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Summary. The effects of te t raethylammonium (TEA) and quinine 
on Ca-activated [ K(Ca)I, ATP-sensitive [ K(ATP)] K channels and 
delayed-rectifier K current [K(dr)l have been studied in cultured 
insulin-secreting HIT cells using the patch-clamp technique. 
K(Ca) and K(ATPI channels were identified in excised, outside/ 
out patches using physiological solutions and had unitary conduc- 
tances of  60.8 +- 1.3 pS (;7 = 31) and 15.4 _+ 0.3 pS (n 40), 
respectively. Macroscopic K(dr) current (peak current = 607 _+ 
100 pA at +50 mV, n 14) were recorded in the presence of 
100 "aM cadmium and 0.5 ,aM tetrodotoxin. Tetraelhylammonium 
(TEA) blocked all three channel types but was more effective on 
K(Ca) channels (ECs~ ~ = 0.15 raM) than on K(ATP) channels 
(ECs0 - 15 mM) or K(dr) currents (ECs~ - 3 raM). Quinine also 
blocked all three currents but was less effective on K(Ca) chan- 
nels (ECs~ ~ = 0.3 raM) while equally effective against K(ATP) 
channels and K(dr) currents (ECs0 = 0.025 raM). TEA blocked 
K(Ca) and K(ATP) channels by reducing their single-channel 
conductances and decreasing the probability of K(ATP) channel 
opening. Quinine blocked K(Ca) channels by reducing the single- 
channel conductance,  but blocked K(ATP) channels by reducing 
the probability of channel opening. Reinterpretation of  previous 
microelectrode studies in light of  these findings suggest thai, (i) 
only K(ATP) channels are active in low glucose, (ii) both K(Ca) 
and K(dr) channels may assist Ca-spike repolarizalion, and (iii) 
K(Ca) channels play no role in forming the burst pattern of  Ca 
spiking in the B cell. 

Key Words Ca-activated K channels �9 ATP-sensitive K chan- 
nels . delayed rectifier �9 tetraethylammonium �9 quinine �9 pancre- 
atic islets 

Introduction 

Microelectrode studies have demonstrated the im- 
portance of membrane potassium permeability in the 
regulation of membrane electrical activity (Meis- 
sner, Henquin & Preissler, 1978; Atwater et al., 
1979a; Atwater, Ribalet & Rojas, 1979b; Henquin & 
Meissner, 1984) in pancreatic islet B cells. With the 
advent of the patch-clamp method, three types of K- 
selective channels have been identified in insulin- 
secreting cells: ATP-sensitive K channels [K(ATP); 

Ashcroft, Harrison & Ashcroft, 1984; Cook & 
Hales, 1984], Ca-activated K channels [K(Ca); 
Cook, Ikeuchi & Fujimoto, 1984] and delayed-recti- 
fier K channels [K(dr); Rorsman & Trfibe, 1986; 
Z/inkier, Trfibe & Ohno-Shosaku, 1988]. Before 
these studies, however, various K channel blockers 
were used in B cells as probes to pharmacologically 
determine the possible roles of K currents in creating 
the complex B-cell electrical response to glucose 
and other modulators. Quinine, for instance, was 
first used to implicate Ca-activated K current in B- 
cell electrical activity (Atwater et al., 1979a) based 
on a report that quinine inhibited Ca-dependent K 
fluxes in red blood cells (Armando-Hardy et al., 
1975) while TEA sensitivity was interpreted as evi- 
dence for delayed-rectifier current activation (At- 
water et al., 1979b). More recently, Findlay et al. 
(1985b) questioned these interpretations of TEA and 
quinine action by showing that 0.1 mM quinine actu- 
ally blocks K(ATP) ("Ca-independent") K chan- 
nels, but not K(Ca) channels. They also showed 
that 2 mM TEA can block K(Ca) channels, although 
effects on K(dr) currents were not reported. 

In this study, we have determined the dose re- 
sponses of TEA and quinine to block the three B- 
cell K currents in HIT cells for two reasons. First, 
aside from certain peptide toxins (Moczydlowski, 
Lucchesi & Ravindrau, 1988; Castle, Haylett & Jen- 
kinson, 1989), K channel blockers are generally not 
specific for particular K channels, and their potency 
varies from tissue to tissue (Hille, 1984; Cook, 1988). 
Second, the interpretation of a great deal of pub- 
lished work and the utility of these blockers in future 
studies depends on a clear definition of the pharma- 
cology of these channels. In the course of these 
studies we unexpectedly found that while TEA re- 
duces the apparent open-channel conductance of 
both K(ATP) and K(Ca) channels, it had the addi- 
tional effect of inhibiting the opening of K(ATP) 
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channels. Furthermore, we have found that quinine 
blocks K(Ca) channels by reducing channel conduc- 
tance while it blocks K(ATP) channels only by re- 
ducing the probability of opening. Preliminary ac- 
counts of this work have appeared (Fatherazi & 
Cook, 1989) which parallel recent findings in mouse 
pancreatic B cells (Bokvist, Rorsman & Smith, 
1990a,b; Henquin, Nenquin & Schmeer, 1990). 

Materials and Methods 

CELL CULTURE 

HIT cells (Santerre et al., 1981) were obtained at passage 47, 
maintained in Ham's Fl2 medium and used at passages 58-80 (as 
in Satin & Cook, 1989). Single isolated HIT cells were visualized 
using an inverted phase-contrast microscope at room temperature 
(22-25~ 

OUTSIDE/OUT PATCH-CLAMP TECHNIQUE 

Electronics 

Single-channel currents from K(ATP) and K(Ca) channels were 
recorded from excised outside/out patches using the patch-clamp 
technique (Hamill et al., 1981) with a Dagan 8900 patch-clamp 
amplifier (Dagan Instruments, Minneapolis, MN). Patch elec- 
trodes were fabricated using soda glass hematocrit microcapillary 
tubing. Signals were filtered with an 8-pole Bessel filter at 1-2 
kHz (Frequency Devices, Haverhill, MA), digitized (MacADios 
1l, G-W Instruments, Somerville, MA; Macintosh llcx, Apple 
Computer, Cupertino, CA) and analyzed with amplitude histo- 
grams from 5-10 sec data sweeps. Average channel currents were 
determined and used to plot the dose-response curves. Single- 
channel conductances (y) were determined from single channel 
l -V's  based on the amplitude histograms. 

Solution 

Solutions were designed to mimic the ionic gradients used in 
microelectrode studies of perifused islet electrical activity while 
isolating either K(ATP) or K(Ca) channels. The extracellular 
solution (bath) had the following composition (in raM): 120 NaCI, 
5 KCI, 3 CaCI> 2 MgCI> 10 HEPES, pH = 7.4. Tetraethylammo- 
ninm hydrochloride (Sigma, St. Louis, MO) and quinine chloride 
(Sigma, St. Louis, MO) were dissolved in the bath solution. For 
studying K(ATP) channels, the intracellular (pipette) solution 
contained (in raM): 140 KCI, 2 MgCI> 10 HEPES, I EGTA and 
no added calcium, pH = 7.2. For K(Ca) channels: 140 KCI, 2 
MgCl> 10 ATP, 10 HEPES, 0.2 CaCl> pH = 7.2. 

WHOLE-CELL CLAMP TECHNIQUE 

Whole-cell K(dr) currents were recorded in the presence of 0. I 
mM Cd and 0.5 /*M tetrodotoxin (TTX) to block inward Ca and 
Na currents, respectively (Satin et al., 1989). Since the outward 

current in most cases was >200 pA in amplitude, series resistance 
compensation (to 80% of control value) was used. Voltage pulses 
(duration = 100 msec) were used to measure peak outward cur- 
rent and determine current-voltage (I-V) relationships. In many 
ceils, a voltage-independent outward current increased slowly 
with perfusion time indicating activation of K(ATP) channels, 
This was prevented, without affecting K(dr) current (Triibe, Rors- 
man & Ohno-Shosaku, 1986) by adding I mm tolbutamide to 
intracellular solutions (Sturgess el al., 1985: Ashford el al., 1986). 
Data were filtered at I-3 kHz using an 8-pole Bessel filter and 
digitized at 1 kHz. Current were linear-leak subtracted and ana- 
lyzed as described previously (Satin & Cook, 1988). 

Solutions 

The external bath solution was identical to thal used above except 
that it included 11.1 mM glucose, 0.1 mM Cd 1o block inward Ca 
current, and 0.5 /xM TTX (Sigma, St. Louis, MO) to block Na 
current. The internal (pipette) solution contained (in mM): 114 
KOH, 114 aspartic acid, 2(t KCI, 2(1 HEPES, 2 MgCI 2, 2 ATP, 
I ethyleneglycol his (B-amino ethyl-ether)-N,N' tetracetic acid 
(EGTA; Sigma, St. Louis. MO) and I tolbutamide to block 
K(A'FP) current. 

DATA ANALYSIS 

To control for time-dependent changes in channel activity for 
establishing dose-response curves of channel-blocking effects, 
test currents were normalized to pre- and post-control values. 

Results 

CHANNEL AND CURRENT CHARACTERISTICS 

UNDER CONTROL CONDITIONS 

ATP-Sensitive K Channels 

K(ATP) channels with single-channel conductances 
of 50-65 pS in symmetrical 140 mM K + were first 
described in cardiac muscle (Noma, 1983), and sub- 
sequently in neonatal rat pancreatic B cells (Cook & 
Hales, 1984), mouse B cells (Ashcroft et al., 1984), 
RINm5F cells (Findlay, Dunne & Petersen, 1985a; 
Ashford et al., 1986) and HIT ceils (Ribalet, Ciani 
& Eddlestone, 1989). In this study, K(ATP) channels 
had a single-channel conductance of 50-70 pS in 
symmetrical 140 mM KCI and 15.4 -+ 0.3 pS (n = 
40) in the extracellular physiological solution (Fig. 
IA, top panel). The activity of K(ATP) channels of 
H1T cells also decreased with time, i.e., "ran 
down," as reported in other insulin-secreting cell 
(Findlay et al., 1985a,b; Trtibe et at., 1986; Ohno- 
Shosaku, Ztinkler & Tr{ibe, 1987) and cardiac cells 
(Kakei & Noma, 1984; Tr0be & Hescheler, 1984). 
K(ATP) channel rundown lasted from a few seconds 
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Fig. 1. Dose-dependent effects of TEA on (A) K(ATP) and (B) K(Ca) channel activity in excised, outside/out patches of HIT cells. 
Patches were held at 0 mV membrane potential while exposed to 0, 0.1, 1 and 20 mM TEA in the physiological extracellular buffer. 
To record K(Ca) channels, the intracellular solution (pipette) contained 200 ~,M Ca and 10 mM ATP. For K(ATP) channels, the 
intracellular solution contained 1 mM EGTA and no added Ca. Bottom records show the time course of the onset of the TEA effect 
for each channel as TEA was exchanged in the bath. Vertical scale: A: 2 pA; B: 4 pA. Horizontal scale: 1 sec. Arrows mark the current 
level where all channels are closed 

to several minutes in different experiments. In some 
cells, the channel rundown was stable after a few 
minutes and channels could be recorded for 30-40 
min while in other cases rundown rapidly went to 
completion. To control for rundown in the data anal- 
ysis, control measures of channel activity were 
taken before and after perfusion of blockers and the 
controls averaged to normalize the response. 

Ca-Activated K Channels 

K(Ca) channels were identified in excised outside/ 
out patches as in rat neonatal B ceils (Cook et al., 
1984) of the basis on their voltage sensitivity and 
single-channel conductance (Fig. 1B, top panel). The 
opening probability of this channel is increased by 
depolarization and increasing intracellular Ca (Cook 
et al., 1984). In HIT cells, in the presence of 1 mM 
EGTA with no added Ca (free [Ca 2+] < 1 riM), acti- 
vation of this channel required membrane depolar- 
ization beyond + 10 mV. In order to record this 
channel at membrane potentials near the range of 
B-cell spikes ( - 60 to - 10 mV), 0.2 mM Ca was used 
in EGTA-free intracellular solution. In symmetrical 

140 mM K + , these channels had open-channel con- 
ductances (y) of  200-220 pS which was reduced to 
60.8 _+ 1.3 pS (n = 3 l) by using physiological extra- 
cellular solutions. The dose-dependent effects of 
TEA are plotted in Fig. 2, as discussed below. 

Delayed-Rectifier K Currents 

At least two K(dr) channels (not shown; Z/inkier, 
Tr/ibe & Ohno-Shosaku, 1988) exist in HIT cells and 
contribute to the whole-cell current that we have 
recorded. We chose to study the aggregate current 
(Fig. 3), rather than single K(dr) channels, for three 
reasons. First, K(dr) single-channel currents are 
small, difficult to resolve and coexist in single 
patches. Therefore, determining dose responses for 
individual K(dr) cbannel subtypes would be ex- 
tremely difficult if their blocker sensitivities differ. 
Second, we cannot guarantee that all channels which 
contribute to whole-cell delayed-rectifier current 
can be identified and studied at the single-channel 
level. Third, directly recording the whole-cell cur- 
rent avoids the serious possible errors in recon- 
structing the whole-cell current from estimates of 
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Fig. 2. (A) Effects of  TEA on the unit conductances  of K(ATP) and K(Ca) channels  normalized to their control values in zero TEA.  
Single-channel conductances  of  K(ATP) and K(Ca) channels  were determined from the single-channel l - V ' s  obtained from amplitude 
histogram analysis.  (B) Concentra t ion-dependent  inhibition of K(ATP), K(Ca) and K(dr) currents  by TEA normalized to control 
responses .  K(ATP) and K(Ca) currents were averaged from integration of amplitude histogram peaks.  K(dr) currents  were measured 
100 msec following depolarization to + 50 inV. The bars indicate the mean +- SEM from at least four cells in each case 

Ca levels. Such a possibility seems unlikely however  
because the K,[s for both TEA and quinine turned 
out to be markedly different for the two channel 
types (Figs. 2 and 6), For 14 cells, the average K(dr) 
current amplitude was 607 _+ 100 pA at a test poten- 
tial of + 50 inV. 

T H E  E F F E C T S  T E T R A E T H Y L A M M O N I U M  (TEA) 

Fig. 3. Whole-cell outward currents  in HIT cells in the presence 
of 0. I mM Cd to block inward Ca current  and subsequent  activa- 
tion of K(Ca) current  as used previously (Satin et al., 1989). 
Currents  are activated by 100-msec depolarizing pulses to 0, + 5, 
+ l0 and +20 from a holding potential of  - 100 mV to demon-  
strate the typical delay and sigmoid time course of activation at 
low voltages with the more rapid activation seen with stronger 
depolarizations.  Vertical scale: 200 pA. Horizontal scale: 20 msec 

individual channel conductance,  voltage-dependent 
open probability and channel number. 

We have identified K(dr) current as the depolar- 
ization-activated outward current seen when Ca up- 
take through Ca channels is blocked by 0.1 mM Cd 
(Fig. 3) as used previously in a comparison of HIT 
cells and mouse B cells (Satin et al., 1989). Under 
these conditions, the outward current activates at 
a higher voltage threshold than K(Ca) current and 
activates with a delay and sigmoid time course unlike 
the more rapid activation of K(Ca) current (Satin et 
al., 1989). Despite these consistent differences in 
voltage- and time-dependent kinetics, we cannot 
rule out possible contamination of K(dr) current by 
K(Ca) current activated by prevailing intracellular 

A TP-Sensitive K Channels 

The effects of three concentrations of TEA (0.1, I 
and 20 raM) on K(ATP) channel activity are seen in 
Fig. 1A. A low concentration (0.1 raM) had little 
effect on K(ATP) channels while 20 mM reduced the 
open-channel conductance but did not completely 
block K(ATP) channel activity. The onset of the 
TEA effect was nearly as rapid as the exchange of 
the bath solutions (i.e., several seconds; Fig. 1A, 
bottom panel). The effect of TEA was as rapidly 
reversible where full-channel amplitude and activity 
were restored within seconds of switching to the 
TEA-free control solution. There was no visible in- 
crease in channel noise in records filtered at 1 kHz 
as seen with K(Ca) channels (see below). Figure 2A 
shows that 1 mM TEA reduced the K(ATP) open- 
channel conductance (y) by only 7% (from 14.6 + 
0.9 to 13.6 -+ 1.2 pS, n = 3) while the half-maximal 
inhibitory level was well above 20 mM. TEA was, 
however,  more effective in blocking total patch 
K(ATP) current (Fig. 2B) since 1 mM TEA reduced 
this current by about 25%. The dose-inhibition curve 
was, however,  very shallow and the half-maximal 
blocking dose was about 15 mM. The blocking effect 
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Fig. 4. Effect of  TEA on macroscopic K(dr) current  a HIT cell. 
Current-voltage curves  measured  at 100 msec  in the presence of  
0, 0.1 and 20 rnM TEA 

of submillimolar TEA on the total K(ATP) current 
must reflect inhibition of number of active channels 
or probability of channel opening although this was 
not directly measured in this study. 

Ca-Activated K Channels" 

The same doses of TEA were much more effective 
against K(Ca) channels. The block appeared to be a 
"flicker block" with increased open-channel noise 
and reduced single-channel conductance (Fig. IB, 
middle panels). The onset of the TEA effect was at 
least as rapid as for K(ATP) channels (Fig. IB, bot- 
tom panel) and showed a graded decrease of single- 
channel conductance as TEA concentration ap- 
proached its final level in the bath. Channel current 
amplitude recovered immediately after TEA with- 
drawal. The effect on open-channel conductance can 
be seen in Fig. 2A, in which 1 mM TEA reduced the 
K(Ca) single-channel amplitude (0 mV test potential) 
by 75% (from 51.3 _+ 4.4 to 14.0 -+ 9.2 pS, n = 3) 
with a half-maximal effect at about 0.25 mM. TEA 
did not appear to affect the number and probability 
of channel opening since its effect on total K(Ca) 
channel current (Fig. 2B) nearly coincided (EC~0 = 
0.15 raM) with the effect on open-channel conduc- 
tances. 

Delayed-Rectifier K Current 

In doses comparable to those required to block 
K(ATP) channels, TEA reversibly reduced macro- 
scopic delayed-rectifier current. The low concentra- 
tion (0.01 mM) had a small effect while 20 mM re- 
duced K(dr) current by only 60-70% (Fig. 4). TEA 

had no effect on the kinetics of K(dr) activation 
(data not shown). The TEA dose-inhibition curve for 
whole-cell K(dr) current was moderately shallow 
(Fig. 2B) and approximated the curve for K(ATP) 
except that its half-maximal level was closer to 
3raM. 

T H E  E F F E C T S  OF Q U I N I N E  

A TP-Sensitive K Channels 

Quinine (0.01-1 raM) reversibly reduced the opening 
probability of K(ATP) channels and possibly the 
number of active channels (Fig. 5A; middle panels) 
but did not affect K(ATP) channel conductance. In 
contrast to the effects of TEA, the onset of quinine 
block required several minutes (Fig. 5A; bottom 
panel; note that the time scale is 25 times slower than 
on the right), Recovery from quinine often required 
longer times (not shown). The half-maximal inhibi- 
tory dose of quinine on average K(ATP) channel 
current was about 0.025 mM (Fig. 6B) and appeared 
to specifically reflect a reduction of channel-opening 
probability since there was no effect on K(ATP) 
channel conductance (Fig. 6A). 

Ca-Activated K Channels 

Quinine blocked K(Ca) channels (Fig. 5B; middle 
panels) but was less effective than on K(ATP) chan- 
nels. As for TEA, quinine increased open-channel 
noise while reducing the apparent open-channel con- 
ductance, suggesting a flicker block of open chan- 
nels. The block was dose dependent and nearly com- 
plete in I mM quinine. Onset and recovery from the 
quinine effect was rapid (within seconds; Fig. 5B; 
bottom panel). The quinine dose-inhibition curves 
for both total patch current and open-channel con- 
ductance were superimposable (half-maximal at 
about 0.3 raM; Fig. 6) indicating that quinine simply 
blocks K(Ca) channel conductance without affecting 
gating, unlike its effects on K(ATP) channels. 

Delayed-Rectifier K Current 

Quinine blocked macroscopic delayed-rectifier K 
currents in the same concentration range that 
blocked K(ATP) channels (Fig. 7). As for K(ATP) 
channels, this effect required many minutes to de- 
velop and was even more slowly reversible. The 
half-maximal dose of quinine required to block K(dr) 
currents was identical to that required to block 
K(ATP) channel currents (about 0.025 raM; Fig. 6B). 
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Fig. 5. Effect of quinine (0.01, 0.1, and 1 raM) on (A) K(ATP) and (B) K(Ca) channels recorded from excised outside/out patches of 
HIT cells tinder the same conditions as for Fig. 1. The bottom record shows that the onset of quinine's effect was about 25 times slower 
for K(ATP) channels (effect of 0.1 mm is shown) than for K(Ca) channels (effect of 1 mM is shown). Vertical scale: A: 2 pA: B: 4 pA. 
Horizontal scale: A: 25 sec; B: 1 sec. Arrows mark the current level where all channels are closed 

D i s c u s s i o n  

The goal of this study was to determine the dose 
responses and specificity of TEA and quinine for the 
three types of B-cell K channels. The unexpected 
findings were that (i) the mechanism of block by 
quinine was distinctly different for K(Ca) and 
K(ATP) channels, and (ii) that TEA may act in two 
ways on HIT cell K(ATP) channels as in skeletal 
muscle K(ATP) channels (Davies et al., 1989). Our 
observations have implications for the interpretation 
of previously microelectrode studies of mouse islet 
cell electrical activity and coincide very well with 
similar very recent findings in mouse B cells (Bokvist 
et al., 1990a,b). 

MECHANISMS OF K CHANNEL BLOCK 

Extracellular TEA appears to block open K(Ca) 
channels by a flicker block with no effect on channel 
gating. It is thought that such blockers intermittently 
enter the channel's open pore but, being unable to 
pass through, prevent the passage of K ions. Transi- 
tions between blocked and unblocked states are so 
fast as to be filtered by the recording apparatus 

(Hille, 1984). This leads to an apparent reduction of 
the single-channel conductance and, in most cases, 
excess open-channel noise (as in Fig. 1B). 

Higher levels of TEA (20 mm) also reduced the 
apparent open-channel conductance of K(ATP) 
channels, suggesting that they too, undergo a flicker 
block although the flicker noise was of such high 
frequency as to be entirely filtered during recording 
(as in Davies et al., 1989). Unexpectedly, TEA had 
an additional effect to directly reduce the probability 
of K(ATP) channel opening. This was apparent since 
total K(ATP) current flow was reduced at levels 
of TEA (e.g., 0.1 ram) which did not reduce open- 
channel conductance. This combined effect of TEA 
differs from the linked effects seen by Davies et al. 
(1989) in skeletal muscle K(ATP) channels where 
binding of TEA sustained K(ATP) channel openings 
while blocking channel conductance. Our results 
suggest that TEA may interact with one site to inhibit 
or shorten channel openings and another site for 
blocking K flux through the open channel. 

Quinine also had different effects on K(Ca) and 
K(ATP) channels. External quinine produced a 
flicker block of K(Ca) channels, similar to that seen 
with TEA, which was similarly rapid in onset and 
recovery. This parallels recent findings with K(Ca) 
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Fig. 7. Effect of  quinine (0. I and I raM) on a HIT cell whole-cell 
K(dr) current-voltage curve in the presence of 100 /,tM Cd as 
described in Fig. 3 

channels in rat B cells (Mancilla & Rojas, 1990), 
mouse B cells (Bokvist et al., 1990a), bovine chro- 
maffin cells (Glavinovic & Trifaro, 1988) and dissoci- 
ated gastric smooth muscle cells (Wong, 1989). In 
contrast (Figs. 5A and 6A), quinine, to 1 mM, had no 
effect on K(ATP) channel conductance, but reduced 
the probability of channel opening as in mouse B-cell 
K(ATP) channels (Bokvist et al., 1990a). A similar 
effect of internal 0.1 mM quinine has been seen in 
neonatal rat B-cell membrane patches (D.L. Cook 
& C.N. Hales; unpublished observations). These 
effects developed and then recovered on a very slow 
time scale (in minutes) suggesting that quinine may 
need to accumulate in a pool, perhaps within the cell 
membrane, before acting on the channels. 

While single K(dr) channel characteristics were 
not reported in this study, we found several parallels 
between the pharmacology of K(dr) and of K(ATP) 
channels. In contrast to K(Ca) channels, they both 
showed the same slow onset and recovery from the 
quinine effect, and they had virtually the same dose 
sensitivities to either TEA and quinine. Why these 
channels share these properties while differing sub- 
stantially in others (voltage dependence, unitary 
conductance, sensitivity to intracellular nucleotides, 
etc.) remains to be determined. 

Similar effects have been reported for quinidine, 
a stereoisomer of quinine, on a variety of K currents: 
block of total outward K current and single K(Ca) 
channels in pig pancreatic acinar cells (Iwatsuki & 
Petersen, 1985), block of delayed-rectifier K current 
in molluscan pacemaker neurons (Hermann & Got- 
man, 1984) and block of voltage-dependent K cur- 
rent in Myxicola giant axon (Wong, 1981). 

S P E C I F I C I T Y  OF TEA AND Q U I N I N E  

AS K C H A N N E L  BLOCKERS IN 

[NSU L I N - S E C R E T I N G  C E L L S  

In the insulin-secreting HIT cells we have studied, 
TEA was most effective in blocking K(Ca) channels 
(half-maximal inhibitory dose about 0.15 raM) com- 
pared with K(ATP) (15 mM), and K(dr) current (3 
raM). These results confirm and extend those of 
Findlay et al. (1985b), that 2 mM TEA blocked K(Ca) 
channels with little effect on K(ATP) channels in 
rat insulinoma RINm5F cells. The dose-response 
curves of Fig. 2B show that moderately specifc 
block of K(Ca) channels occurs only at TEA levels 
<1 raM. In this range, K(Ca) channels are blocked 
90-100% while K(ATP) and K(dr) currents are each 
blocked less than 30%. The overlap of the dose re- 
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sponses indicates, however, that caution is required 
in interpreting TEA effects. 

Quinine was not much more selective (Fig. 6B). 
It was nearly equally effective on K(ATP) channels 
and K(dr) current (half-maximal inhibitory dose 
0.025 mM) which were 10-fold more sensitive than 
K(Ca) channels (0.3 mM). This also agrees with the 
finding of Findlay et al. (1985b) in RINm5F cells that 
0.1 mM quinine blocked K(ATP) channels with little 
effect on K(Ca) channels. Low doses near 0.01 mM 
would be expected to block 30-40% of these cur- 
rents while leaving K(Ca) largely unaffected. Doses 
approaching 1 mM substantially block all three B- 
cell K channel types. 

USE OF QUININE AND T E A  AS K CHANNEL 

PROBES IN ISLET CELL ELECTRICAL ACTIVITY 

By defining the pharmacology of K channels in insu- 
lin-secreting cells, the present results, in conjunction 
with previous (Findlay et al., 1985b) and more recent 
results (Bokvist et al., 1990a,b; Henquin et al., 
1990), can be used to reinterpret previous studies 
to help answer three important questions. The key 
doses are 100/XM quinine and 1 mM TEA as used in 
the previous studies. With a measured Kdfor quinine 
of about 25 /XM, 100 p~M quinine provides about a 
70% block of HIT cell K(ATP) channels (Fig. 6). It 
may be, then, that in HIT cells these channels are 
slightly less sensitive to quinine than they are in 
RINm5F cells (where 100 /XM blocks completely; 
Findlay et al., 1985b) or mouse B cells (where 10-20 
/xM provided nearly complete block; Bokvist et al., 
1990a) although averaged, complete dose responses 
were not done in these studies. TEA effects on 
K(Ca) channels in HIT cells (Kj = 150/XM; Fig. 2) 
were nearly identical to those seen in mouse B cells 
(K a = 140 /XM; Bokvist et al., 1990a). TEA was 
nearly equally ineffective against HIT cell K(ATP) 
channels (Kj = 15 raM; Fig. 2B) as against mouse 
B-cell K(ATP) channels (K~ = 22 raM; Bokvist et 
al., 1990a). 

Which K Channels Contribute to and Control 
the B-Cell Resting Potential in Low 
(<5 mm) Glucose? 

Since their discovery in pancreatic B cells (Ashcroft 
et al., 1984; Cook & Hales, 1984), a consensus has 
emerged that K(ATP) channels dominate the resting 
K conductance in low glucose levels (Petersen & 
Findlay, 1987; Ashcroft, 1988; Cook et al., 1988). 
This is supported by the observation that 0.1 mM 
quinine, which provides a 70% block of K(ATP) 

channels in HIT cells (Fig. 6B) and probably com- 
plete block in mouse B cells (see above) is sufficient 
to depolarize B cells, induce Ca spiking (Atwater et 
al., 1979a) and stimulate insulin secretion (Henquin, 
1982), even in the absence of glucose. Recent work 
(Henquin, 1988; Cook & Ikeuchi, 1989) with tolbuta- 
mide, which specifically blocks K(ATP) channels, 
also indicates the block of K(ATP) channels is suffi- 
cient to depolarize the cell and trigger spiking in the 
absence of glucose. The question remains, however, 
whether K(Ca) channels also contribute to resting 
K conductance. This appears to be unlikely since 
Atwater et al. (1979b) found that, in the absence of 
glucose, even 4 mM TEA (sufficient to completely 
block K(Ca) channels: Fig. 2B) did not affect the 
B-cell resting membrane potential. 

Do K(dr) and K(Ca) Channels Contribttte to 
Ca-Spike Repolarization? 

Although rapid inactivation of Ca currents (Satin & 
Cook, 1989) may account for termination of spikes, 
voltage-activated K currents through K(Ca) and/or 
K(dr) channels may also contribute. This seems 
likely since the relatively K(Ca)-selective level of 1 
mM TEA increased Ca-spike amplitude (Atwater et 
al., 1979b) while the spikes triggered (in zero glu- 
cose) by 0.1 mM quinine [relatively selective for 
K(dr) vs. K(Ca); Fig. 6B] are larger than those trig- 
gered by glucose-induced depolarization without 
quinine (Atwater et al., 1979a). Furthermore, a par- 
allel effect on spike amplitude of 0.1 mM quinidine 
(Ribalet & Beigelman, 1980) appears with the same 
slow (minutes) onset as we have seen for K(dr), but 
not K(Ca), channels. 

Do K(Ca) Channels Control the Clustering of 
Spikes into Bursts, o1" Control the Pacing 
of B,rs ts ? 

It is possible (Atwater et al., 1979a) that activation 
of K(Ca) channels by accumulation of free calcium 
during repetitive Ca spiking is responsible for repo- 
larizing the membrane and terminating the burst of 
spikes. Our results would argue against this since 
Atwater et al. (1979b) found that 1 mM TEA, which 
blocks -~95% of K(Ca) current (Fig. 2B; Bokvist et 
al., 1990a), was sufficient to increase spike ampli- 
tude, presumably by blocking K(Ca) channels, but 
did not affect either the burst duration or the in- 
terburst interval. Furthermore, recent measure- 
ments of intracellular free calcium with the fluores- 
cent dye, Indo-I (Valdeolmillos et al., 1989), indicate 
that free calcium level rapidly reaches a stable pla- 
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teau with the onset of spiking and does not, in fact, 
continue to increase during the burst of spikes. 
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