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A B ST RA C T We have used hamster insulinoma tumor (HIT) cells, an insulin-secreting tumor 
cell line, to investigate modulation of the Na/K-ATPase and of the ATP-sensitive K channel 
(KATe) by the sulfonylurea glyburide. Membrane proteins from cells cultured in RPMI with 11 
mM glucose have at least two glyburide receptor populations, as evidenced by high and low 
binding affinity constants, (Kd = 0.96 and 91 nM, respectively). In these cells KATP channel ac- 
tivity was blocked by low glyburide concentrations, IC50 = 5.4 nM. At 12.5 nM glyburide the 
inhibition developed slowly, "r = 380 s, and caused reduction of channel activity by 75%. At 
higher concentrations, however, inhibition occurred at a fast rate, -r = 42 s at 100 nM, and was 
almost complete. Na/K-ATPase activity measured enzymatically and electrophysiologically 
was also suppressed by glyburide, but higher concentrations were needed, ICs0 = 20-40 nM. 
Inhibition occurred rapidly, T = 30 s at 50 nM, when maximum, activity was reduced by 40%. 
By contrast, cells cultured in RPMI supplemented with 25 mM glucose exhibit a single recep- 
tor population binding glyburide with low affinity, Kd = 68 nM. In these cells inhibition of the 
Na/K-ATPase by the sulfonylurea was similar to that observed in cells cultured in 11 mM glu- 
cose, but KAT P channel inhibition was markedly altered. Inhibition occurred only at high con- 
centrations of glyburide and at a fast rate; maximum inhibition was observed at ~100 nM. 
Based on these data, we propose that glyburide binding to the high affinity site affects primarily 
KAT P channel activity, while interaction with the low affinity site inhibits both Na/K-ATPase 
and KAT P channel activities. The latter observation suggests possible functional interactions 
between the Na/K-ATPase and the KATP channel. 

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

Under  physiological conditions the major  stimulus for  
insulin release f rom the pancreat ic  J3 cell originates 
f rom uptake and metabol ism of  circulating nutrients,  
mainly glucose. Secretion is initiated below 5 mM glu- 
cose and increases in a concent ra t ion-dependent  man- 
ner  to a m a x i m u m  level at between 15 to 20 mM (Grod- 
sky et al., 1969; Ashcroft  et al., 1972). Initiation of  se- 
cretion is associated with depolarizat ion of  the 13 cell 
membrane ,  which in turn triggers the characteristic 
bursts o f  calcium action potentials, the durat ion of  
which increases as the secretagogue concentra t ion is 
raised (Meissner and  Schmelz, 1974). Similar initiation 
and modula t ion  of  electrical activity and secretion oc- 
curs in response to nonmetabol ized  secretagogues such 
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as the sulfonylureas, tolbutamide and  glyburide (Meiss- 
ne r  and Atwater, 1975; Pace, 1984; Panten  et al., 1989). 

The  initial 13 cell m e m b r a n e  depolarizat ion induced 
by glucose is at tr ibuted to closure of  ATP-sensitive K 
channels (KATP) by  intracellular ATP produced  dur ing 
glycolysis (Ashcroft, 1988). This hypothesis is sup- 
por ted  by measu remen t  of  intracellular ATP showing 
that  ATP increases as glucose is raised f rom 0 to 5 mM 
(Ashcroft et al., 1973; Hel lman et al., 1969; Malaisse et 
al., 1979). However, as glucose is elevated above 5 mM, 
the cellular level of  ATP remains constant, suggesting 
that a different mechanism must  be responsible for the 
concent ra t ion-dependent  increase in burst  durat ion 
and secretion that occur  between 5 and  20 raM. Since 
sulfonylureas mimic the effects of  elevating glucose on 
both  the electrical activity and insulin secretion, it had 
been  argued that fur ther  closure of  KAT P channels  was 
responsible for the effects of  elevated glucose, al though 
no mechanism was p roposed  to explain how elevated 
glucose may block Kaa-v channels (Henquin,  1988). 
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KAy P channe l  inhibi t ion by glyburide has been  as- 
cr ibed to in teract ion o f  the sulfonylurea with a high- 
affinity receptor ,  which may be the KAT P channe l  itself 
or  a closely associated pro te in  (Aguilar-Bryan et al., 
1995). However,  the/4~ for  b ind ing  o f  glyburide to the 
high-affinity site is below 1 nM, whereas hal f  inhibi t ion 
o f  the KAT P channe l  occurs  at concen t ra t ions  between 6 
to 27 nM (Findlay, 1992; Gaines et al., 1988; Sturgess et 
al., 1988). These  observations suggest that  modu la t i on  
o f  channe l  activity by glyburide involves b ind ing  o f  the 
sulfonylurea to a low affinity regula tory  site in addi t ion  
to the h igh affinity site, the hal f  channe l  inhibi t ion oc- 
cur r ing  at a concen t r a t ion  between the two Kd's. This 
hypothesis  is suppo r t ed  by the presence  o f  at least four  
different  types o f  sulfonylurea b ind ing  prote ins  in insu- 
l in-secreting cell m e m b r a n e s  with affinity for  glyburide 
r ang ing  f rom 1 nM to several m ic romola r  (Nelson et 
al., 1992). While the high-affinity site may be identif ied 
with the already descr ibed high-affinity sulfonylurea re- 
ceptor ,  we postulate that  one  o f  the low-affinity sites is 
associated with the Na/K-ATPase.  

Previous b iochemica l  as well as electrophysiological  
studies have dem ons t r a t e d  that  ouabain ,  a specific 
blocker  o f  the Na/K-ATPase,  increases insulin release 
in the presence  o f  glucose (Milner and  Hales, 1967), 
and  pro longs  the bursts o f  act ion potentials  (Ribalet 
and  Beigelman,  1979; H e n q u i n  and  Meissner, 1982); 
m o r e  recently, it has also been  shown to raise intracel- 
lular Ca 2+ (Grapengiesser  et al., 1993). These  effects 
being similar to those exer ted  by sulfonylureas and  ele- 
vated glucose, it had  been  p roposed  that  inhibi t ion o f  
the Na/K-ATPase  is involved in secre tagogue- induced  
insulin release (Meissner, 1976; Levin et al., 1978; Riba- 
let and  Beigelman,  1979; Fagin et al., 1987; G r o n d a  et 
al., 1989); however,  this hypothesis  r ema ined  contro-  
versial (Kemmler  and  L6ffier, 1977; H e n q u i n  and  
Meissner, 1982). Subsequen t  pa tch-c lamp studies suc- 
cessfully demons t r a t ed  KATp channe l  inhibi t ion by glu- 
cose and  sulfonylureas, provid ing  a compel l ing  expla- 
na t ion  for  the initiation o f  insulin release (Ashcroft, 
1988), and  the controversy regard ing  the role o f  the 
Na/K-ATPase  did no t  get  resolved. 

In this study we have d e t e r m i n e d  the b ind ing  charac-  
teristics o f  glyburide to H I T  cell m e m b r a n e  prote ins  
and  corre la ted  these data with enzymatic,  as well as 
electrophysiological ,  measu remen t s  o f  the effects o f  
glyburide on  Na/K-ATPase  activity. O u r  goal was to in- 
vestigate whe ther  the sulfonylurea glyburide interacts 
with the N a / K  pump ,  and,  if so, whe ther  it involves 
b ind ing  to the high-affinity site or  to one  with lower at: 
finity. We chose to pe r fo rm ou r  studies using HIT  cells 
which demons t ra t e  a lmost  comple te  loss o f  the high- 
affinity b ind ing  sites at h igh passage n u m b e r  when cul- 
tured in the presence  o f  25 mM glucose (Aguilar et al., 
1992). The  data  p resen ted  here  indicate that  interac- 

t ion o f  glyburide with a low affinity sulfonylurea bind- 
ing prote in ,  possibly associated with the N a / K  p u m p ,  
causes inhibi t ion o f  the ATPase as well as o f  the KATP 
channel .  The  respective role o f  the N a / K  p u m p  and  o f  
the /(AT P channe l  in glyburide-evoked insulin release is 
discussed in view o f  these findings. 

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

Cell Cultures and Membrane Preparation 

The present studies were performed using cells from the insulin 
secreting cell line hamster insulinoma tumor (HIT) 1 (passage 76- 
83), provided by the late A. E. Boyd III (Endocrine Division, New 
England Medical Center, Boston, MA) and CRI-D11 provided by 
C. N. Hales (Dept. of Clinical Biochemistry, Cambridge, En- 
gland). The cells were incubated at 37~ in RPMI 1640 medium, 
supplemented with 10% (vol/vol) FCS, penicillin (100 U/ml), 
streptomycin (100 U/ml), and 2 mM glutamine. The cells were 
divided once a week by treatment with trypsin and the medium 
was changed twice between divisions. The culture was carried out 
in RPMI medium containing 11 or 25 mM glucose. 

Cells were harvested using a cell scraper after rinsing twice 
with PBS and incubating for 15 min at 37~ in PBS supple- 
mented with 4 mM EDTA and pelleted by centrifugation. The 
cell pellet was resuspended in Tris/EDTA/PMSF (5, 2.5, and 0.1 
mM final concentrations) and allowed to swell on ice for 40 rain. 
The cells were then hand homogenized and centrifilged at 2,500 
g for 10 min. The supernatant was then centrifllged at 130,000 g 
/or 60 rain. The resultant pellet was suspended in 50 mM TRIS, 
and assayed for protein by the method of Bradtord. 

Binding Studies 

Equilibrium binding studies were performed essentially as de- 
scribed by Panten et al. (1989) using 20-30 Ixg/ml HIT cell mem- 
brane proteins. Proteins were incubated in 50 mM Tris, pH 7.4, 
for 40 rain at room temperature in the presence of :~H-glyburide 
(New England Nuclear, Boston, MA, 50 Ci/mmol) at concentra- 
tions ranging fiom 0.01 to 50 nM. Nonspecific binding was deter- 
mined by performing the same incubations in the presence of 
unlabeled K-glyburide (gift fiom the Upjohn Company, Kalama- 
zoo, MI) at 1 ixM. After incubation, separation of bound drng was 
achieved by filtration through glass microfiber filters (Whatman, 
Inc., Clifton, NJ) followed by three washes with ice-cold buffer. 
The filters were put into scintillation vials with instagel scintilla- 
tion cocktail (Packard Instrument Company, Meriden, CT) and 
counted in a liquid scintillation counter. 

Data analysis. Specific binding was calculated by subtracting 
nonspecific fi'om total binding. For any given passage number, 
the assay was done in triplicate for each concentration of radiola- 
beled glyburide used. The K,I and B,,,~,~ were evaluated from Scat- 
chard plots using Sigmaplot nonlinear curve litter. The equation 
used in the fitting program was that derived by Feldman (1972) 
ti)r a one ligand two-binding site model. 

I Abbreviations used in this paper." HIT, han]sler insulinoma nlmor. 
RPMI, Roswell Park Memorial Institute. 
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Enzyme Assay 

Cell storageand membrane preparation. Cells were harvested, as de- 
scribed above, and were placed into 1 ml of a solution containing 
0.25 M sucrose, 1 mM EDTA adjusted to pH 7.5 with 0.5 M Tris. 
One txl of 0.1 M PMSF in 100% ethanol was added and the cells 
were rapidly frozen over dry ice/acetone,  and stored at -70~ 
For the enzyme assay cells were thawed on ice, pelleted at 2,500 g 
for 10 rain at 4~ and rinsed twice with the Sucrose-Tris-EDTA 
solution. The cell pellet was then resuspended in Tr i s /EDTA/  
PMSF (5, 2.5, and 0.1 mM final concentrations), and allowed to 
swell on ice for 45 min. The cells were then hand homogenized 
and centrifuged at 2,500 gfor  10 rain at 4~ The supernatant was 
then centrifuged at 130,000 gfor  60 rain. The resultant pellet was 
suspended in 1 mM Tris-EDTA, pH 7.4, and stored at -70~ 

Enzyme analysis. The enzyme assay was performed using a 
method derived from that previously described (Levin et al., 
1978). The incubation solution contained 0.5 mM EDTA, 21 mM 
glycylglycine, 21 mM histidine, 3.6 mM MgC12, 100 mM NaC1, 20 
mM KCI, 10 mM NAN3, in the presence or absence of ouabain 
(0.1 mM). One tenth ml of membrane aliquot containing 10-30 
txg protein was added to 0.5 ml of the incubation solution, with 
10 Ixl of 0.5 mM KOH alone or with KOH and the desired con- 
centration of  glyburide. Samples were first preincubated in a 
shaker bath at 37~ for 10 min. The reaction was started by add- 
ing 50 Ixl vanadium-free Tris-ATP (final concentration 3 mM) 
and the samples were incubated again for 10 min at 37~ The re- 
action was stopped by immersion of the tubes in ice and addition 
of 50 ILl cold trichloroacetic acid. Samples were centrifuged at 
1,100 g for 10 min and supernatants were assayed for inorganic 
phosphate (Pi) by the method of Fiske and Subbarow (1925). 
Corrections were made for spontaneous hydrolysis of ATP using 
tubes containing ATP but not  tissue. 

Na/K-ATPase activity was defined as the difference in Pi liber- 
ated from ATP hydrolysis in the presence vs absence of  ouabain. 
Mg-ATPase activity was defined as the amount  of Pi liberated 
from ATP in the presence of ouabain. Enzyme activity was ex- 
pressed as IxM Pi /mg pro te in /hour  or units. 

Electrophysiological Studies 

Single-channel data recording. 1 h before starting the patch-clamp 
experiment the RPMI culture medium was replaced with a glu- 
cose-free solution containing 135 mM NaC1, 5 mM KC1, 2.5 mM 
CaC12, 1.1 mM MgC12 and 10 mM HEPES, the pH adjusted to 7.4 
with NaOH. For outside--out patch experiments, the composition 
of the bath solution (extracellular type) was 140 mM KC1, 2.5 mM 
CaC12, 1.1 mM MgC12 and 10 mM HEPES, pH adjusted to 7.2 with 
KOH; that of  the pipette solution (intracellular type) was similar, 
except that Ca 2+, EGTA ratio was adjusted to give a pCa of 5 or 6 
10 7. ATP (Sigma Chemical Company, St. Louis, MO) and GTP 
(Boehringer Mannheim Diagnostics, Inc., Houston, TX) were 
added to give concentrations of 20 I~M and 50-100 IxM, respec- 
tively. Stock solutions of glyburide were made in 0.5 mM KOH, 
appropriate dilutions were made in saline solution so that the fi- 
nal concentration of KOH in the bath was <5 IxM. 

Data recording and analysis. The techniques to prepare patch 
electrodes and record single-channel events were similar to those 
described previously (Ribalet et al., 1988). The data, filtered at 
2 kHz with an 8-pole Bessel filter were recorded with either an 
EPC 7 List (Darmstadt, FRG) or an Axopatch 1A (Axon Instru- 

ments, Burlingame, CA) patch amplifier and stored on video cas- 
sette at a fixed frequency of 44 kHz after digitization with a digi- 
tal audio processor. For analysis, the data were acquired on a 
computer  hard disk at a rate of 5.5 kHz; the transfer was carried 
out with a two-buffer interface allowing continuous acquisition 
(Bezanilla, 1985). Before measurement of channel activity, am- 
plitude histograms of the current steps were built to determine 
the half amplitude threshold, and this threshold was used to 
form an idealized record of  the original data. This schematized 
record was utilized for the subsequent 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-s duration obtained at 
steady state. Under  control conditions, NPo values varied widely 
from patch to patch and for this reason averages were used to de- 
termine ratios of experimental NPo's vs control. To produce the 
time course graphs two experiments were used unless specified, 
and NPo values were estimated using 15-s bins and plotted as a 
function of time. 

Whole-cell Na/K-ATPase current recording. Na/K "pump" currents 
were recorded in HIT cells using the whole-cell clamp configura- 
tion, at room temperature, with the pipette solution containing in 
millimolar: 110 N-methyl-D-glucamine (NMDG), 30 NaCI, 10 
HEPES, 10 EGTA, 1 CaC12, and 4 MgSO4 and with a bath solution 
consisting of 140 TEA, 10 HEPES and 1.2 MgSO4. In addition the 
pipette solution contained 4-5 mM ATP to obtain maximum N a /  
K-ATPase activity (Niki et al., 1989a). The data, filtered at 0.5 
kHz with an 8-pole Bessel filter were recorded using the experi- 
mental set up described above and stored on a Hewlett-Packard 
FM tape recorder. For analysis the data was played back on a 
chart recorder. 

R E S U L T S  

High- and Low-affinity Binding of Glyburide to Proteins of 
HIT Cells Cultured in 11 mM Glucose 

M e m b r a n e s  o f  i n s u l i n - s e c r e t i n g  H I T  cel ls  possess  p r o -  

t e ins  w h i c h  b i n d  g l y b u r i d e  wi th  h i g h  a n d  low affinity.  

T h e  p r e s e n t  s tudy  takes  a d v a n t a g e  o f  this o b s e r v a t i o n  

as wel l  as t h e  fac t  t h a t  c u l t u r e  c o n d i t i o n s  c a n  a f fec t  t h e  

level  o f  g l y b u r i d e  b i n d i n g  sites ( A g u i l a r  e t  al., 1992) to 

e l u c i d a t e  t h e  r o l e  o f  t h e s e  s u l f o n y l u r e a - b i n d i n g  p r o -  

t e ins  in r e g u l a t i n g  t h e  act ivi ty  o f  t h e  N a / K  A T P a s e  as 

wel l  as o f  t h e  KAT P c h a n n e l .  

T h e  d a t a  p r e s e n t e d  in  Fig. 1 i l lus t r a t e  t h e  resu l t s  o f  

n i n e  e x p e r i m e n t s  c a r r i e d  o u t  to c h a r a c t e r i z e  t h e  spe-  

cif ic  b i n d i n g  o f  g l y b u r i d e  to  H I T  ce l l  m e m b r a n e  p r o -  

te ins .  T h e  b i n d i n g  d a t a  s h o w n  in  Fig. 1 A is wel l  f i t t ed  

by a two-si te  m o d e l ;  t h e  Kd's a n d  Bm~x's d e d u c e d  f r o m  

t h e  f i t  a r e  0 .96 n M  a n d  0.14 p m o l / m g ,  r e spec t i ve ly  f o r  

t h e  h igh -a f f in i ty  b i n d i n g  si te a n d  91 n M  a n d  6.1 p m o l /  

m g  f o r  t h e  low-aff in i ty  b i n d i n g  site. T h e  low K d v a l u e  

o b t a i n e d  h e r e  fo r  g l y b u r i d e  b i n d i n g  to  H I T  ce l l  m e m -  

b r a n e  p r o t e i n s  is in  a g r e e m e n t  wi th  p r e v i o u s l y  re-  

p o r t e d  va lues  (Nik i  e t  al., 1989b; A g u i l a r - B r y a n  e t  al., 

1990).  W h e n  e v a l u a t i n g  s u l f o n y l u r e a  b i n d i n g  u s i n g  very  

h i g h  c o n c e n t r a t i o n s  o f  g l y b u r i d e ,  we f o u n d  spec i f i c  
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FIGURE 1. Scatchard analysis of 3H glyburide binding to mem- 
brane proteins of HIT cells cultured in 11 mM glucose. In A and B, 
binding data are plotted as bound/free vs bound (pmol/mg of 
protein). For each point, the measurements were done in tripli- 
cate. The solid line was obtained by fitting all data points using a 
two site model as described under Materials and Methods. The fit 
yielded Ka of .96 nM and Bm,x = 0.14 pmol/mg for the high affin- 
ity binding site and Ka of 91 nM and Bm~, = 6.1 pmol/mg for the 
low affinity binding site. These/~t and Bm,x values were then used 
to draw the straight lines according to the equation: B/F = -K~*B 
+ K,*Bm, • for a one-site model. In B, the plot is similar to that in A 
but the scale on the x axis has been expanded to better show the 
dispersion of the high affinity binding data. Further, the data 
points have been grouped in two categories as a function of cell 
passage number. Closed circles are for passage 76 to 79 and open 
circles are for passage 80 to 83. All fitted lines are the same as in A. 

b i n d i n g  o c c u r r i n g  at  even lower  affinity. I n c l u d i n g  this 
da t a  in the  analysis r evea led  a t h i rd  Kd o f  ~ 5 0 0  nM. 
This  value may  c o r r e s p o n d  to the  IxM Kd r e p o r t e d  by 
Agui la r -Bryan  et  al. (1992).  We  suggest  b a s e d  on  these  
observa t ions  tha t  H I T  cell  m e m b r a n e s  have sulfo- 
ny lu rea  b i n d i n g  p r o t e i n s  tha t  may  be  classif ied in at  
least  t h r ee  ca tegor i e s  with Kd's close to 1 nM, 100 nM, 
a n d  1 txM. T h e  p r e s e n t  s tudy focuses  on  the  p r o p e r t i e s  
o f  the  two f o r m e r  sites. 

In  Fig. 1 B the  da t a  have b e e n  p l o t t e d  as a f u n c t i o n  o f  
passage n u m b e r ,  the  f i l led  circles  r e p r e s e n t i n g  da ta  ob- 
t a i ned  with cells f r om passages  76-79,  the  o p e n  circles 
r e p r e s e n t i n g  da t a  o b t a i n e d  f rom cells at  passages  8 0 -  
83. A l t h o u g h  t h e r e  a p p e a r s  to be  a s l ight  shift  to the  
left, as passage n u m b e r  increases ,  it  s h o u l d  be  e m p h a -  
sized tha t  u n d e r  these  cu l tu re  cond i t i ons ,  the  n u m b e r  
o f  b i n d i n g  sites r e m a i n e d  relat ively h igh  even af ter  pas- 
sage n u m b e r  83. 

Na/K-A TPase Inhibition by Glyburide (Cells Cultured in 
11 m M  Glucose) 

Enzymatic activity. We tes ted  the  effects o f  g lybur ide  on  
N a / K - A T P a s e  activity us ing  enzymat ic  as well as e lec t ro-  
phys io log ica l  a p p r o a c h e s .  Assay o f  the  enzyme  activity 
showed  c lear  i nh ib i t o ry  effect  o f  the  su l fonylurea ,  as il- 
l u s t r a t ed  in Fig. 2. F i t t ing  the  e x p e r i m e n t a l  values ob- 
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FIGURE 2. Na/K-ATPase inhibition by glyburide in cells cultured 
with 11 mM glucose. In this plot the normalized enzyme activity 
(A/Ao) is plotted as a function of glyburide concentration. Each 
data point represented by a closed triangle is the average of three 
experiments performed in duplicate. The points were fitted with 
the following equation: A/Ao = 1/[1 + (C/K)] + b. Where C is 
the concentration of glyburide, K is the ICs0. The fit of the data 
yielded K = 17.5 nM and b = 60. 

t a i n e d  with c o n c e n t r a t i o n s  o f  g lybur ide  be tween  12.5 
a n d  200 nM y i e lde d  an  IC~0 o f  17.5 nM. T h e r e  was no  
a p p a r e n t  c o r r e l a t i o n  be tw e e n  the  po t e nc y  o f  g lybur ide  
to i nh ib i t  N a / K - A T P a s e  activity a n d  the  cell  passage 
n u m b e r .  Fo r  p l o t t i n g  p u r p o s e s  the  da t a  po in t s  have 
b e e n  n o r m a l i z e d ;  the  abso lu te  enzyme  activity o b t a i n e d  
in t h ree  e x p e r i m e n t s  p e r f o r m e d  in dup l i ca t e  was 
6.66 -+ 1.42 Units .  In  these  e x p e r i m e n t s  Mg2+-ATPase 
activity was n o t  i n f l u e n c e d  by g lybur ide .  

Whole-cell recording of the current elicited by activation of 
the Na/K-ATPase. In t race l lu la r  m i c r o e l e c t r o d e  record-  
ing  o f  [3 cell m e m b r a n e  p o t e n t i a l  has  d e m o n s t r a t e d  the  
p r e s e n c e  o f  an  ouaba in-sens i t ive  N a / K  p u m p  c u r r e n t  
tha t  c o n t r i b u t e s  to [3 cell e lectr ical  activity (Ribalet  and  
Beigelman,  1979). Us ing  the  whole-ce l l  c on f igu ra t i on  o f  
the  p a t c h - c l a m p  t e c h n i q u e  we have c ha ra c t e r i z ed  the  
c u r r e n t  e l i c i t ed  by act ivat ion o f  the  N a / K - A T P a s e  in in- 
su l in -secre t ing  cells, a n d  s t ud i e d  the  effects o f  gly- 
b u r i d e  on  this cu r ren t .  As i l lus t ra ted  in  Fig. 3 (top) re- 
co rd ings  o f  N a / K  p u m p  cu r r en t s  were  s ta r ted  with n o  
K + in the  ba th ;  in these  e x p e r i m e n t s  the  i n t r ace l lu l a r  
so lu t ion  c o n t a i n e d  30 m M  N a  +. U p o n  a d d i t i o n  o f  2 
m M  K + to the  ba th  an ou tw a rd  c u r r e n t  d e v e l o p e d  tha t  
was p r o b a b l y  assoc ia ted  with a ne t  ou tward  m o v e m e n t  
o f  posi t ive charges .  This  c u r r e n t  d e v e l o p e d  wi thin  < 1 
rain.  Af te r  r emova l  o f  e x t e r n a l  K +, the  c u r r e n t  re- 
t u r n e d  to its basal  value.  T h e  r e t u r n  to base l ine  was 
s lower t han  the onset ,  an  effect  mos t  l ikely due  to the  
t ime r e q u i r e d  for  washing  K + f rom the  ba th .  In  the  
p r e s e n c e  o f  4 -5  m M  in t r ace l lu l a r  MgATP the K +- 
evoked  cu r ren t s  cou ld  be  as la rge  as 5 to 6 pA a n d  as 
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FIGURE 3. Recording of whole-cell current elicited by K+-induced 
Na/K-ATPase activation. The upper trace is a typical recording of 
K+-evoked Na/K pump current. To activate the pump, K + was di- 
rectly added to the bath and the solution was stirred. Removal of 
K + was performed by perfusing a 0.75 ml bath with 5 ml of a solu- 
tion without K +. The return of the current trace to baseline after 
K + removal indicates that the exchange of the solution was satisfac- 
tory under these conditions. The lower trace illustrates the inhibi- 
tory effect of ouabain. In this type of experiment K + was first 
added to the bath to activate the pump current and remained 
present for the rest of the experiment. Ouabain was also directly 
added to the bath. 

small as 1 pA. In the presence  of  intracellular MgATP 
concentrat ions <1 raM, the currents were dramatically 
reduced  being often <0.5 pA. 

To investigate whether  the K+-activated currents 
could be ascribed to activation of  the Na /K-ATPase  ac- 
tivity we examined  the effects o f  ouabain,  a specific 
N a / K  p u m p  blocker, on these currents. At bath con- 
centrations below 10 I~M ouabain had almost  no effect, 
but  at 500 txM it almost  completely blocked K+-evoked 
currents within 1 min. Blockage was reversible upon  re- 
moval of  ouabain,  and the current  re turned  to 80% of  
its steady state initial value within 5 min. These results 
are compat ible  with the K+-activated current  being pri- 
marily due to activation of  the Na/K-ATPase. The  inhi- 
bition by a high level of  ouabain and  the fast reversibil- 
ity of  this effect are comparab le  to those observed with 
intracellular recordings of  m e m b r a n e  potential  in pan- 
creatic [3 cells in which addit ion of  ouabain at concen- 
trations >100 IxM caused a m e m b r a n e  depolarizat ion 

235 RIBALET ET AL. 

which was rapidly reversible upon  washing the inhibi- 
tor f rom the bath, and  in which low levels o f  ouabain 
had no effect (Ribalet and Beigelman, 1979). 

Inhibition of the Na/K-A TPase current by glyburide. Hav- 
ing established that K+-evoked currents result primarily 
f rom activation of  the N a / K  p u m p  we investigated the 
effect of  the sulfonylurea glyburide. Fig. 4 (top) illus- 
trates the effects of  25 and 125 nM glyburide. Addition 
of  25 nM caused a gradual  decrease in current  ampli- 
tude, a 20% diminut ion occurr ing within 2 rain after 
addit ion of  the drug. Further  elevation of  bath gly- 
buride resulted in a fur ther  20% decrease in current  
amplitude.  In this case the inhibit ion occurred  rapidly 
within < 1 min. Upon  removal of  extracellular K +, the 
current  re turned  to baseline within a minute.  This ef- 
fect of  glyburide was partly reversible, but  the current  
elicited by subsequent  applications of  K + showed differ- 
ent  time courses, the initial phase of  the evoked current  
becoming  transient. Thus, after glyburide, K+-evoked 
currents peaked rapidly within 30 s and  decayed to- 
wards a plateau within 3-5 min. At steady state the cur- 
rent  ampli tude was often 10-20% lower than that mea- 
sured before application of  glyburide. 

Fig. 4 (bottom) shows the dose-dependent  inhibition 
of  K+-activated Na/K-ATPase cur rent  by glyburide. Fit- 
ting the averaged data points obta ined f rom five exper- 
iments yielded an ICs0 of  35.5 nM, a value comparable  
to that  obta ined for Na/K-ATPase inhibition using the 
enzyme assay (17.5 nM). 

Study of KATe Channel Inhibition by Glyburide in 
Outside-Out Patches 

It  is generally accepted that blockage of  KAT P channel  
activity by sulfonylureas involves binding of  the drug  to 
a high affinity receptor  site very likely associated with a 
recently cloned prote in  of  140,000 mol wt (Aguilar- 
Bryan et al., 1995). Binding of  sulfonylurea to this high- 
affinity site (Kd < 1 nM) accounts at least in part  for the 
low IC50 value (between 6 and 27 nM) that  character- 
izes channel  block by glyburide (Findlay, 1992; Gaines 
et al., 1988; Sturgess et al., 1988). These values are 
lower than those obtained in the present  study for N a / K  
p u m p  inhibit ion (IC50 = 20-40 nM). To de termine  if 
indeed a difference exists between the dose-dependent  
block of  the KAT P channel  and of  the Na/K-ATPase, ex- 
per iments  were pe r fo rmed  to test the effect of  gly- 
buride on KATP channel  activity, and to compare  the re- 
sult with that obta ined for the Na/K-ATPase in the 
same cells unde r  similar exper imenta l  conditions. KATP 
channel  response to glyburide was investigated using 
outside-out patches with concentrat ions ranging f rom 
2.5 to 12.5 nM. Examinat ion of  the data presented in 
Fig. 5 (A-C) indicates that KAT P channel  inhibition was 
partial at 6 nM and much  more  p r o n o u n c e d  at 12.5 
nM. In Fig. 5 D, average responses f rom five experi- 
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FIGURE 4. Glyburide-indnced inhibition of whole-cell current 
elicited by K+-induced Na/K-ATPase activation. The upper trace il- 
lustrates the inhibitory effects of increasing concentrations of gly- 
buride. In these experiments glyburide was directly added to the 
bath and the solution stirred. The graph in the lower panel is a 
plot of normalized Na/K pump current. The closed circles which 
represent averaged data were f t ted with the following equation: 
I/1,, = 1/[1 + (C/K)] + b. The fit of the data yielded K =  35.5 nM 
and b = 55. 

m e n t s  a re  n o r m a l i z e d  a n d  p l o t t e d  as a func t ion  o f  gly- 
b u r i d e  c o n c e n t r a t i o n  to i l lus t ra te  the  d o s e - d e p e n d e n t  
ef fec t  o f  this agent .  T h e  fit to the  da t a  y i e lded  an  ICs0 o f  
~ 5 . 4  nM. This  p lo t  also d e m o n s t r a t e s  tha t  g lybur ide  
c o n c e n t r a t i o n s  as h igh  as 100 nM were r e q u i r e d  for  
c h a n n e l  i n h i b i t i o n  to r each  n e a r  c o m p l e t i o n .  

In  this set o f  e x p e r i m e n t s  t h e r e  was n o  c lea r  cor re la -  
t ion be tween  the  p o t e n c y  o f  g lybur ide  to b lock  c h a n n e l  
activity a n d  the  passage  n u m b e r  o f  the  cell  cu l tu re .  
Thus ,  the  s l ight  dec rea se  in the  n u m b e r  o f  h igh  affinity 
sites i l lus t ra ted  in Fig. 1 B d i d  n o t  a p p e a r  to affect  the  
inh ib i to ry  effect  o f  g lybur ide .  

T h e  resul ts  shown in Fig. 6 (top) i l lus t ra te  KaTe chan-  
ne l  activity b e h a v i o r  in r e sponse  to a d d i t i o n  o f  12.5 nM 
g lybur ide  in two pa tches .  In  o n e  pa tch ,  c h a n n e l  activity 
d e c l i n e d  s teadi ly a f te r  a d d i t i o n  o f  g lybur ide .  F i t t ing  o f  
the  da t a  i n d i c a t e d  tha t  the  decay  o c c u r r e d  e x p o n e n -  
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FIGURE 5. Concentration-dependent effects ofglyburide on/s 
channel activity in the outside-out membrane patch of HIT cells 
cultured in 11 mM glucose. Recordings in A-C are from the same 
patch and depict the inhibitory effect of bath applied glyburide. 
The downward current steps represent inward current in symmet- 
rical 140 mM KCI for a pipette holding potential of -40  mV. The 
numbers close to the current traces indicate the number of open 
channels. The pipette solution contained 50 IxM GTP and 20 IxM 
ATP. In D, the channel activity normalized to the activity measured 
in the absence of drug was plotted as a function of glyburide con- 
centration (Log scale). The closed circles which represent aver- 
aged data were fitted with the equation: I/l~, = 1/1 + (C/K). The 
fit of the data yielded K = 5.4 nM. 

tially with a t ime  c o n s t a n t  o f  ~ 4 0 0  s. In  the  o t h e r  pa tch ,  
c h a n n e l  activity osc i l la ted  be fo re  the  a d d i t i o n  o f  the  
su l fonylurea ,  a n d  this behav io r  r e m a i n e d  u n c h a n g e d  
af ter  a d d i t i o n  o f  g lybur ide  even t h o u g h  the  overal l  
level o f  activity d e c r e a s e d  with a t ime  course  s imi lar  to 
tha t  obse rved  in the  o t h e r  e x p e r i m e n t .  T h e  r igh t  side 
o f  this p a n e l  i l lus t ra tes  the  ra te  o f  recovery  o f  c h a n n e l  
activity a f te r  g lybur ide  removal .  

T h e  da t a  p r e s e n t e d  in Fig. 6 (bottom) d e m o n s t r a t e s  
tha t  KAT f, i nh ib i t i on  o c c u r r e d  rap id ly  at  100 nM,  with a 
decay  t ime  c o n s t a n t  o f  42 s. This  obse rva t ion  is in sha rp  
con t r a s t  with the  slow rate  o f  c h a n n e l  b lockage  (400 s) 
r e c o r d e d  for  low (12.5 nM) g lybur ide  c o n c e n t r a t i o n .  
These  f ind ings  a re  very s imi la r  to those  r e p o r t e d  in car- 
d iac  cells whe re  KATP c h a n n e l  b lock  by g lybur ide  also 
occurs  at  two d i f f e ren t  rates.  In  this p r e p a r a t i o n  two 
rates with values o f  611 s a n d  112 s a re  ev iden t  at  10 nM 
g lybur ide  (Findlay,  1992). In  H I T  cells, the  fast decay  
in c h a n n e l  activity is usual ly diff icul t  to d e t e c t  at low 
g lybur ide  c o n c e n t r a t i o n s  ( ~ 1 0  nM);  however ,  in two 
occasions ,  fast in i t ia l  dec rea se  in c h a n n e l  activity o f  
"~10% cou ld  be  obse rved  at  12.5 m M  g lybur ide  ( resul t  
n o t  shown) .  In  add i t i on ,  in ca rd iac  cells, the  r e sponse  
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FIGURE 6. Time course of KAT P channel inhibition by glyburide. 
The top illustrates the results of two experiments carried out with 
outside-out membrane patches of HIT cells cultured with 11 mM 
glucose. The closed and open circles correspond to normalized 
NP o xralues recorded from two different patches after addition of 
12.5 nM glyburide to the bath. NPo's were estimated using data 
samples of 15-s duration and plotted as a function of time. The 
dotted line represents a fit of the open circles using a single expo- 
nential function that yielded a -r = 380 s. The solid line drawn 
through the closed circles illustrates the inhibitory effect of gly- 
buride as well as the reversibility of this effect. The fight side of the 
panel shows the recovery of channel activity following removal of 
glybufide at t = 660 s. The lower panel illustrates the effect of 100 
nM glyburide. The experiment was carried out with an outside-out 
membrane patch. Glyburide was added to the bath at t = 20 s. The 
closed circles correspond to normalized NP o values. NPo's were es- 
timated using data samples of 15-s duration and plotted as a func- 
tion of time. The solid line represents a fit of the data points start- 
ing at t = 30 s and using a single-exponential function that yielded 
a'r = 42 s. 

to 100 nM glybur ide  is s imilar  to that  r e co rded  with 

H I T  cells in  that  the slow c o m p o n e n t  becomes  negligi-  
ble and  only fast decay in  channe l  activity is observed, "r = 
55 s (Findlay et al., 1992). 

The  data  p r e s e n t e d  thus far indica te  tha t  m e m b r a n e s  
of  the insu l in  secre t ing  cells HIT  possess h igh  a n d  low 
affinity sites for glyburide.  I n h i b i t i o n  of  K A T  P c h a n n e l  

activity occurs  with an  ICs0 of  5.4 nM, cons is ten t  with 

c h a n n e l  block involving glybur ide  b i n d i n g  to the high-  

affinity site. By contrast ,  r e q u i r e m e n t  for h ighe r  con- 

cen t ra t ions  of  g lybur ide  to b lock the N a / K  p u m p  is in- 

dicative of  a d i f fe rent  m e c h a n i s m  involving a lower af- 
finity b i n d i n g  site. 

Binding of Glyburide to Membrane Proteins of HIT Cells 
Cultured in 25 mM Glucose 

In  cells cu l tu red  in  the p resence  of  25 mM glucose, 
there  is a lmost  comple t e  loss of  the high-affinity b ind-  

ing  of  g lybur ide  to H I T  cell m e m b r a n e  p ro te ins  (Agui- 

lar-Bryan et al., 1992). Data are p r e se n t e d  in  Fig. 7 that  
co r robora te  this observat ion.  The  e x p e r i m e n t a l  poin ts  

o b t a i n e d  f rom six d i f fe ren t  cell batches  taken be tween  
passage 76 a n d  82 are well fi t ted us ing  a o n e - b i n d i n g  

site mode l  (solid line), thus, d e m o n s t r a t i n g  the exist- 
ence  of  a single p o p u l a t i o n  of g lybur ide  b i n d i n g  pro- 

teins. U n d e r  these cond i t i ons  the K~ value of  68 nM is 
similar  to that  o b t a i n e d  for the low-affinity b i n d i n g  

sites, 91 nM, of cells cu l tu red  in the p resence  of  11 mM 
glucose. 

We have used this p roper ty  of  H I T  cells to assess 

whe the r  the h igh  affinity su l fonylurea  recep to r  con- 

trols the activity of  Na/K-ATPases  a n d  KAT P c h a n n e l s  
a n d  if so to what  extent .  

Inhibition of Na/K-ATPase enzyme activity by glyburide 
(cells cultured in 25 mM glucose). In  cells cu l tu red  with 

25 mM glucose, the absolute  enzyme activity was 6.73 -+ 
2.47 U. This  value is no t  significantly d i f fe rent  f rom 
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FIGURE 7. Scatchard analysis of 3H glyburide binding to mem- 
brane proteins of HIT cells cultured in 25 mM glucose. Binding 
data are plotted as bound/free vs bound (pmol/mg of protein). 
Each point represents measurements done in triplicate. Fitting of 
the data with a two-site model gave only a single value for/Q and 
Bm~, indicative of a single population of binding sites. The solid 
line represents a fit to the data performed using a single binding 
site model. This fit yielded a Ka of 68 nM and a Bin= of 6.4 pmol/ 
mg of protein. The dotted line taken from the plot in Fig. 1 repre- 
sents the binding of glyburide to the low-affinity site in cells cul- 
tured with 11 mM glucose and is shown for comparison. 
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that  measu red  with cells cu l tured  in the presence  o f  11 
mM glucose, suggest ing that  cell cul ture  with h igh glu- 
cose does no t  affect the activity o f  the Na/K-ATPase.  
We investigated the dose -dependen t  inhibi t ion o f  the 
N a / K  p u m p  by glyburide using cells cu l tured  in the 
presence  o f  25 mM glucose as well as insulin secret ing 
cells, CRI-D11, which also lack high-affinity sites for  the 
sulfonylurea (Khan et al., 1993). T he  two cells lines re- 
s p o n d e d  to glyburide similarly. Normal ized  data  ob- 
ta ined in two exper iments  carr ied ou t  with H I T  cells 
and  one  with CRI -Dl l  are p lo t ted  in Fig. 8. Measure- 
ments  were m a d e  in dupl icate  for  each  exper iment .  Fit- 
t ing o f  the data yielded an IC50 o f  26.5 nM, a value close 
to that  ob ta ined  with cells cu l tured  in the presence  o f  
11 mM glucose (17.5 nM).  The re  was no  significant dif- 
fe rence  be tween the effects o f  glyburide u n d e r  the two 
cul ture  condit ions.  Accordingly,  whole-cell r e co rd ing  
o f  the N a / K  p u m p  cu r r en t  demons t r a t ed  that  gly- 
bur ide  had  similar inhibi tory  effects when  cells were 
cu l tured  in the presence  o f  11 o r  25 mM glucose (re- 
sult no t  shown).  

Thus  a loss o f  high-affinity sites does no t  affect Na /K-  
ATPase inhibi t ion by glyburide suggest ing that  this ef- 
fect o f  the sulfonylurea is med ia t ed  via b ind ing  to a low 
affinity site, which is i n d e p e n d e n t  o f  the high-affinity 
sulfonylurea receptor .  

KAy P Channel Inhibition by Glyburide in Cells Cultured 
in the Presence of 25 m M  Glucose 

The  data  p resen ted  in A - C  of  Fig. 9 are representat ive 
o f  six ou t s i de -ou t  pa tch-c lamp exper iments  p e r f o r m e d  
to test the effect o f  glyburide on  KATe channe l  activity in 
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FIGURE 8. Na/K-ATPase inhibition by glyburide in cells cultured 
with 25 mM glucose. In this plot the data was normalized and plot- 
ted as a function of the concentration of glyburide. Each data 
point represented by closed circle is the average of three experi- 
ments performed in duplicate. The points were fitted with the 
equation: A/A,, = 1 / [ 1 + (C/K) ] + b. The fit of the data yielded 
K = 26.5 nM and b = 67. 

cells cu l tured  in the presence  o f  25 mM glucose. As ex- 
pected,  due  to the loss o f  high-affinity sites, KATp chan-  
nels became  m u c h  less sensitive to glyburide at concen-  
trations below 12.5 nM. Surprisingly however  elevated 
levels o f  glyburide caused channe l  inhibit ion.  Examina-  
t ion o f  the data  p resen ted  in Fig. 9, A and  C, d e m o n -  
strates a lmost  comple te  blockage o f  channe l  activity by 
100 nM. In  Fig. 9 D, average responses  f r o m  the six ex- 
per iments  are normal ized  and  plot ted  as a func t ion  o f  
glyburide concen t r a t ion  to illustrate the dose-depen-  
den t  effect o f  glyburide on  channe l  activity u n d e r  these 
condit ions.  The  fit to the data  yielded an IC50 of  29 nM 
which was greatly di f ferent  f rom that  ob ta ined  for  cells 
cu l tured  in the presence  o f  11 mM glucose (5.4 nM) 
but  was very similar to that  r e c o r d e d  for  the inhibi t ion 
o f  the N a / K A T P a s e  by glyburide (20-40 nM).  Further ,  
the rate o f  inhibi t ion o f  the Kmp channe l  and  o f  the 
Na/K-ATPase  were similar. At h igh  glyburide concen-  
t rat ion (100 nM) KAy P channe l  activity decayed rapidly 
at a rate similar to that  observed in cells cu l tured  in 11 
mM glucose (Fig. 6, bottom), a p p r o a c h i n g  the rate o f  
Na/K-ATPase  inhibit ion.  

Assessment  o f  the level o f  single channe l  activity re- 
c o r d e d  f rom m e m b r a n e  patches  o f  cells cu l tured  in the 
presence  o f  11 mM glucose (n = 5) or  25 mM glucose 
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FIGURE 9. Concentration-dependent effects of glyburide o n  KAy P 

channel activity in outside-out patch of HIT cells cultured with 25 
mM glucose. Recordings in A-C are from the same patch and de- 
pict the inhibitory effect of bath applied glyburide. The downward 
current steps represent inward current in symmetrical 140 mM 
KC1 for a pipette holding potential of -40 mV. The numbers close 
to the current traces indicate the number of open channels. The 
pipette solution contained 50 p~M GTP and 20 ~zM ATP. In D, the 
channel activity normalized to the activity measured in the absence 
of drug was plotted as a function of glyburide concentration. The 
closed circles which represent averaged data were fitted with the 
following equation: I/I,, = 1/1 + (C/K). The fit of the data yielded 
K = 29 nM. 
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(n = 6), does not  show any significant difference. As- 
suming that the density of  high-affinity sites has sub- 
stantially decreased in the latter case it may be postu- 
lated that the KATP channel and the high-affinity recep- 
tor are two different entities. Similar conclusions have 
been reached using the insulin secreting cells, CRI- 
D11, which also lack high-affinity binding sites for the 
sulfonylurea (Khan et al., 1993). 

In summary, membrane proteins of  HIT cells cul- 
tured in the presence of  25 mM glucose display greatly 
reduced level of high-affinity glyburide binding sites. 
Under  these culture conditions the characteristics of 
KAy P channel inhibition by the sulfonylurea are similar 
to those of N a / K  pump inhibition. 

D I S C U S S I O N  

Glyburide Binding to HIT  Cell Membrane Proteins 

In insulin secreting cells at least four types of mem- 
brane proteins bind sulfonylureas (Nelson et al., 1992), 
but while these proteins have similar affinity for tol- 
butamide, their affinity for glyburide varies. Thus, the 
recently cloned high-affinity sulfonylurea receptor 
(Aguilar-Bryan et al., 1995) has a Kd of  the order of 1 
nM for glyburide, while the others have /~ ' s  close to or 
>100 nM (Nelson et al., 1992). It is believed that the 
high-affinity receptor is the primary target for sulfony- 
lureas, causing KATP channel closure and insulin release 
(Panten et al., 1989). However, published data demon- 
strating glyburide-induced closure of  KATP channels 
and stimulation of insulin release have indicated that 
these effects occur between 10 and 100 nM (Gaines et 
al., 1988; Sturgess et al., 1988; Panten et al., 1989), con- 
centrations significantly greater than the K~ for gly- 
buride binding to the high-affinity site. This suggests 
that modulation of  channel activity and insulin release 
by glyburide may involve binding of the sulfonylurea to 
a second, lower affinity regulatory site in addition to 
the high-affinity site. The identity and function of  the 
low-affinity binding receptor sites remain uncertain; 
our  data indicate that one of these sites may be associ- 
ated with the Na/K-ATPase. 

Inhibition of the Na/K-A TPase Activity Is Mediated via 
Sulfonylurea Binding to a Low-affinity Site 

Membrane proteins of HIT cells cultured in 11 mM 
glucose exhibit two major glyburide binding affinities 
with/Q's of 0.96 and 91 nM (Fig. 1). In these cells, both 
enzymatic assay and whole-cell N a / K  pump current re- 
cording show that glyburide has potent  inhibitory ef- 
fects at concentrations ranging from 10 to 100 nM 
(Figs. 2 and 4). These concentrations far exceed those 
required for occupation of the high-affinity site, indi- 
cating that modulation of Na/K-ATPase activity involves 
binding of glyburide to the site with lower affinity. 
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Additional studies were carried out on late passages 
of  HIT cells cultured with 25 mM glucose and with CRI- 
D11 cells both of which exhibit loss of  high-affinity gly- 
buride binding sites (Aguilar et al., 1992; Khan et al., 
1993; see also present study). Despite the absence of  
the high-affinity sulfonylurea receptor, the ability of 
glyburide to suppress Na/K-ATPase activity persisted 
(Fig. 8). These observations indicate that pump inhibi- 
tion by glyburide is mediated via a low-affinity binding 
protein which is independent  of the high-affinity sulfo- 
nylurea receptor. 

Given that the effects of glyburide on the Na /K  
pump current were demonstrated under  conventional 
whole.cell voltage clamp, it is unlikely that a soluble 
second messenger is involved in this process, and it is 
suggestive of  a direct effect of the sulfonylurea on the 
pump. Supporting this hypothesis we have found that 
the Na/K-ATPase [31 subunit of HIT cells has an appar- 
ent  molecular weight close to 50 kD (data not  shown), 
which is comparable to the molecular mass of one of  
the low affinity sulfonylurea binding proteins (Nelson 
et al., 1992). These observations suggest that the 13 sub- 
unit  may be a low affinity sulfonylurea binding protein. 

KATp Channel Inhibition Is also Mediated via Sulfonylurea 
Binding to a Low-affinity Site 

In cells cultured with 11 mM glucose, KATp channel ac- 
tivity recorded in outside-out patches is slowly inhibited 
by "~75% at 12.5 nM glyburide (Fig. 5), an effect which 
can be attributed, at least in part, to occupation of the 
high-affinity sulfonylurea receptor. By contrast, the 
KATP channel of cells cultured in 25 mM glucose, there- 
fore lacking this high-affinity site, was not  affected by 
low concentrations of glyburide, but high concentra- 
tions (10-100 nM) had potent  and rapid inhibitory ef- 
fects on the channel (Fig. 9). 

Thus low concentrations of  glyburide have a slow in- 
hibitory effect on channel activity ('r -- 400 s at 12.5 
nM), whereas high concentrations cause rapid inhibi- 
tion ('r = 42 s at 100 riM). Similar results have been re- 
ported with cardiac cells, and in this case both the fast 
and slow rates ('r = 611 and 112 s) can be distinguished 
at 10 nM (Findlay, 1992). Based on these findings it 
may be concluded that fast and slow channel block by 
glyburide reflect two separate regulatory mechanisms. 

Nature of the Low-affinity Sulfonylurea Binding Protein that 
Regulates KAT P Channel Activity 

Thus, KATp channel inhibition by sulfonylureas may in- 
volve glyburide binding to the high-affinity sulfo- 
nylurea receptor, as well as to a low-affinity binding 
protein that remains to be identified. It may be argued 
that the low-affinity site is on the channel itself or on a 
protein directly associated with it. Our data demon- 
strating similarities of concentration dependence and 



kinetics data  o f  N a / K  p u m p  and  KAy P channe l  inhibi- 
t ion by high glyburide in cells cu l tured  with 25 mM glu- 
cose, suggest that  the low-affinity sulfonylurea b ind ing  
pro te in  which is associated with the N a / K  p u m p  may 
also interact  with the KATP channel .  

Thus,  b ind ing  of  glyburide to bo th  the high-affinity 
sulfonylurea r ecep to r  (K d ~ 1  nM) and  to a low-affinity 
site, possibly associated with the Na/K-ATPase  (K d ~ 3 0  
nM),  may accoun t  for  hal f -channel  inhibi t ion occur-  
r ing at concen t ra t ions  between 6 and  27 nM (Findlay, 
1992; Gaines et al., 1988; Sturgess et al., 1988). 

Can Coupling between the Na/K-ATPase and the KATP 
Channel Account for K Channel Inhibition by High 
Glyburide Concentrations ? 

In teract ions  between the Na/K-ATPase  and  the KATP 
channe l  have already b e e n  p roposed ,  suggest ing that  
ATP serves as a link between the two moieties. O n e  sce- 
nar io  assumes that  inhibi t ion o f  Na/K-ATPase  activity 
leads to elevation o f  ATP which then  blocks KATe chan-  
nels (Tung  et al., 1990; Tsuchiya et al., 1992; Graspen-  
giesser et al., 1993; Hurs t  et al., 1993). However,  such a 
mechan i sm should  no t  apply in ou r  exper iments  since 
the in t racel lu lar  ATP level is app rox ima te ly  the same 
as the pipet te  solution, that  is 10-20 IxM, and  is well be- 
low the Na/K-ATPase  Km o f  500 IxM. We p ropose  in- 
stead that  direct  in terac t ion o f  the low-affinity gly- 
bur ide  b ind ing  prote in ,  associated with e i ther  an active 

o r  an inactive p u m p ,  with the KAy P channe l  accounts  at 
least in par t  for  KATe channe l  inhibi t ion by glyburide.  

Is Na/K-A TPase Inhibition Responsible for 
Sulfonylurea-induced Insulin Release ? 

Since inhibi t ion o f  the N a / K  p u m p  by ouaba in  causes 
burs t  e longa t ion  and  s t imulat ion o f  insulin release 
(Meissner, 1976; Ribalet and  Beigelman,  1979; Milner  
and  Hales, 1967; Levin et al., 1978) it may  be argued,  in 
view of  ou r  results, tha t  the effects o f  sulfonylureas on  
electrical activity and  insulin release also involves N a / K  
p u m p  inhibit ion.  Such a hypothesis  is suppor t ed  by 
studies o f  the dose -dependen t  effect o f  glyburide on  se- 
cre t ion in islets as well as cells f rom the insu l inoma cell 
lines H I T  and  CRI-C1 (Gaines et al., 1988; Sturgess et 
al., 1988; Pan ten  et al., 1989) indicat ing that  stimula- 
t ion o f  release occurs  at glyburide concen t ra t ions  simi- 
lar to those evoking N a / K  p u m p  inhibit ion (10-40 nM). 

This observat ion suggests that  N a / K  p u m p  inhibi t ion 
may play a role in s t imulat ion o f  insulin release by gly- 
buride.  However,  ou r  data  indicate that  glyburide at 
these concen t ra t ions  interact  with a low-affinity site 
which may inhibi t  bo th  the N a / K  p u m p  and  the KATP 
channel .  There fore ,  it remains  to be d e t e r m i n e d  
whe the r  these effects o f  glyburide on  secret ion and  
electrical actviity may be due  to N a / K  p u m p  inhibi t ion 
o r  to c o n c o m i t a n t  b lockage o f  KAT e channels .  
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