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Abstract. Modulation of the Ca- and voltage-dependent 
K channel--Kc~--by receptors coupled to the G proteins 
Gi/G o and Q. has been studied in insulin-secreting cells 
using the patch clamp technique. In excised outside-out 
patches somatostatin (somatotropin-releasing inhibitory 
factor; SRIF) caused concentration-dependent inhibition 
of the Kca channel, an effect that was prevented by per- 
tussis toxin (PTX). In inside-out patches, exogenous c~ 
subunits of either G i- or Go-type G proteins also inhibited 
the Kca channel (ICso 5.9 and 5.7 pM, respectively). 
These data indicate that SRIF suppresses Kca channel 
activity via a membrane-delimited pathway that involves 
the o~ subunits of PTX-sensitive G proteins G i and/or G o. 
In outside-out patches, activation of G~ either by ~-ag- 
onists or with cholera toxin (CTX) increased Kca chan- 
nel activity, consistent with a membrane-delimited stim- 
ulatory pathway linking the [3-adrenergic receptor to the 
Kca channel via G~. In outside-out patches, channel in- 
hibition by SRIF suppressed the stimulatory effect of 
~-agonists but not that of CTX, while in inside-out 
patches CTX reversed channel inhibition induced by ex- 
ogenous (Z i or C~ o. Taken together these data suggest that 
Kca channel activity is enhanced by activation of G~ and 
blocked by activated G i and/or G o. Further, Kc,  channel 
stimulation by activated G~ may be "direct," while in- 
hibition by Gi/G o may involve deactivation of G~. In 
inside-out patches Kc~ channel activity was reduced by 
an activator of protein kinase C (PKC) and enhanced by 
inhibitors of PKC, indicating that PKC also acts to in- 
hibit the Kca channel via a membrane delimited pathway. 
In outside-out patches, chelerythrine, a membrane per- 
meant inhibitor of PKC prevented the inhibitory effect of 
SRIF, and in inside-out patches PKC inhibitors pre- 
vented the inhibitory effect of exogenous % or c~ o. These 
data indicate that PKC facilitates the inhibitory effect of 
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the PTX-sensitive G proteins which are activated by cou- 
pling to SRIF receptors. To account for these results a 
mechanism is proposed whereby PKC may be involved 
in G/Go-induced deactivation of G s. 

Key words: Kc~ channel - -  G proteins - -  SRIF - -  ~3 
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Introduction 

The plasma membrane of insulin-secreting cells from the 
pancreatic islet as well as from tumor cell lines express 
large calcium-activated potassium channels (Kca chan- 
nels). Early studies ascribed a major role to these chan- 
nels in nutrient-induced electrical activity in the pancre- 
atic 13 cell (Ribalet & Beigelman, 1981), but subsequent 
investigations challenged this hypothesis (Kukuljan, 
Goncalves & Atwater, 1991). These previous studies fo- 
cussed primarily on Kca channel modulation by meta- 
bolic secretagogues, and it remains to be shown whether 
nonmetabolic factors that are known to have a modula- 
tory role in other tissues may affect the 13 cell Kca chan- 
nel activity and thus the electrical behavior. 

The activity of the Kca channel is regulated by ac- 
tivation of receptors coupled to the G proteins G s and 
G / G  o, which have been shown to act either via mem- 
brane-delimited pathways or via second messengers and 
kinases. In hippocampal pyramidal cells, Kca channel 
inhibition due to activation of G~-coupled [3-adrenergic 
receptors has been ascribed to indirect, second messen- 
ger-mediated regulation involving increased cAMP pro- 
duction and activation of protein kinase A (PKA) (Mad- 
ison & Nicholl, 1986; Kn6pfel et al., 1990). In conso- 
nance with this hypothesis, stimulation of Kca channels 
by G/Go-coupled somatostatin (SRIF) receptors in intact 
GH 4 cells, has been attributed to dephosphorylation of a 
cAMP-dependent phosphorylation "s i te"  on the chan- 
nel or a protein associated with it (White, Schonbrunn & 
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Arms t rong ,  1991).  B y  con t ras t  w i th  the  ind i rec t  inh ib i -  

tory ef fec t  o f  ac t iva ted  G s, d i rec t  s t imula t ion  has  b e e n  

p roposed  to accoun t  for  Kca c h a n n e l  ac t iva t ion  by  puri-  

f ied  0r subuni ts  of  G ,  in  l ipid b i layers  (Sco rn ik  et  al., 

1994). Cons i s t en t  wi th  this  obse rva t ion ,  it has  b e e n  pos-  

tu la ted  tha t  in s m o o t h  m u s c l e  d i rec t  s t imula t ion  by  G~ 

media tes  inc reased  Kca  c h a n n e l  ac t iv i ty  in r e sponse  to 

~ -adrenerg ic  s t imula t ion  (Toro,  R a m o s - F r a n c o  & Ste- 

fani,  1990). Thus  ac t iva t ion  of  G s m a y  h a v e  oppos i te  

effects,  caus ing  c h a n n e l  s t imula t ion  v ia  a d i rec t  ef fec t  o f  

%,  as wel l  as c h a n n e l  i nh ib i t i on  v ia  P K A - m e d i a t e d  phos-  

phory la t ion .  

In the  case  of  Gi /Go-type G prote ins ,  d i rec t  regula-  

t ion of  Kca channe l  act ivi ty  by  the  G p ro te in  has  not  ye t  

b e e n  descr ibed,  howeve r ,  a s econd  m e s s e n g e r - m e d i a t e d  

regu la t ion  has  b e e n  p r o p o s e d  in h i p p o c a m p a l  p y r a m i d a l  

neurons .  In these  s tudies  it was  h y p o t h e s i z e d  that  inhi-  

b i t ion  o f  the  Kca c h a n n e l  by  m u s c a r i n i c  agonis t s  is me-  

d ia ted  by  ac t iva t ion  of  p ro te in  k inase  C (PKC)  ( M a l e n k a  

et al., 1986; Kn6pf e l  et al., 1990). It is p laus ib le  tha t  

P K C - i n d u c e d  inh ib i t ion  is due to p h o s p h o r y l a t i o n  of  the  

c h a n n e l  itself,  or a l te rna t ive ly ,  i t  m a y  resu l t  f r o m  phos -  

p h o r y l a t i o n - i n d u c e d  reduc t ion  of  the  s t imula tory  ef fec t  

o f  Gs. The  lat ter  hypo thes i s  s tems  f r o m  the  f ind ing  that  

P K C  induces  p h o s p h o r y l a t i o n  of  the  [3-adrenergic recep-  

tor  tha t  leads  to desens i t i za t ion  and  u n c o u p l i n g  of  the  

r ecep to r  f r o m  G~ (Sibley  & Lefkowi tz ,  1985). W i t h i n  

this  s c h e m e  deac t iva t ion  of  G~ wou ld  accoun t  for  P K C -  

med ia t ed  c h a n n e l  inh ib i t ion .  

The  p r e sen t  s tudy was  car r ied  out  to de t e rmine  the  

m o d e  of  ac t ion  of  G i / G  o and  G~-type G pro te ins  as wel l  

as tha t  of  P K C  on  the  Kca  channe l .  T h e  resul ts  ref lect  

c o m p l e x  c ross - reac t iv i ty  b e t w e e n  pa thways  tha t  are in- 

v o l v e d  in Kca  c h a n n e l  regula t ion .  

Materials and Methods 

CELL CULTURES AND EXPERIMENTAL MEDIA 

The Kc~ channel studies were performed using cells from the insulin 
secreting cell line HIT (passage #70-86), kindly provided by A.E. 
Boyd III. The cells were incubated at 37~ in RPMI 1640 medium, 
supplemented with 10% (vol/vol) fetal calf serum, penicillin (100 units/ 
ml), streptomycin (100 units/ml) and 2 mM glutamine. The cells were 
divided once a week by treatment with trypsin and the medium was 
changed twice between divisions. One hour before starting the exper- 
iment the culture medium was exchanged with a glucose-free solution 
containing (in mM): 135 NaC1, 5 KC1, 2.5 CaCI 2, 1.1 MgC12 and 10 
Hepes, the pH being adjusted to 7.4 with NaOH. This solution was also 
used in the experimental chamber when an extracellular type solution 
was needed, for outside-out patch experiments. For both inside-out and 
outside-out patch experiments, the composition of the extracellular type 
solution was (in mM): 140 KC1, 2.5 CaC12, 1.1 MgC12 and 10 EIepes, 
pH was adjusted to 7.2 with KOH; that of the intracellular type solution 
was similar, except that the Ca 2§ EGTA ratio was adjusted to give a 
pCa of 5 or 6 x l0 s at which simultaneous opening of 1 to 3 channels 
could be typically observed. For both inside-out and outside-out patch 

clamp experiments, GTP (50-100 gM) (Boehringer Mannheim Diag- 
nostics, Houston, TX) was added to the solution facing the inside of the 
membrane (internal type solution) to allow for G protein activation. 
ATP (Sigma) at a concentration of 200 to 250 [I.M was also present in 
the "internal" solution to block the activity of ATP-dependent K chan- 
nels (Ribalet, Ciani & Eddlestone, 1989). The c~ subunit of the G 
proteins G i and G o, kindly provided by Drs. J. Codina and L. Bim- 
baumer (UCLA, School of Medicine), were kept at a concentration of 
2 p.M in a buffered solution containing (in mg): 10 Tris, 1 EDTA, 1 
dithiothreitol, 7.5 MgC12, 20 KC1. This concentrated solution was then 
diluted in glucose-flee extracellular medium to obtain an ~x subunit 
concentration of 10 nM prior to the experiment. The purified G protein 
c~ subunits were maintained in their active state by treatment with GTP 7 
S, the ratio of the nucleotide to G protein was 0.7 after dialysis. So- 
matostatin was obtained from Bachem, Torrance, CA, norepinephrine 
and isoproterenol from Sigma. Stock solutions of pertussis toxin and of 
the active A protomer (List Biological Laboratories, Campbell, CA.) 
were prepared with 10 gg protein diluted in 500 gl of sterile water 
containing 10 mM TRIS, 0.1 mM Na2EDTA and 0.04% CHAPS at pH 
8.0. Aliquots of these stock solutions were added directly to the ex- 
perimental chamber to obtain a final concentration of 100 ng/ml. Stock 
solution of cholera toxin and of its A subunit, (List Biological Labo- 
ratories, Campbell, CA.) were prepared with 25 gg of the protein 
diluted in 1 mi of solution containing (in mM): 50 TRIS, 200 NaC1, 1 
NaaEDTA and 3 NaN 3 at pH 7.5. The peptide (19-36) inhibitor of 
protein kinase C (PKC) was obtained from Peninsula Laboratories, 
Belmont, CA; SC-9, [N-(6-phenylhexyl)-5-chloro-l-naphthalenesul- 
fonamide], the PKC activator from Seikagaku America, St. Petersburg, 
FL., and H-7, 1-isoquinolinesulfonyl)-2-metbylpiperazine dihydrochlo- 
ride from Molecular Probes, Eugene, OR. H-7 was dissolved directly 
into the experimental solution, while SC-9 was stored in dimethylsulf- 
oxide (DMSO). After dilution of the SC-9 stock solution in the exper- 
imental medium the final concentration of DMSO was less than 0.05%, 
at which level there was no significant effect on K channel activity. 
A stock solution of chelerythrine, a membrane permeant inhibitor of 
PKC obtained from Calbiochem, was prepared in an external type 
solution at a concentration of 1.3 mM. 

DATA RECORDING AND ANALYSIS 

The techniques to prepare patch electrodes and record single channel 
events were similar to those described previously (Ribalet, Eddlestone 
& Ciani, 1988, for details). The data, filtered at 2 kHz with an 8-pole 
Bessel filter were recorded either with an EPC 7 List (Darmstadt, FRG) 
or an Axopatch 1A (Axon Instruments, Burlingame, CA) patch ampli- 
fier and stored to video cassette at a fixed frequency of 44 kHz after 
digitization with a digital audio processor. For analysis, the data were 
acquired on a computer hard disk at rate of 5.5 kHz, the transfer was 
carried out with a two-buffer interface allowing continuous acquisition 
(Bezanilla, 1985). Prior to measurement of channel activity, amplitude 
histograms of the current steps were built to determine the half ampli- 
tude threshold, and this threshold was used to form an idealized record 
of the original data. This schematized record was utilized for the sub- 
sequent analysis. To construct the concentration-dependence curves 
the percent open time (NPo), which is the parameter used to assess the 
level of channel activity, was determined from data samples of 30-sec 
duration obtained at steady state. Under control conditions, NP o values 
varied widely from patch to patch and for this reason ratios of exper- 
imental NPoS vs. control were used for averages. To build the time 
course graphs two experiments were used unless specified and NP o 
values were estimated using 15-sec bins and plotted as a function of 
time. 
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Results 

Kca CHANNEL MODULATION BY SOMATOSTATIN (SRIF) 

Insulin-secreting [3 cells possess SRIF receptors coupled 
to the PTX-sensitive G proteins G / G  o (Ribalet et al., 
1991) that have been demonstrated to regulate Ca- 
dependent K channel (Kc~) behavior in other cell types 
(White et al., 1991). Of the 2 naturally occurring SRIF 
products, SRIF-28 and SRIF-14, the former has a tenfold 
higher affinity for the SRIF receptor in insulin-secreting 
[~ cells (Cotroneo, Marie & Rosselin, 1988; Maletti et al., 
1992). Outside-out patch clamp experiments were car- 
ried out on cells of the insulin-secreting cell line HIT to 
determine whether the Kca channel may be modulated by 
SRIF via a membrane-delimited pathway. The responses 
to both SRIF-28 and SRIF-14 were investigated over a 
range of concentrations, and it was determined that 
SRIF-28 was around 20 times more potent than SRIF-14 
to inhibit channel activity. In these experiments, the ef- 
fect of SRIF-28 increased between 2.5 and 25 nM; partial 
inhibition by 5 nM and almost complete inhibition by 25 
nM are demonstrated in A of Fig. 1. In B of this figure, 
average responses from 6 experiments are normalized 
and plotted as a function of SRIF-28 concentration to 
illustrate the dose-dependent effect of this product 
(closed circles). The fit to this plot yields an ICso of 
about 5 riM. This plot also demonstrates that as SRIF-28 
was elevated above 25 nM some relief of inhibition oc- 
curred; this is tentatively ascribed to SRIF receptor de- 
sensitization. The open circles summarize the data from 
5 experiments obtained with SRIF-14; the fit to these 
data yields an ICso of 104 riM. 

In C of Fig. 1, average NPo s from 2 experiments are 
plotted as a function of time to illustrate the time course 
of channel inhibition induced by 50 nM SRIF-28. The 
dynamics of the response to SRIF was very similar for 
both SRIF-28 and SRIF-14, the onset of inhibition be- 
came more rapid with increasing concentration, occur- 
ring in less than 30 sec at the highest SRIF levels. Re- 
versibility of this effect was very limited; in 5 experi- 
ments in which this was studied, only about 30% of 
control activity was recovered 30 to 45 min after agonist 
withdrawal. 

Kca CHANNEL MODULATION BY PTX: ROLE OF 
ENDOGENOUS Gi/G o 

Much evidence favors Gi/Go as mediators of various re- 
sponses to SRIF (Birnbaumer, Abramowitz & Brown, 
1990). Pertussis toxin (PTX), which catalyzes the ADP 
ribosylation and prevents the activation of G~ or Go (Kat- 
ada & Ui, 1982; Katada, Oinuma & Ui, 1986), was used 
to confirm this as well as to investigate whether agonist- 
independent (background) activation of these G proteins 

occurred in the excised patch, causing tonic inhibition of 
KCa channel activity. 

PTX is formed of an A and B protomer; the B pro- 
tomer permits the insertion of the A chain across the 
membrane and into the cell where it becomes enzymat- 
ically active. As shown in the upper two traces of Fig. 2, 
addition of 100 ng/ml of nonpreactivated PTX (A plus B 
protomers) to the outside-out patch caused an increase of 
channel activity which was estimated to be 4.14 + 1.2 
times control in 5 experiments. The graph in Fig. 2 in- 
dicates that this effect was rapid, occurring in less than 
one minute. Addition of the A protomer alone to the 
inside-out patch induced similar channel activation but 
the effect was less consistent occurring only in 4 of 9 
patches; in the other patches there was almost no effect. 

The data in the lower trace of Fig. 2 were recorded 
5 min after addition of SRIF in the presence of PTX. 
Comparison of these data with those obtained prior to the 
addition of SRIF (right upper trace) demonstrate that, in 
outside-out patches, PTX prevents the inhibitory effect 
of SRIF. Averaged channel activity recorded after addi- 
tion of 250 to 500 nM SRIF-14 in the presence of PTX 
was 2.92 + 1.4 times that of control, and was not signif- 
icantly different from that recorded with PTX alone. 

It is deduced from these results that agonist- 
independent activation of G i or G O occurs in excised 
patches resulting in tonic Kca channel inhibition, and 
further that SRIF-induced Kc~ channel inhibition is me- 
diated via enhanced activation of PTX-sensitive G pro- 
teins (Gi or Go). 

Kca CHANNEL MODULATION BY PURIFIED (X SUBUNITS OF 
ThE G PROTEINS G~ AND Go 

The effect of PTX suggests that endogenous subunits of 
G i and/or G O modulate Kca channel activity. To further 
investigate the role of G protein subunits, purified c~ 
subunits of Gi3/G o proteins were applied exogenously to 
inside-out patches, cti3 (from erythrocytes) and ct o (from 
brain) were selected because they modulate the function 
of other K channels (Yatani et al., 1987; Ribalet & Ed- 
dlestone, 1995). Addition of either type of ~ subunit 
caused channel inhibition within 1 to 4 min.; the inhib- 
itory effect of 12.5 pM c~i3 is illustrated in Fig. 3A and 
that of 12.5 pM ct o in Fig. 3B. At concentrations greater 
than 50 pM to 100 pM both %3 and c~ o subunits blocked 
channel activity by almost 90%. Figure 3C is a plot of the 
concentration-dependent inhibition of channel activity 
by cti and Oto; the data points are averaged from 6 and 5 
experiments for c~ i and s o, respectively. There was es- 
sentially no difference between the potency of the two 
types of c~ subunits to block channel activity; the half 
maximum inhibitory values of 5.95 pM for cti and 5.74 
pM for ct o were not statistically different. Fifteen to 
forty-five minutes after G protein withdrawal the channel 
activity was still less than V3 of control activity (n = 6) 
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Fig. 1. Concentration-dependent effects of SRIF on Kca channel activity in the outside-out patch. Recordings in A are from the same patch and 
depict the inhibitory effect of bath applied SRIF-28. The upward current steps represent outward current in symmetrical 140 mM KC1 for a pipette 
holding potential of 25 mV. The pipette solution contained 50 gM GTP and 250 gM ATP. In B, the channel activity normalized to the activity 
measured in the absence of agonist was plotted as a function of SRIF concentration. The upper scale on the horizontal axis is for SRIF-14, and the 
lower one for SRIF-28. The open and closed circles which represent data obtained with SRIF-14 and SRIF-28 respectively, were fitted with the 
following equation: 

Ill  o = 1/1 + (C/K) ~) 

Where C is the concentration of SRIF, n is a Hill coefficient and K is the ICso. The fit of the open circles yielded n = .85 and K = 104 nM, that 
of the closed circles yielded n = 1.25 and K = 5.09. In C, average NP o values from 2 experiments are plotted as a function of time. In this case NPoS 
were estimated using data samples of 7.5 seconds duration. SRIF-28 (50 riM) was added at time t = 10 sec. 

suggesting that the inhibitory effect of the c~ subunits is 
poorly reversible. Channel inhibition by o~ i or c~ o sub- 
units was observed consistently in 21 patches but as 
shown in Fig. 4 this effect developed with variable time 
lapses. For instance, the upper panel demonstrates typ- 
ical, pronounced channel inhibition 1 min after the ad- 
dition of 25 pM c~ i subunit. By contrast the lower panel 
shows a different and less common pattern of inhibition 
where addition of o~ i subunit is followed by dramatic 
oscillations of channel activity for up to 10 min between 
a stimulated and inhibited state prior to inhibition. The 
inhibitory effect of  purified (~ subunits of Gi and G o 
strengthen the hypothesis that SRIF-induced Kca channel 
inhibition is mediated via activation of G i G  o. 

However, in 5 patches purified o~ subunits (6 pM) 
stimulated channel activity 4.15 _+ 2.04-fold as com- 
pared to control (n = 3 with c~ i and n = 2 with c%). In 3 
of these experiments, the stimulation was only transient 
and lasted from 1 to 10 min. Figure 4B illustrates the 
result of one such experiment during which channel ac- 
tivity increased in bursts reaching a level more than 3 
times that of  control. In 2 other experiments, the in- 
crease in channel activity was sustained in the presence 
of  (~ subunit concentrations less than 25-50 pM; further 
augmention caused channel inhibition with almost com- 
plete block near 250 pM (results not shown). This latter 
effect cannot be ascribed to GTP~: S used to activate c~ 
subunits since the GTP analogue had no effect on chart- 
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Fig. 2. Effects of Pertussis toxin (PTX) on Kca channel modulation by SRIF in the excised outside-out patch. The pipette holding potential was 
25 mV, and 140 m g  KCI was present on both sides of the membrane; the pipette solution contained GTP and ATP. All the data shown in this figure 
originate from the same experiment. The two upper traces illustrate the effect of 100 ng/m] ofPTX (A and B protomers) on channel activity. Control 
activity shown in the upper left panel was recorded in the presence of NAD +. The upper right trace showing a stimulatory effect of PTX was taken 
eight minutes after addition of the toxin. The recording shown in the lower panel was acquired 4 min after addition of 250 nM SRIF- 14, and illustrates 
the lack of inhibitory effect of SRIF in the presence of PTX. In the lower right corner of the figure NP o values plotted as a function of time are 
averages from 2 experiments performed with outside-out patches. In this graph 100 ng/mI PTX was applied to the bath at time t = 20 sec. 

nel activity at these low concentrations, but rather to 
activation of a secondary, stimulatory pathway. This 
conclusion is supported by the observation that SRIF had 
a similar transient stimulatory effect in 3 outside-out 
patches. In these experiments the activity increased 
3.7 + 0.86 fold and returned to normal after 3 to 5 min- 
utes. 

Kca CHANNEL MODULATION BY PROTEIN KINASE C (PKC) 

As described in the Introduction, modulation of the K c a  

channel by (x subunits of G i or G O may be due to a 
"direct" effect of the o~ subunit on the channel or may be 
mediated by another membrane associated protein. Ev- 
idence in favor of protein kinase C (PKC) playing the 
role of an intermediary protein stems from the observa- 
tions that O~o/C~ i subunits have functional interactions 
with PKC (Jakobs et al., 1985; Gilman, 1987), and TPA, 
which acts to stimulate PKC, inhibits Kc~ channel activ- 
ityincell-attachedpatches(Ribaletetal., 1988). Basedon 
this latter observation, it may be concluded that PKC 

activation affects Kca channel behavior, but this does not 
show that the kinase is present in the isolated patch. To 
test this hypothesis the effects of exogenous modulators 
of PKC on channel activity were investigated in excised 
membranes patches. 

The results from an experiment in which SC-9, a 
substitute for the PKC activator diacylglycerol (Nishino 
et al., 1986), was applied to an excised inside-out patch 
are shown in Fig. 5. The upper panel demonstrates that 
addition of 150 pM SC-9 caused Kca channel inhibition 
after a short delay of 1 to 2 minutes; in 4 experiments 
channel activity was reduced to 0.37 + 0.12 of control 
by SC-9. 

Experiments employing inhibitors of PKC yielded 
complementary data. Peptide 19-36, a synthetic peptide 
with an amino acid sequence corresponding to a PKC 
pseudosubstrate (House & Kemp, 1987) caused a marked 
increase of Kca channel activity when added to inside- 
out patch preparations as shown in Fig. 5B. In 4 exper- 
iments, channel activity in the presence of the PKC in- 
hibitor was 6.8 + 1.01 times control. Similar results 
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Fig. 3. Effects of QJGi ~ subunits on Kca 
channel activity in excised inside-out patches. The 
pipette potential was held at + 30 mV, and 140 
mM KC1 was present on both sides of the 
membrane; the bath solution contained 200 ~tM 
ATP. The upper traces of A and B illustrate the 
channel activity prior to addition of c~ subunit. The 
lower trace in A illustrates the level of activity 
reached five minutes after addition of 12.5 pM of 
cq3, that in B was recorded six min after addition 
of 12.5 pM c~ o. In these two panels, downward 
deflections represent inward current. In C, the 
open and closed circles are averaged data points of 
channel activity measured in the presence of 
increasing concentrations of c~ o and c~i, 
respectively. The data were normalized to the 
level of activity measured in the absence of 
exogenous ot subunit and fitted using the equation: 

I/I o = A/(1 + (K/C)) 

Where C is the concentration of c~ subunit added to 
the bath. Fitting of the data yielded an ICso (K in the 
equation) of 5.95 pM for c~ i (continuous line) and 
5.74 pM for c% (dotted line). 

Alpha subunit (pM) 

were obtained in inside-out patches with the Isoquino- 
linesultbnamide inhibitor of PKC and cyclic nucleotide- 
dependent protein kinases, H-7 (Hidaka et al., 1984). 
Channel stimulation commenced rapidly following addi- 
tion of H-7 (Fig. 5, lower trace) and reached a steady 
state level within 1 to 2 min. In 9 experiments using 100 
gM H-7 channel activity at steady state was 11.02 + 3.4 
times that of control. This effect of 100 gM of H-7 was 
not sustained but usually decayed after 4 to 5 minutes; 
the decline proceeded until a level of channel activity 
comparable to control was restored after 10 to 12 rain. 
At lower inhibitor concentrations the secondary decay of 
channel activity was not evident; for instance at 25 [.tM 
H-7, while channel stimulation was slower to develop, 
and reached a level typically close to 3 times that of 
control, this enhanced activity was sustained for at least 
15 min, the duration of the longest observation. The dif- 

ference in the channel response times to the two PKC 
inhibitors may be due to slower diffusion of the peptide 
inhibitor, or alternatively, to the competitive type of in- 
hibition that takes place between the synthetic peptide 
and endogenous PKC substrates (House & Kemp, 1987). 

Inhibition of PKC was also investigated in outside- 
out patches using the membrane permeant PKC inhibitor, 
chelerythrine (Herbert et al., 1990). In 4 experiments, 13 
~tM chelerythrine caused Kc~ channel activity to increase 
to 6.2 + 1.5 times the control value within 1 to 3 minutes 
of its addition ( s e e  Fig. 7). As was the case with the 
other PKC inhibitors as well as the PKC activator, the 
effect of chelerythrine was fully reversible. 

From these experiments, it was concluded that PKC 
is present in the excised patches of membrane, that it 
influences Kca channel activity and that there is back- 
ground activity of the kinase in the isolated patch. 
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Fig. 4. Time course of Kc~ channel inhibition and activation by exog- 
enous G protein o:Jc~ o subunits. A illustrates the result of one experi- 
ment carried out with an inside-out patch. In this case, 12.5 pM ~o was 
added to the bath at time t = 15 sec. The lower panel illustrates channel 
behavior in a different inside-out patch experiment. In this graph NPo 
values shown as triangles were recorded under control conditions prior 
to the addition of exogenous c~ subunits. The closed circles correspond 
to NPo values recorded after addition of 12.5 pM c~ o to the bath. 

ROLE OF PKC IN KCa CHANNEL MODULATION BY Oi/G o 

Having established that activated Gi/G o proteins and 
PKC both inhibit the Kc~ channel and that there is evi- 
dence for interactions between these moieties in other 
systems (Jakobs et al., 1985; Gilman, 1987), the hypoth- 
esis that they act on the KCa channel in concert was 
addressed. To determine whether Kc~ channel modula- 
tion by G protein c~i and c~ o subunits requires PKC ac- 
tivity, the effect of cq and c G was studied in the presence 
of the PKC inhibitors, peptide 19-36 and H-7. The data 
presented in Fig. 6 show that inhibition of PKC pre- 
vented Kc~ channel inhibition by c~ o subunits. The two 
upper traces of Fig. 6 illustrate the effect of c~ o on chan- 
nel activity in the absence of the protein kinase inhibitor, 
as already shown in Fig. 3 addition of C~o or c~i caused a 
substantial decrease in channel activity. In 7 experi- 
ments the activity recorded in the presence of 12.5 pM 
cq/~ o was equivalent to 0.2 + 0.05 times control. 

By contrast, the data shown in the lower panel of Fig. 6 
demonstrate that ~ subunits had no inhibitory effect in 
the presence of PKC inhibitor. In fact in 2 experiments 
addition of (z i o r  O~ o caused a 1.7-fold increase in channel 
activity in the presence of PKC inhibitor. In 8 experi- 
ments, the average channel activity measured after addi- 
tion of c~ subunits in the presence of PKC inhibitor was 
0.98 + .  15 times that recorded under control conditions. 
These data indicate that PKC mediates a phosphorylating 
step which favors Kc, channel inhibition by c~ i subunits. 

Further experiments were can'ied out to determine 
whether PKC also facilitates the inhibition of K o  chan- 
nel activity by SRIF. The two upper traces of Fig. 7 
illustrate the inhibitory effect of SRIF in outside-out 
patches as already presented in Fig. 1. The lower trace 
indicates that addition of chelerythrine, the membrane 
permeant PKC inhibitor, could restore the channel activ- 
ity previously blocked by SRIF. In 3 experiments, ad- 
dition of chelerythrine reversed the inhibitory ef- 
fect of SRIF, causing recovery of channel activity from 
0.29 + 0.1 times control in the presence of SRIF alone to 
0.95 + 0.15 times control when the PKC inhibitor was 
added. Addition of chelerythrine reversed SRIF-induced 
channel inhibition only in 3 out of 7 patches. However, 
when chelerythrine was added to the bath prior to testing 
for the effect of SRIF, the inhibitor consistently pre- 
vented channel inhibition by SRIF. In fact, under these 
conditions, the activity measured in the presence of SRIF 
was 1.2 times higher than that recorded with cheleryth- 
rine alone (n = 3). Together these observations suggest 
that SRIF favors a phosphorylation process which is 
poorly reversible in excised patches, due perhaps to the 
loss of a dephosphorylating enzyme. 

It may be argued that the effect of chelerythrine is 
independent of PKC regulation. However, the activation 
of the Kca channel was accompanied by a concomitant 
decrease in the activity of occasional ATP-dependent K 
channels (KATP) (result not shown). Since we have pre- 
viously shown that PKC-induced phosphorylation stim- 
ulates KAT v channel activity (Ribalet & Eddlestone, 
1995), this observation strongly suggests that cheleryth- 
rine is indeed inhibiting PKC. 

Based on the above data it is postulated that SRIF- 
activated Gi/G o proteins only block Kca channels when 
concurrent activity of PKC occurs. 

KCa CHANNEL MODULATION BY ISOPROTERENOL 

AND NOREPINEPHRINE 

Activation of [3-adrenergic receptors has an inhibitory 
effect on Kca channel behavior in intact hippocampal 
pyramidal cells (Kn6pfel et al., 1990) and a stimulatory 
effect in lipid bilayers (Toro et al., 1990). Since ~ cell 
function is controlled by ~3-adrenergic receptors which 
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Fig. 5. Effects of protein kinase C (PKC) 
modulators on Kca channel activity in the excised 
inside-out patches. In these experiments there was 
140 m g  KC1 on both side of the membrane and 
the bath solution contained 200 BM ATP and 50 
gM GTP. The data in A, B and C are from 3 
different patches, the membrane was held at 35 
mV, and upward deflections represent outward 
currents. A shows the effect of the activator SC-9, 
4 min after its addition. B depicts the effect of 
the peptide (19-36) inhibitor of PKC, 6 rain after 
its addition (right trace). C shows the effect of 
the PKC inhibitor H-7, the right trace was 
acquired 1 min after addition of 100 ~.IM H-7. 

are coupled to G~ (Ahr6n, Taborsky, & Porte, 1986), we 
investigated whether activation of this receptor type af- 
fects Kca channel activity in insulin secreting cells. 

The effects of norepinephrine and isoproterenol, 
which are specific agonists of [~-adrenergic receptors, 
were tested in outside-out patches. The data presented in 
the two upper traces and in the lower panel of Fig. 8 
illustrate the effect of 100 nM isoproterenol. In 6 exper- 
iments the agonist had a stimulatory effect that reached a 
level 4.98 + 1.84 times control. Such a stimulation de- 
veloped rapidly and became maximum within 1 to 2 
minutes. Similarly, in 3 other experiments, 10 BM nor- 
epinephrine stimulated Kca channel activity by 6.35+ 
2.09 fold. Both of these effects were reversible. 

EFFECTS OF CHOLERA TOXIN ON K c a  CHANNEL ACTIVITY 

[~-adrenergic receptors being coupled to the G protein G s, 
it may be assumed that Kc,  channel stimulation results 
from activation of G~. To test whether in insulin- 

secreting cells, endogenous, membrane-associated G s 
provides the functional link between [3-adrenergic recep- 
tors and Kca channels, experiments were performed with 
cholera toxin (CTX) in excised patches. 

In outside-out patches, the non-reduced form of 
CTX (A and B chains), which irreversibly activates G s, 
in intact membranes, by ADP-ribosylating as, the o~ sub- 
unit of Gs (Birnbaumer et al., 1990), caused rapid and 
irreversible activation of the Kca channel (Fig. 8B). In 8 
out of 11 patches, the effect of CTX occurred within 30 
to 90 sec (Fig. 8C) and caused a 3.77 + 1.02-fold in- 
crease in channel activity. In inside-out patches, bath 
application of the reduced toxin (A chain alone) also 
caused channel stimulation, but stimulation occurred less 
frequently (3 out of 7 patches). Similarly, a more con- 
sistent response to the whole toxin as compared to the 
active chain alone had also been observed with PTX. 

It may be argued that the effect of the toxin is un- 
specific, and due to formation of Ca 2+ permeable pores. 
This is unlikely to be the case since the "leak current" 
did not change upon application of the toxin to the bath. 
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Fig. 6. Effects of PKC modulators on C~o-mediated 
Kca channel inhibition in the inside-out patch. The 
recordings presented in A and B are outward 
currents obtained from 2 different patches at 30 
mV holding potential. A illustrates the inhibitory 
effect of c% on Kca channel activity. Control 
activity recorded prior to the addition of (z subunit 
is shown in the left trace. The right trace recorded 
4 rain after addition to the bath of 12.5 pM c~ o 
demonstrates inhibition of Kca channel activity. 
By comparison, B shows that addition of 
exogenous ct subunits had no effect in the 
presence of PKC inhibitor. The left trace of panel 
B shows steady state channel activity measured in 
the presence of peptide 19-36 inhibitor of PKC. 
The right trace, recorded 7 minutes after addition 
of 12.5 pM ct o in the presence of inhibitor 
demonstrates the lack of effect of cz o under these 
conditions. 
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Fig. 7. Effects of PKC modulators on SRIF-induced Kca channel inhibition in the outside-out patch. The 3 traces in this figure represent outward 
currents recorded from the same patch at a pipette potential of 30 mV. The two upper traces demonstrate the inhibitory effect of 250 nM SRIF-14. 
Control activity recorded at steady state, in the absence of agonist, is shown in the left trace, while the fight trace shows the inhibitory effect of SRIF, 
six rain after addition of the agonist. The recording shown in the lower panel was acquired 5 rain after addition of the PKC inhibitor, chelerythrine, 
in the presence of SRIF, and illustrates the recovery of channel activity due to PKC inhibition. 

I n  a d d i t i o n ,  t h e  o b s e r v a t i o n  t h a t  a c t i v a t i o n  o f  t h e  

K c a  c h a n n e l  w a s  a c c o m p a n i e d  b y  a s i m u l t a n e o u s  d e -  

c r e a s e  in KAT P c h a n n e l  ac t iv i ty  ( resu l t  n o t  s h o w n ) ,  sug -  

g e s t s  tha t  a c t i v a t i o n  o f  G ,  i n d e e d  m e d i a t e s  t he  e f f e c t  o f  

C T X .  W e  h a v e  p r e v i o u s l y  s h o w n  tha t  C T X  b l o c k s  KAT p 

c h a n n e l  ac t iv i ty  in i n s i d e - o u t  p a t c h e s  ( R i b a l e t  & Cian i ,  

1994).  

T h e  s t i m u l a t o r y  e f f e c t  o f  C T X  i n d i c a t e s  tha t  act i -  
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Fig. 8. Kca channel stimulation by activated G.~ in 
outside-out patches. Data in A and B, depict 
single-channel outward currents recorded at a 
holding potential of 30 mV with symmetrical 140 
mM K +, in two different experiments. In A, the left 
trace was recorded under control conditions with 
50 gM GTP and 200 ~.g ATP in the pipette 
solution. The right trace recorded 3 min after 
addition of isoproterenol to the bath, demonstrates 
Kca channel stimulation by the ~3 agonist. Data in 
B illustrate the stimulatory effect of cholera toxin 
(CTX) on Kc~ channel activity. Control activity 
recorded in the presence of BAD + and prior to the 
addition of the toxin is shown in the left trace. 
The right trace recorded one and a half minute 
after addition to the bath of CTX demonstrates 
clear Kca channel stimulation. In C NP o values 
recorded from 2 outside-out patch experiments are 
represented by closed circles. In this case 
isoproterenol (100 nM) was added to the bath 20 
sec after the beginning of the graph. The open 
circles represent NP o estimates obtained from 2 
outside-out patch experiments using CTX. In this 
illustration CTX (150 ng/ml) was added to the 
bath at time t = 20 seconds. 

vated G s mediates Kca channel stimulation by [3-adren- 
ergic receptors. 

CROSS-REACTIVITY BETWEEN G s AND G i AND THE 

MODULATION OF K c a  CHANNELS 

The observation that the Kca channel activity is en- 
hanced by Gs and inhibited by G/G o leads to the con- 
sideration of parallels with the regulation of adenylate 
cyclase. It may be proposed that the two G proteins act 
independently on the channel, or alternatively, the chan- 
nel may interact with only one protein, the activity of 
which is itself affected by the antagonistic G protein. 
The results presented below offer evidence that favors 
the latter interpretation. 

Blockage of the Norepinephrine/IsoproterenoI Effect 
by SRIF 

Activation of G i inhibits G~-stimulated production of 
cAMP. To determine whether a similar mechanism con- 

trols Kca channel activity we investigated the effect of 
SRIF on isoproterenol- or norepinephrine-stimulated Kca 
channels. The experiment depicted in Fig. 9 was per- 
formed in outside-out patches and is representative of 8 
other experiments performed with [~-adrenergic receptor 
agonists. The 2 upper traces of Fig. 9 illustrate the stim- 
ulatory effect of isoproterenol as shown previously. The 
data shown in the lower trace demonstrate that addition 
of 250 nM SRIF completely abolished the stimulatory 
effect of the 13 agonist. In 6 experiments, channel activ- 
ity increased 4.98 + 1.84-fold in the presence of isopro- 
terenol and returned to a value .97 + 0.68 times that of 
control after addition of SRIF. Similarly, SRIF blocked 
the stimulatory effect of norepinephrine and the activity 
decreased from 6.35+ 0.18 to 0.78 + 0.37 times the con- 
trol value after addition of SRIF (n = 3). Other results 
are consistent with this finding and have shown that nei- 
ther isoproterenol or norepinephrine could restore the 
channel activity previously blocked by SRIF. 
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Fig. 9. Inhibition by SRIF of ~3 agonist-induced Kc, channet stimuIation in the excised outside-out patch. The pipette holding potential was 20 mV, 
and i40 mM KCi was present on both sides of the membrane; the pipette solution contained 50 g~  GTP and 250 g g  ATP. All the data shown in 
this figure originate from the same experiment. The two upper traces illustrate the effect of norepinephrine on channel activity. Control activity is 
shown in the upper left panel, and the upper right trace, recorded five minutes after addition of norepinephrine, demonstrates the stimulatory effect 
of the [3 agonist. The recording shown in the lower trace was acquired 8 rain after addition of 250 nM SRIF-14 to the bath, and illustrates the 
blockage of norepinephrine-induced channel stimulation by SRIF. 

These results suggest that activation of Gi blocks the 
stimulatory effect of activated Gs. 

Blockage of SRIF-induced Channel Inhibition by CTX 

By contrast, SRIF did not block the increase in activity 
induced by CTX and CTX could sometimes reverse the 
inhibitory effect of SRIF (3 out of 5). The data presented 
in A of Fig. 10 illustrate the latter observation, showing 
that the inhibitory effect of SRIF (upper traces) is re- 
lieved upon addition of CTX (lower trace). This exper- 
iment is representative of 3 others in which addition of 
SRIF caused a 0.35 + 0.18-fold reduction of channel 
activity as compared to control, while subsequent addi- 
tion of CTX reversed this effect, channel behavior be- 
coming equivalent to 1.81 + 0.74 times control. 

These data indicate that irreversible activation of Gs 
prevents channel inhibition of G i. 

To strengthen this hypothesis experiments were per- 
formed to investigate the effect of CTX on c~/~o-induced 
channel inhibition. The results presented in B of Fig. 10 
show that addition of CTX (lower trace panel B) not only 
reverses the channel inhibition evoked by a~ (upper 
traces panel B) but in fact stimulated channel activity 

by more than 8.5-fold. On average CTX increased chan- 
nel activity by 4.9 + 1.6 fold in the presence of cq/o~ o 
subunits (n = 4). 

This lack of effect of both SRIF and a subunits on 
CTX-induced Kca channel activation contrasts with the 
blockage of the stimulatory effect of norepinephrine and 
isoproterenoI. Based on these data, it will be argued that 
activated G i or G o block Kca channel activity by pre- 
venting activation of G s rather than blocking "directly" 
the channel. 

Discussion 

The focus of this study has been to investigate mem- 
brane-delimited interactions between G protein coupled 
receptors, protein kinase C (PKC) and the Kca channel. 
It is clear from the data that a complex relationship exists 
between them that may involve a number of regulatory 
steps. We will discuss several of these and propose a 
mechanism that integrates our observations. While the 
aim of this work was to provide evidence of channel 
control in insulin-secreting cells, it is clear that the 
present data offer insight into channel control in other 
cell systems. 
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Fig. 10. Reversal of Go/Gi-induced Kca channel 
inhibition by activated O s in inside-out and 
outside-out patches. Data in A depict single 
channel outward currents recorded at a holding 
potential of 25 mV with symmetrical 140 mM K + 
and with 50 gM GTP plus 200 gM ATP in the 
pipette solution. The upper traces illustrate the 
inhibitory effect of SRIF-14 on channel activity. 
Control activity is shown in the upper left panel, 
and the upper right trace, recorded 6 min after 
addition of SRIF, demonstrates the inhibitory 
effect of the agonist. The recording shown in the 
lower trace was acquired 8 rain after addition of 
the whole cholera toxin (A plus B subunits) to the 
bath, and illustrates the reversal of SRIF-induced 
channel inhibition by CTX. The data in B 
illustrate the reversal of oti-indnced channel 
inhibition by CTX. The three sets of single 
channel inward current recording were obtained in 
an inside-out patch of membrane held at -25 inV. 
The bath solution contained 50 ~tM GTP and 250 
gM ATP. The upper traces illustrate the inhibitory 
effect of Gi c~ subunits. Control activity recorded 
in the presence of NAD + and prior to the addition 
of the c~ subunit is shown in the left trace. The 
right trace recorded five minutes after addition of 
cq3 demonstrates clear channel inhibition. The 
current recording shown in the lower trace was 
acquired seven minutes after addition of the A 
subunit of CTX to the bath, and illustrates the 
dramatic reversal of c%-induced channel inhibition 
by CTX. 

CONCERTED EFFECTS OF PTX-sENSITIVE G PROTEINS AND 
PKC ON Kca CHANNEL ACTIVITY 

The data presented in Figs. 1-3 identify a membrane- 
delimited pathway linking the SRIF receptor to the Kca 
channel. That SRIF suppresses channel activity in the 
excised outside-out patch establishes the existence of this 
pathway, while the observations that the effect of SRIF is 
blocked by PTX and mimicked by exogenous c~i/ot o in 
inside-out patches, indicate that c~ subunits of G i and/or 
G o mediate, at least in part, Kca channel inhibition by 
SRIF. The data presented in Figs. 6 and 7 also show that 
both the inhibitory effect of c~ subunits and of SRIF 
requires the presence of active PKC in the patch suggest- 
ing that a PKC-catalyzed phosphorylation and a PTX- 
sensitive G protein o~ subunit act synergistically to sup- 
press K c a  channel activity. Coordinated control of chan- 
nel activity by G protein c~ subunits and PKC has been 
previously described with respect to the ATP-sensitive K 

channel in insulin secreting cells (Ribalet & Eddlestone, 
1995), and L-type Ca channels in pituitary GH 4 cells 
(Gollasch et al., 1994). 

K c a  CHANNEL MODULATION BY ~-ADRENERGIC RECEPTORS 

AND THE INHIBITORY EFFECT OF S R I F  

To better understand this mechanism of Kca channel in- 
hibition, we investigated the identity of the target protein 
of PKC and of the G protein c~ subunits. One obvious 
target is the K c a  channel itself as suggested for the 
L-type Ca channel (Gollasch et al., 1993). However, 
considering the data presented in Figs. 8-10, it appears 
that the receptor that activates the G protein G~ is a more 
likely target than the channel. It is clear from the data 
illustrated in Fig. 8 and obtained in excised patches using 
both ~-adrenergic agonists and the irreversible activator 
of G s, cholera toxin (CTX), that activation of G s results 
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in stimulation of Kca channel activity. That exogenous 
r subunits of G, proteins activate Kc~ channels in lipid 
bilayer suggests a direct G protein-Kca channel interac- 
tion (Scornik et al., 1994). Based on this observation it is 
postulated that the stimulation of Kc~ channel activity by 
[3-adrenergic agonists and CTX observed in this study is 
also due to a direct effect of the r subunit G s on the 
channel. Having established that G~-coupled receptors 
stimulate Kca channel activity while GJGo-linked recep- 
tors are inhibitory it was instructive to consider whether 
parallels exist with the mechanism of G protein-mediated 
control of adenylate cyclase. G~-mediated activation of 
adenylate cyclase, whether accomplished by [3-adrener- 
gic stimulation or by CTX-induced ADP-ribosylation of 
cos, may be suppressed by activation of G~-coupled re- 
ceptors. CTX activating irreversibly G~, it was con- 
cluded that the inhibitory effect of G~ is not due to de- 
activation of G~ and thus to reduction of G s stimulatory 
effect but rather to a direct and inhibitory interaction of 
r with the enzyme (see for review Birnbaumer et al., 
1990). While, as shown in Fig. 9, SRIF was similarly 
able to suppress Kc, channel stimulation evoked by 
[3-adrenergic agonists, the data presented in Fig. 10 in- 
dicate that SRIF failed to suppress the stimulatory effect 
of CTX. This latter result suggests that, in contrast to the 
direct association of G//G o with adenylate cyclase, these 
G proteins do not inhibit Kc~ channel activity directly 
but rather indirectly by reducing the stimulatory effect 
of G,. 

ROLE OF P K C  AND G//G o SUBUNITS IN THE DEACTIVATION 

OF G s BY S R I F  

That both PKC and activated GJGo are necessary to me- 
diate Kca channel inhibition raises the question of how 
these two elements interact to cause channel inhibition. 
Assuming that inhibition by PKC results from phosphor- 
ylation-mediated deactivation of Gs, two possible events 
could account for the effect of PKC; it may induce de- 
activation of G, via direct phosphorylation of either the cr 
subunit of G~ or of the [3-adrenergic receptor. Studies of 
G protein phosphorylation have shown that the cr subunit 
of G i but not that of G~ is a target of PKC (Bushfield et 
al., 1990), suggesting that PKC-induced deactivation of 
Gs resulting from increased GTPase activity of cr is 
unlikely. On the other hand, it is well established that 
PKC catalyzes phosphorylation of [3-adrenergic recep- 
tors and that this leads to receptor desensitization and 
deactivation of G~ (see for review Sibley & Lefkowitz, 
1985). It is therefore postulated that PKC-mediated Kc~ 
channel inhibition involves [3-adrenergic receptor desen- 
sitization. 

To understand more fully the signal pathway that 
integrates GiG o and PKC it is necessary to determine 
how Gi/G o could interact with PKC-induced [3-adrener- 

gic receptor desensitization. It can be easily assumed 
that activation of GJG o results from the binding of SRIF 
to its receptor, but it is more difficult to identify the 
following events that lead to channel inhibition via de- 
activation of Gs. Consideration of published data sug- 
gests two possibilities, the G protein cr subunit, via ac- 
tivation of phospholipase C (PLC), increases PKC activ- 
ity (Gilman, 1987) which in turn causes deactivation of 
G, via phosphorylation and desensitization of the ~3-ad- 
renergic receptor, or alternatively PKC and G i G  o cr sub- 
units act in parallel to suppress [3-adrenergic receptor 
activity. Evidence suggesting that PTX-sensitive activa- 
tion of PtdIns-PLC involves most likely the ~7 dimer of 
GiG o rather than the c~ subunit (see review Sternweis & 
Smrcka, 1992) mitigates the hypothesis whereby r o 
act via activation of PKC. On the other hand, it has been 
suggested that PKC-induced ~3-adrenergic receptor de- 
sensitization reduces receptor occupancy by G s while 
increasing that by G i (Okamoto et al., 1991). Based on 
this observation, it may be hypothesized that Gi/G o are 
instrumental in displacing G, from the desensitized re- 
ceptor and thus deactivating (z~. 

It may be argued that our scheme predicts that SRIF- 
induced channel inhibition due to deactivation of G s 
should only occur when [3-agonists are present. How- 
ever, [3-adrenergic receptors are activated (Birnbaumer et 
al., 1990) and desensitized (Sibley & Lefkowitz, 1985) 
even in the absence of agonist. Thus, activated Gs pro- 
teins may have a tonic stimulatory effect on the Kca 
channel and channel inhibition by SRIF may be ascribed 
to deactivation of G~ even in the absence of [3-agonist. 

DIRECT EFFECT OF GiG o Cr SUBUNIT ON Kc~ CHANNELS 

Having earlier discounted a direct inhibitory role on the 
Kca channel for Gi/G o o~ subunits, some of our data are 
suggestive of a direct stimulatory effect. Thus, addition 
of either SRIF or of purified cz subunits often caused a 
rapidly developing and transient increase of Kc~ channel 
activity, and on some occasions the effect was sustained. 
Since stimulation was more pronounced when PKC ac- 
tivity was blocked, it is postulated that diffusion of PKC 
away from the patch of membrane is responsible for the 
sustained responses to SRIF and ~x subunits. Such a 
stimulatory effect may be accounted for assuming direct 
channel stimulation by ~xi/cr that would act synergisti- 
cally with cz s. Alternatively, cq/cr o may act to stimulate 
serine/threonine phosphatase activity as previously de- 
scribed by White et al., 1991, which may retard phos- 
phorylation and desensitization of the [3-adrenergic re- 
ceptor and allow the stimulatory effect of G~ to be sus- 
tained. 

In summary: Kc~ channel regulation by PKC and the 
G proteins G s and Gi/G o may be schematized as follows 
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~3-adrenergic receptor 
| 

SRIF + ~ Gi - ~ / ~  - PKC 
receptor 

G s 
+ 

Kca  

Where [3-adrenergic receptors activate the G protein 
G s which has a direct stimulatory effect on the channel, 
PKC acts in concert with Gi/G o to deactivate G~ and thus 
induce channel inhibition. In addition, Gi/G o may also 
cause channel stimulation either directly or via phos- 
phatase-induced dephosphorylation of the [~-adrenergic 
receptor. 
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