin B followed by 
PMA (data not  shown). These results indicate that 
ENaC could not  be activated by cAMP (and presumably 
PKA) in oocytes with an intact or a disrupted cytoskele- 
ton, and that this lack of  activation is also independent  
of the spontaneous rates of  activation of these channels. 

Lack of Direct Effects of PKA on a-rENaC and e~[Jy-rENaC 
in Planar Lipid Bilayers 

The direct effects of  PKA were assessed on e~-rENaC 
and ~ / - r E N a C  incorporated into planar lipid bilayers. 
Addition of  1.85 n g / m l  catalytic subunit of  PKA and 
100 p.M Mg-ATP did not  alter the Po for either a-rENaC 
or a[3~-rENaC obtained by way of  in vitro translation 
(Fig. 12). Po remained at 0.63 - 0.06 (n = 7, from 
three separate translation reactions) and 0.45 +- 0.05 

(n = 9, from three separate translation reactions) for 
0L-rENaC and 0L[~/-rENaC, respectively. In addition, the 
relative distribution of  the main conductance state and 
all o ther  subconductance states was unaltered by the 
addition of  PKA and ATP for both of  0t-rENaC and 
oL[37-rENaC (Fig. 12, B and D). Only single channel 
membranes were used, and PKA and ATP were added 
sequentially to both sides of  the bilayer membrane.  
The single channel behavior of  a-rENaC and 0L[3~/- 
rENaC obtained from oocyte vesicles was similar to that 
of  those obtained by way of  in vitro translation (see 
Awayda et al., 1995, and Ismailov et al., 1996, for fur- 
ther details). Additionally, ENaC channels from oocyte 
vesicles were not activated by PKA and ATP in planar 
lipid bilayers (data not  shown). These concentrations 
of  PKA and ATP are known to activate a variety of  chan- 
nels in planar lipid bilayers, including a purified bovine 
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time-dependent activa- 
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FIGURE 11. Lack of any 
time-dependent activation 
by cAMP of amiloride-sen- 
sitive cd3~-rENaC currents 
in oocytes preinhibited by 
a 1-h PMA treatment. 
Note that the lower values 
of amiloride-sensitive con- 
ductance and its precipi- 
tous decrease in both A 
and B are due to preinhi- 
bition of ENaC current 
with PMA (n = four oo- 
cytes from two toads). 

renal papillary channel  (Ismailov et al., 1994). Thus, 
both  ~-rENaC alone and ~[3~/-rENaC were refractory to 
stimulation by direct PKA phosphorylat ion.  

D I S C U S S I O N  

We have examined  the effects of  PKA and PKC on a re- 
cently cloned epithelial Na + channel.  Activation of  
PKC or its direct addit ion caused an inhibition of  ~[3~/- 
rENaC in both Xenopus oocytes and  planar  lipid bilay- 
ers, similar to the observations made  after stimulation 
of PKC in native and cultured high resistance Na +- 
t ransport ing epithelia. On the o ther  hand,  we have not  
been  able to show any effect of  forskolin and IBMX on 
~[3~/-rENaC expressed in Xenopus oocytes, nor  was there 
any direct effect of  PKA and ATP on c~[3~/-rENaC in pla- 
nar  lipid bilayers. 

Comparison of ENaC in Oocytes and Bilayers 

When incorporated into planar  lipid bilayers, both  
~-rENaC and ~[3~/-rENaC form amiloride-sensitive, 
Na+-selective channels. However, the channels fo rmed  
by ~-rENaC display a larger conductance  and a larger 
mean  current  than channels fo rmed  by 0q3~/-rENaC. 
This is consistent with pr ior  observations f rom our  lab- 
oratory (Awayda et al., 1995; Ismailov et al., 1996). This 
observation is in contrast  with the am oun t  of  current  
present  in oocytes expressing the 0~ subunit  alone ver- 
sus oocytes expressing all three subunits. This discrep- 
ancy may be explained in terms of differences of  total 
channel  density (AFT) and Po. First, NT may be lower in 
oocytes expressing exogenous oL-rENaC versus oocytes 
expressing exogenous ot[3~/-rENaC. Indeed,  prel iminary 
evidence f rom our  laboratory using immunofluores-  
cent quantification of  the relative amounts  of  ENaC 
channels in oocytes expressing the ~ subunit  versus oo- 
cytes expressing all three subunits is in agreement  with 
this hypothesis (Awayda, M.S., A. Tousson, and DJ.  
Benos, unpubl ished observations). Second, ~-rENaC Po 
may be less than the o~[3~-rENaC Po when e m b e d d e d  in 
the oocyte plasma membrane .  This hypothesis is also 
consistent with observations f rom patch clamp studies 

of  ENaC-expressing oocytes (Ismailov et al., 1996). 
Thus, differences between 0~-rENaC and 0q3~/-rENaC in 
oocytes may be accounted for by changes of  both  NT 
and Po. 

A feature of  Na + channels that is often observed in 
some epithelia is a so-called channel  "run down," 
where the amoun t  of  current  at tr ibuted to the Na + 
channel  is initially high and decreases gradually. In 
many  instances, a new steady state current  is not  
reached until 2-3 h after short-circuiting of the epithe- 
lia (Els and Helman,  1991). The  reason for this obser- 
vation is not  completely unders tood but may be attrib- 
uted to phosphatase activation, Na + self inhibition (Li 
and Lindemann,  1983), or  autoregulatory changes of  
channel  density (Els and Helman,  1991; Silver et al., 
1993) subsequent  to short-circuiting of  epithelia. Addi- 
tionally, this may be due to reequilibration of  the intra- 
cellular ionic composi t ion (including the Na + concen- 
tration) subsequent  to intracellular voltage perturba-  
tions as suggested by Kidder and Rehm (1970). This 
p h e n o m e n o n  was not  observed for the single channel  
propert ies  in planar  lipid bilayers. This could be attrib- 
u ted to the fact that all of  the above possibilities, in- 
cluding changes of  NT, are absent  in an artificial bilayer 
environment.  Moreover, this phenomenon ,  while mark- 
edly evident in some groups of  oocyte expression ex- 
per iments  (see for example  the control per iod in Fig. 
4), was absent in o ther  groups of  oocyte expression ex- 
per iments  (see for example  the control  periods in Figs. 
5, 8, and  11). Indeed,  it was our  exper ience that some 
groups of  oocytes even underwent  an upward drift of  
control, baseline, amiloride-sensitive ENaC current.  We 
found no correlation between the direction of  baseline 
drift and kinase regulation of  ENaC in oocytes. 

It is known that m e m b r a n e  lipid composi t ion can al- 
ter channel  propert ies  (Frolich, 1979; Forte et al., 
1981; Szabo and Busath, 1983; for review see Barrantes, 
1993). Even Na + channels embedded  in the same 
m e m b r a n e  can display remarkably different propert ies  
when the channel  is in direct contact with the intracel- 
lular milieu, as is the case for an Na + channel  recorded 
in the cell-attached patch configuration, or  when the 
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FIGue,~ 12. Lack of a direct effect of 
PKA and ATP on the ENaC channel 
incorporated into planar fipid bilayers. 
Data are representative of seven 
a-rENaC and nine etl3~/-rENaC experi- 
ments from three translation reac- 
tions. Similar results were obtained 
for the ENaC channel obtained from 
oocyte plasma membrane vesicles. A - F  
are the same as in the legend of Fig. 9, 
with the exception of the addition of 
PKA and ATP instead of PKC, DAG, 
and ATP. 



channel  is in contact  with an artificial buffer, as is the 
case for an Na + channel  recorded in the excised patch 
configuration (Chinet  et al., 1993). Thus, a straightfor- 
ward compar ison between a channel  e m b e d d e d  in a bi- 
ological m e m b r a n e  and the same channel  e m b e d d e d  
in an artificial m e m b r a n e  may not  be feasible. How- 
ever, the aim of  this study was not  to compare  channel  
conductance and  kinetic propert ies  between the these 
two systems directly, but, rather,  to verify broadly, using 
two completely different techniques, the regulation of  
the same protein by two protein kinases. 

Inhibition by PKC 

Inhibit ion of  epithelial Na + transport  by PKC has been  
implicated in the autoregulatory response of  epithelia 
in response to varying external  Na + concentrat ions 
(Ling and Eaton, 1989). These investigators described 
a decrease of  Po of  the Na + channel  in A6 epithelia to 
values near  0 with a 15-30-min incubation with PMA. 
Similar findings were observed by Mohrm ann  et al. 
(1987), who noted  that PMA caused a maximal  inhibi- 
tion of  51% of  22Na+ uptake into LLC-PK1 cells after 
10-15 min. Our  observations are consistent with those 
previously reported.  The  time course of  inhibition fol- 
lowed simple exponential  kinetics, with a "rpKc near  24 
min (Fig. 3). A possible explanat ion for the discrep- 
ancy of  the time course of  PKC inhibition between the 
results repor ted  here  and the a forement ioned  studies 
is t empera ture  variability. Whereas M ohrm ann  et al. 
(1987) carried out  their  exper iments  at 37~ and Ling 
and Eaton (1989) carried out  their exper iments  at 23-  
24~ our  tempera ture  ranged f rom 19 to 20~ Addi- 
tionally, the large size of  oocytes, which would pose a 
large diffusion barr ier  compared  with that of  epithelial 
cells, may account  for the slow effect of  PMA. Alterna- 
tively, time course differences may be due to inherent  
differences in the expression system. 

Whereas no reports  exist on the effect of  PKC or PKC 
agonists on the rat colon, the tissue f rom which the 
ENaCs were originally cloned, two groups have carried 
out  exper iments  on isolated rat CCD, which is known 
to contain ENaC message and protein (Duc et al., 
1994). According to Rouch et al. (1993), there is no ef- 
fect of  PMA or intracellular Ca 2+ elevation on Na + 
transport  in the isolated rat CCD. These observations 
are not  without controversy because Silver et al. (1993) 
repor ted  a Ca2+-induced decrease of  Na + t ransport  in 
isolated rat CCD. These differences may be attr ibuted 
to the fact that Rouch et al. (1993) have carried out  ex- 
per iments  on deoxycorticosterone-treated rats fed a 
normal  Na + diet with isolated tubules fur ther  stimu- 
lated with AVP, whereas Silver et al. (1993) carried out 
their  exper iments  on rats fed a low Na + diet without 
deoxycorticosterone or AVP stimulation. Because ENaC 
expressed in Xenopus oocytes, incorpora ted  into planar  

lipid bilayers, and endogenous  to the rat colon is insen- 
sitive to PKA stimulation, our  data should be more  rea- 
sonably compared  with the conditions of  Silver et al. 
(1993), who provide indirect evidence for the inhibi- 
tion of  ENaC by PKC. 

Specificity of PMA 

Whereas PMA has been  used in many systems to acti- 
vate PKC, it was impor tan t  to verify that  the observed 
changes with PMA are not  due to a generalized mem-  
brane  trafficking event, but, rather,  are due to a spe- 
cific effect on ENaC. In the Xenopus oocyte system, 
PMA has been  repor ted  to inhibit the N a + / K  + ATPase 
p u m p  activity (Vasilets and Schwarz, 1992). This obser- 
vation may be in terpre ted  as a nonspecific effect of  
PMA in oocytes. However, this finding may also be in- 
terpre ted  as supportive of  the role of  PKC in inhibiting 
transepithelial Na + t ransport  by simultaneously down- 
regulating the Na + channel  and the pump.  This is espe- 
cially true given that PKC activation inhibits the Na+/  
K + ATPase endogenous  to a variety of  epithelial tissues 
(Wang et al., 1993; Shahedi et al., 1995). Fur thermore ,  
PMA does not  inhibit  every channel  or t ransporter  
studied in the Xenopus oocyte expression system. For 
example,  Fournier  et al. (1993) have described a phor-  
bol es ter - induced stimulation of  a P-type Ca 2+ channel;  
Charpent ier  et al. (1995) used phorbol  esters to acti- 
vate a slow inward Na + current  endogenous  to Xenopus 
oocytes; and Corey et al. (1994) found  that PMA, via ac- 
tivation of  PKC, caused a stimulation of  the activity of  a 
c loned ~/-aminobutyric acid transporter.  Thus, it is ap- 
parent  that PMA does not  have the same action on 
ENaC as o ther  membrane -bound  proteins expressed in 
Xenopus oocytes. 

Three  separate measures were taken to rule out non- 
specific effects of  PMA in our  oocyte preparat ion.  First, 
we used the inactive phorbol  ester (which does not  ap- 
preciably activate PKC) to demonstra te  the lack of  an 
effect on ENaC. Second, we demonst ra ted  that acti- 
vated CFTR, a membrane -bound  channel  protein,  is 
not  inhibited (or stimulated) by PMA. Third, we dem- 
onstrated that direct intracellular injection of  PKC can 
mimic the inhibitory action observed with external ad- 
dition of  PMA. Therefore ,  we conclude that PMA is not 
exert ing a nonspecific effect on ENaC in oocytes. 

Role of the Cytoskeleton 

One interpretat ion of  the bilayer exper iments  (Fig. 8) 
is that PKC phosphorylat ion causes a direct inhibition 
of  ~[3~-rENaC. However, in oocytes, the majority of  in- 
hibition by PMA is sensitive to t rea tment  with cytocha- 
lasin B. This indicates that PKC may be acting via a dual 
direct and indirect mechanism of  action. Another  pos- 
sibility is that t rea tment  with cytochalasin B inhibits the 
activation of  PKC itself and thus renders PMA ineffec- 
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five. In that respect, it is known that activated PKC 
translocates to the plasma membrane.  This transloca- 
tion process is not  simply a matter  of  diffusion but, 
rather, an association of  different PKC isoforms with 
different intermediate or microfilaments. Spudich et 
al. (1992) have repor ted  a colocalization pattern be- 
tureen 13-PKC and vimentin in rat basophilic leukemia 
cells. McBride et al. (1991) have repor ted  colocaliza- 
tion o f  phospholipase C and cx-PKC with actin filaments 
in rat embryo fibroblasts. Zalewski et al. (1990, 1991) 
have proposed that zinc is likely to control  the distribu- 
tion of  membrane-bound PKC via an actin cytoskeletal 
interaction. Thus, ei ther  PKC translocation or transit-  
cation of  an intermediate protein that is phosphory- 
lated by PKC may be affected by disrupting the actin cy- 
toskeleton with cytochalasin B. At this time we cannot  
rule out  the possibility that PKC has a dual action on 
ENaCs: a direct mechanism, in addition to internaliza- 
tion of  membrane-bound Na + channels. 

Lack of  a PKA Effect 

In contrast to the effects of  PKC, most amiloride-sensi- 
tive Na + channels are activated by PKA. This activation 
varies in terms of  the magnitude of  the elevated re- 
sponse and whether  the elevation is sustained. Never- 
theless, cAMP causes a two- to threefold activation of  
the macroscopic rates of  Na + transport  in many epithe- 
lia. As seen from the results presented here,  unde r  no 
conditions could ei ther 0t- or c~13~/-ENaC be stimulated 
by PKA. This lack of  activation was observed both in the 
oocyte and in the bilayer systems. 

Three  major explanations that may resolve the lack 
of  PKA activation of  ENaC can be offered. First, it is 
possible that ENaC is simply missing a PKA-transducing 
site. Indeed,  such a site has been proposed for an Na + 
channel  purified in our  laboratory, where a 300-kD 
protein that associates with a renal Na + channel  was 
found  to be phosphorylated by PKA and ATP (Sariban- 
Sohraby et al., 1988; Oh et al., 1993). This protein 
could be a possible candidate for  an ENaC-associated 
protein,  since it is found in bovine papilla, A6, and toad 
bladder  by different laboratories (Benos et  al., 1987; 
Blazer-Yost and Reci-Pinto, 1994; Kleyman et al., 1989). 
A recent  repor t  by Stutts et al. (1995) indicates that 
0q3~/-rENaC can be stimulated by PKA when expressed 
in stably transfected MDCK cells and NIH 3T3 fibro- 

blasts. The  cAMP-dependent activation was much larger 
for  ENaC expressed in MDCK cells (~90%; see Stutts 
et al., 1995, Fig. 2) than in fibroblasts (~25%; see Stutts 
et al., 1995, Fig. 4). A possible interpretat ion of  the dis- 
crepancy with our  data is that ENaC transfected into 
these cells is associating with a protein that confers cAMP 
activation. This possibility is especially plausible in 
MDCK cells, a renal cell line that likely has all the ma- 
chinery for cAMP-activated Na + transport. This hypoth- 
esis would certainly be consistent with the finding that 
ENaC can be activated by PICA in the rat CCD (Pouch 
et al., 1993) but not  in the rat colon (Bridges et al., 1984). 

A second possibility that could explain the lack of  a 
PKA activation of  ENaC in planar lipid bilayers is that 
PKA activates ENaC in native epithelia by stimulating 
trafficking of  channels to the apical membrane  or  by 
activating quiescent or dormant  channels already pres- 
ent  in the membrane.  However, whereas this would ex- 
plain the results of  the planar lipid bilayer experi- 
ments, it fails to explain the results of  the oocyte ex- 
pression studies. It is unlikely that the oocyte 
expression system does not  reproduce  an altered traf- 
ticking effect of  PKA on ENaC, as it is clear that CFTR 
can be activated by PKA in oocytes, and that CFTR in 
native epithelia has been shown to be a channel  that is 
trafficked to the apical membrane  in response to PKA 
activation (Tousson et  al., 1996). Thus, this alternative 
appears unfeasible at the present  time. 

A third possibility that could explain the lack of  a 
PICA effect is that these ENaC clones are unrelated to 
the Na + channel  in tight epithelia. This possibility is 
unlikely since many of  the pharmacological and bio- 
physical ENaC characteristics are remarkably similar to 
those of  many native Na + channels from tight epithelia; 
thus, it is dismissed without fur ther  discussion. 

Conclusions 

The  present  findings have two implications. First, based 
on the similarity of  the diverse actions of  PKC on  ENaC 
and o ther  native and cultured epithelia, it is likely that 
this channel  represents the central core of  epithelial 
Na § channels. Second, it is likely that PKA must be act- 
ing on an as yet unidentif ied protein associated with 
the ENaCs. The  widespread distribution of ENaCs in 
cAMP-responsive epithelia provides indirect evidence 
for these conclusions. 
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