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A B ST R ACT We have investigated the interactions between extraceUular divalent 
cations and the ATP-sensitive potassium channel in single guinea pig ventricular 
cells and found that, under whole-cell patch clamp recording conditions, extracel- 
lularly applied Co 2+, Cd 2+, and Zn 2+ block current through the ATP-sensitive K 
channel (lmTp). The respective Ka's for block of ImTV by Cd 2+ and Zn 2+ are 28 and 
0.46 p,M. The Kd for Co 2+ is > 200 IzM. Extracellular Ca ~+ and Mg 2+ appear to have 
no effect at concentrations up to 1 and 2 mM, respectively. Block of II~TP by 
extracellular cations is not voltage dependent, and both onset and recovery from 
block occur within seconds. Single-channel experiments using the inside-out patch 
configuration show that internally applied Cd 2+ and Zn ~+ are not effective blockers 
of  lmTp. Experiments in the outside-out patch configuration confirm that the 
divalent cations interact directly with ImTp channel activity. Our study also shows 
that this block of IV,~Tp is dependent on intraceUular ATP concentrations. Under 
whole-cell conditions, when cells are dialyzed with [ATP]pip~tt¢ = 0, the degree of  
cation block is reduced. This dependence on intracellular ATP was confirmed at the 
single-channel level by experiments in excised, inside-out patch configurations. Our 
results show that some, but not all, divalent cations inhibit current through IgATp 
channels by binding to sites that are not within the transmembrane electric field, but 
are on the extracellular membrane surface. The interdependence of  internal ATP 
and external divalent cation binding is consistent with an allosteric interaction 
between two binding sites and is highly suggestive of  a modulatory mechanism 
involving conformational change of  the channel protein. 
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I N T R O D U C T I O N  

Modulation of ionic currents by cations can be studied to probe the functional 
architecture of ion channels and their membrane environment. Divalent and mono- 
valent ion-induced gating shifts of most voltage-dependent ion channels have been 
analyzed within the framework of Guoy-Chapman surface potential theory to provide 
insights into the location and density of surface charges on or near channel proteins 
(Hille, WoodhuU, and Shapiro, 1975; Gilly and Armstrong, 1982a, b; Krafte and Kass, 
1988; Armstrong and Cota, 1990; Zalman, Dukes, and Morad, 1991; see also Hille, 
1992). Investigation of voltage-dependent block of ionic current has also provided 
information about intra-pore cation binding sites that define the functional proper- 
ties of the open ion channel (Woodhull, 1973; Vandenberg, 1987; Matsuda, Saigusa, 
and Irisawa, 1987; Matsuda, 1988). Divalent ions may also contribute to the 
biochemical regulation of channel activity. For example, the slow cardiac delayed 
rectifier potassium channel is inhibited by intracellular magnesium (Mgi 2+) in a 
manner that is consistent, not with occlusion of the channel pore, but rather with the 
regulation of channel dephosphorylation (Duchatelle-Gourdon, HartzeU, and La- 
grutta, 1989; Tarr, "Frank, and Goertz, 1989; Duchatelle-Gourdon, Lagrutta, and 
Hartzell, 1991). 

This study focuses on interactions between adenosine-5'-triphosphate (ATP)- 
sensitive potassium channels and extracellular divalent cations. ATP-sensitive potas- 
sium channels, first discovered in cardiac cells in 1983 (Noma, 1983), are regulated 
by the metabolic state of the cell. Channel activity is controlled by intracellular ATP 
and by changes in the ATP/ADP ratio (Findlay, 1988; Lederer and Nichols, 1989). 
Current through ATP-sensitive K channels (IrATe) is sensitive to internal divalent 
cations: intracellular Ca 2+, Mg 2+, Ba ~+, and Sr 2+ block/rATe in a voltage-dependent 
manner, suggesting binding sites within the membrane electric field or channel pore 
(Findlay, 1987; Horie, Irisawa, and Noma, 1987). Studies of interactions of external 
divalent ions and IrATe have been more limited. Extracellular Ba 2+ and Cs ÷, 
well-known potassium channel blockers, block IKATe in a voltage-dependent manner, 
consistent with an intra-pore binding site (Quayle, Standen, and Stanfield, 1988), but 
extracellular Ca 2+ and Mg 2+ have no effect (Horie et al., 1987). In this study, we find 
unexpectedly that IKATe is inhibited by other extracellularly applied divalent ions, but 
in a voltage-independent manner. This inhibition is observed for channel activity 
induced by low levels of both intracellular ATP and pinacidil, a drug that has been 
shown to increase IrATe in cardiac cells (Arena and Kass, 1989a, b). Our results 
suggest that these divalent cations inhibit current through IKATP channels by binding 
to sites that are not within the transmembrane electric field, but are on the 
extraceUular membrane surface, and are distinct from previously described intra- 
pore cation binding sites. Binding of external divalent ions to these sites may have 
important regulatory consequences for the IKATP channel. We also find that the ability 
of the externally applied divalent cations to inhibit IrATe is dependent on intracellu- 
lar ATP concentrations. This result suggests an allosteric interaction between an 
external divalent cation binding site with an intracellular nucleotide binding site. 

These results have been reported in preliminary form (Kwok and Kass, 1992, 
1993). 
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M E T H O D S  

Cell Isolation and Recording Procedures 

Single myocytes were isolated from either ventricule of adult male or female guinea pigs 
(Charles River Laboratories, Wilmington, MA) weighing ~ 200-350 g. The isolation procedure 
is a modification of that of Mitra and Morad (1985), which has been previously described 
(Arena and Kass, 1988). 

Current measurements were obtained in the inside-out and outside-out single-channel and 
whole-cell configurations of the patch clamp procedure as described by Hamill, Marry, Neher, 
Sakmann, and Sigworth (1981). Pipettes were pulled from glass (Clay Adams, Inc., Parsippany, 
NJ). The resistances of the pipettes were typically 2-3 MII for the whole-cell experiments and 
5-15 Mf~ for the single-channel experiments. Series resistance compensation was adjusted to 
give the fastest possible capacity transients without producing ringing. Recordings were made 
at room temperature (20-25°C) from a Plexiglas chamber mounted on the stage of an inverted 
Olympus microscope. Solution change was accomplished either by exchanging the entire bath 
volume or by using a muhibarreled ejection pipette which allows for fast local solution 
exchange. Current was measured with a Yale IV patch clamp amplifier and analyzed with the 
pCLAMP (Axon Instruments, Inc., Foster City, CA) software package. For experiments carried 
out in the inside-out and outside-out patch configurations, currents were low-pass filtered at 
500 Hz and sampled at I kHz. An opening was interpreted as a crossing of a 50% threshold 
level from the baseline to the first open channel amplitude. Because of multiple channels in a 
patch, open probability, Po, was calculated in two ways. In most experiments, Po was calculated 
as a cumulative open probability, i.e., as a fraction of the total length of time the channels were 
in an open state over the total recording duration. This provided us with a quafitative, but 
comparative, method in monitoring effects of the divalent cations on IwTe at the single-channel 
level. 

In one set of single-channel experiments where changes in Po were monitored at different 
ATP concentrations, we carried out a more quantitative approach in calculating Po- The 
number of channels in a patch was determined from overlapping channel activity at zero ATP, 
where we assumed that the channels were maximally activated. We then calculated Po in the 
following manner. For a one-channel patch, the probability that the patch shows no channel 
activity is given by Pc = 1 - Po. Thus, for n channels in the patch, Pc = (1 -Po)". The 
probability that the patch shows no channel activity, Pc, is calculated as a fraction of the total 
length of time where no channel activity was detected over the total recording duration. Solving 
for Po gives Po = 1 - P~/". 

Ionic Conditions 

Isolated cells were initially placed in a standard Tyrode solution consisting of (mM): 132 NaCI, 
4.8 KCI, 3 MgC12, 1 CaCI~, 5 dextrose, and HEPES, pH 7.4. In the whole-cell configuration, 
after establishment of whole-cell voltage clamp, the external bath solution was changed to one 
that isolates potassium channel current (mM): 132 N-methyl-D-glucamine, 1 CaCI~, 10 HEPES, 
2 MgCI~, 5 dextrose, 5 KC1, and 200 nM nisoldipine, pH 7.4 with HC1. Divalent cations (Co 2+, 
Cd 2+, and Zn ~+) were added as needed. The standard pipette solution for whole-cell experi- 
ments contained (mM): 110 K-aspartate, 10 HEPES, 1 MgCI~, 1 CaC12, 11 EGTA, and 0.5-5 
K2ATP, pH 7.4 with KOH. 

For experiments done in the inside-out patch configuration, cells were initially placed in 
standard Tyrode's solution. After establishing a gigaohm seal, the bath solution was changed to 
one containing (mM): 110 K-aspartate, 5 EGTA, 5 HEPES, 1 MgCI~, and 1 K:,ATP, pH 7.4 with 
KOH. The patch was then excised, exposing the intracellular side to this solution, and the ATP 
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concentration was changed to activate or inhibit channel activity. The standard pipette solution 
(extracellular side) contained (mM): 110 K-aspartate, 1 CaCl2, 5 HEPES, and 1 MgCI2, pH 7.4 
with KOH. 

Seals were established in a similar manner for outside-out patch experiments, but in these 
cases patches were excised into normal whole-cell extracellular solutions. The pipette solution 
was identical to that used in whole-cell experiments except that the ATP concentration was 100 
I~M. 

Pinacidil, a gift of Lilly Research Laboratories (Indianapolis, IN), was dissolved as a 10-mM 
stock solution in 3% IN HCI and diluted appropriately before use. Glibendamide (Sigma 
Chemical Co., St. Louis, MO) was dissolved as a 1-mM stock solution in 0.1 N NaOH and also 
diluted appropriately before use. Nisoldipine, a gift from Miles Laboratories Inc. (New Haven, 
CT), was dissolved in polyethylene glycol as a 1-mM stock solution and diluted to the 
appropriate concentrations before use. 

Voltage Protocols 

Whole-cell currents were measured at the end of 50-ms voltage steps applied from a -40-mV 
holding potential to minimize overlap with the delayed rectifier components (Arena and Kass, 
1988; Sanguinetti and Jurkiewicz, 1990). Sodium channel currents were inactivated at the 
-40-mV holding potential and L-type calcium channel activity was eliminated by nisoldipine 
(200 nM) (Kass, 1982). 

In single-channel experiments, the criteria used to identify I~Tp channels were: (a) unitary 
current amplitude; (b) sensitivity to intracellular ATP; and, in some cases, (c) inhibition by 
glibenclamide (Arena and Kass, 1989b). Experiments in the inside-out patch configuration were 
conducted under either symmetrical (140 mM) or physiological (extracellular [K] = 5 mM; 
intracellular [K] = 140 mM]) potassium concentrations. Experiments in the outside-out patch 
configuration were conducted at physiological potassium concentrations. 

Cell Dialysis 

In whole-cell experiments, the cytosolic ATP concentration is controlled by the recording 
pipette ATP concentrations. To allow for sufficient diffusional exchange between the cytosol 
and the reservoir of the pipette, control traces were typically recorded after 10--15 min. The 
extracellular (bath) solution was then changed to one containing pinacidil and currents were 
recorded 5-15 min later, allowing a total dialysis time of 15-30 min. After changing the bath 
solution to one containing pinacidil and the test divalent cation, another 5-10 min elapsed 
before currents were measured. Hence, ~ 25--40 min have elapsed by the time the pinacidil- 
activated current has reached steady state. Given the variations in the sizes of the ceils (as 
estimated by cell capacitance to be ~ 100 pF) and the access resistance of the pipettes, this 
elapsed time would have allowed ~ 90--95% of complete diffusional exchange between the 
cytosol and the pipette reservoir (Pusch and Neher, 1988). 

R E S U L T S  

Divalent Cation Block of Pinacidil-induced I~rp 

T o  test for in teract ions  be tween ImTp channels  and  external ly  a pp l i e d  divalent  
cations,  we initially induced  Ir.xrp u n d e r  whole-ceU record ing  condi t ions  with pinaci-  
dil, a d rug  that  has previously been  shown to enhance  the activity ofATP-sens i t ive  K ÷ 
channels  in cardiac  vent r icular  cells (Arena and  Kass, 1989a, b). Fig. 1 i l lustrates the 
effects o f  external ly  app l i ed  Zn 2+ on  p inac id i l - induced  currents  in a ventr icular  cell 
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dialyzed with 2 mM ATP. The  current  traces illustrate the effects of  both pinacidil 
and Zn 2÷ at voltages positive and negative to VK. In  the absence o f  Zn 2+, pinacidil 
(100 I~M) induced a t ime- independent  current  at the positive voltage, but  had little 
effect on  currents measured  negative to VK as has previously been described for this 
d rug  under  the same experimental  conditions (Arena and Kass, 1989a). Addit ion of  
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FIGURE l. External Zn 2+ inhibits pinacidil-induced current: whole-cell conditions. Whole-cell 
currents were measured during 50-ms test pulses applied from a -40-mV holding potential in 
control (O), in the presence of 100 ~M pinacidil (El), and in the presence of 5 I~M Zn ~÷ and 
pinacidil (V). Current traces shown were recorded at membrane potentials of -100,  -20,  and 
+20 mV. The arrow indicates the zero current level. Plotted in the graph are currents 
measured at the end of the test pulse vs. pulse voltage for each condition. 

Zn 2+ (5 p~M) to the external solution markedly decreased the current  induced by 
pinacidil, but  had no effect on currents negative to VK (inward rectifier channel  
currents), suggesting Zn 2+ block of  Ivy-n, but  not  inward rectifier currents. The  effect 
o f  Zn 2+ on the current -vol tage  relationship measured at the end of  50-ms test pulses, 
summarized in the lower half  o f  the figure, confirms that the effects o f  Zn 2+ are most  
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p r o n o u n c e d  over  the  vol tage r ange  previously r e p o r t e d  to be d o m i n a t e d  by IV, ATe in 
whole-cell  record ings  (Arena and  Kass, 1989a). Block of  the p inac id i l - induced  
cur ren t  by ex te rna l  Zn 2+ was reversible  by washout  (data  not  presented) .  Because we 
found  that  the  inhibi tory  effects o f  Zn z÷ were much  less p r o n o u n c e d  in cells dialyzed 
with very low ATP concent ra t ions  (see below), we ma in ta ined  [ATP]i between 0.5 and  
5 mM in our  p ipe t t e  solutions unless otherwise specified in the expe r imen t s  that  
follow. 

Zn 2+ was not  the  only divalent  ion that  inhib i ted  IXATe dur ing  ext racel lu lar  
appl ica t ion .  We also found  that  ex te rna l  Cd 2÷ and  Co 2÷ r e duc e d  Ir, ATP in a m a n n e r  
consis tent  with the  effects o f  Zn 2+. However,  IV, ATe d id  not  a p p e a r  to be sensitive to 
the  p resence  o f  Ca 2+ or  Mg 2+ (mil l imolar  concent ra t ion  range)  in the ext racel lu lar  
solution, consis tent  with the results o f  Hor ie  et al. (1987). 
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FIGURE 2. Concentration-re- 
sponse curves for divalent cat- 
ion block of pinacidil-activated 
IV, ATP. Pinacidil-sensitive current 
at + 10 mV was determined by 
subtracting the control currents 
(pinacidil-free), or in some 
cases, the glibenclamide-sensi- 
tive currents from the pinacidil- 
activated currents. Current am- 
plitude was measured at the 
end of a 50-ms pulse from a 
holding potential of - 4 0  mV. 
Percent block was measured as 
percent reduction in the pinaci- 

log[divalent (nM)] dil-sensitive current in the pres- 

ence of divalent cations. The curves were fit by nonlinear regression to a simple sigmoidal 
function: %block = 1/[1 + (Kd[C])"], where [C] is the divalent cation concentration, Kd is the 
cation concentration for half-maximal effect, and n is the Hill coefficient. Each point represents 
an average of three or more experiments and the error bars indicate standard error. The Hill 
coefficient and Kd for Zn z+ were 0.7 and 460 nM, respectively, and for Cd 2+ were 1.4 and 
28 ~M. 

Concentration Dependence of Divalent Cation Block 

T h e  differences between the inhibi tory activity of  p inac id i l - induced  cur ren t  by the 
divalent  cat ions we s tudied  are  summar ized  in Fig. 2, which shows the pe rcen tage  o f  

p inac id i l - induced  cur ren t  b locked as a function o f  the  concent ra t ion  of  divalent  ca- 
t ion tested.  T h e  o r d e r  o f  b locking potency that  we found  is: Zn 2+ (Kd = 0.46 ~M) > 
Cd  2+ (Kd = 28 ~M) > Co 2+ (20% block at 200 ~M) > Ca 2+, Mg 2+. T h e  Hill  

coefficients ob ta ined  by fi t t ing the da ta  with a s imple s igmoidal  function (%block = 
1/[1 + (Kd/[divalent])" ]), were ~ 1 for bo th  Zn 2+ and  Cd  2+, indicative o f  noncoope r -  

ativity. 
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Evidence for an External Divalent Ion Regulatory Binding Site 

Voltage-independent block. Because it is known that IrATe is blocked by intracellular 
divalent cations (Findlay, 1987; Horie  et al., 1987), it was impor tant  to determine 
experimentally whether  the inhibition o f  pincidal-induced current  by extracellular 
Cd 2÷ and Zn 2+ which we have measured is due to binding of  these ca t ions  to 
intracellular sites. To  test for this possibility, we first tested for an effect o f  membrane  
potential  on block by these divalent ions, because intracellular divalent ion block of  
IrATe has been shown to be voltage dependen t  (Quayle et al., 1988). I f  block is due to 
the b inding of  the blocking ion to a site within the membrane  electric field a n d / o r  

A FIGURE 3. Evidence that the diva- 100 
9 0  lent ion binding site is extracellular. 
a0 (A) Block of l~av is not voltage de- 
70 ~ / ~ - t ' ~ - - ~ ~  ~ ~ T T T  ~ T Y + T  pendent. Block of l m ~  was deter- 
s0 mined by measuring the decrease in -~ 5 0  
40 current amplitude of the pinacidil- 
30 sensitive current caused by 500 nM 
20 externally applied Zn 2+ relative to 
10 control (Zn 2+ free). This %block was 

0 , . . . . . . . .  , , 

- 5 0 - 4 0 - 3 0 - 2 0 - 1 0  0 10 20 30 40 50 60 measured at a series of voltages and 
membrane potential (mv) plotted against test membrane poten- 

tial in the figure. No statistical differ- 
B ence was observed for percent block 

4000- of pinacidil-sensitive current at - 40  
~" and +50 mV (Student's t test, 95% 

3000- o_o..o--O ~100 pM Zn ,0  confidence level). Each point repre- 
x~= • \ / sents an average of three experiments 
~. 2000- and the error bars indicate standard 
- ~ error. (B) Onset of and recovery from 

1000- block of Iga~ by external Zn ~+ is 
" * - * -= -~  t of zn rapid. Whole-cell I~-re was recorded 

0 at + 10 mV in the continued presence 
0 ,5 1'0 1'5 20 25 3'0 35 time (seconds) of pinacidil and monitored every 2 s. 

Control records were obtained (©) 
and the cell was then exposed to 100 I~M Zn ~+ (Q), followed by washout of this divalent cation 
(E]). The plot shows current amplitude measured at the end of a 200-ms pulse as a function of 
time during the experiment. 

channel  pore,  block should be enhanced  at negative membrane  potentials for 
extracellularly applied cations. Fig. 3 A shows that block of  pinacidil-induced current  
by extracellularly applied Zn 2+ is not  voltage dependent .  Plotted in the figure is the 
percent  block of  current  measured at the end of  test voltage pulses vs. test pulse 
voltage. There  was no significant difference between the inhibition of/rATe by Zn 2+ at 
- 4 0  and  + 5 0  mV, providing evidence against an in t ra -pore /membrane  field binding 
site. Similar results (not shown) were found for Cd 2÷ block of  pinacidil-induced 
currents. T he  observed lack o f  vol tage-dependent  block by Zn 2+ and Cd ~+ supports  
the view that these divalent cations do not  block IrATe by binding to intra-pore sites. 
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Time Course of Omet of Block of II~TP by Zn 2+ and Cd 2+. The experiments 
summarized in Fig. 3 A rule out the possibility of an intra-pore or trans-membrane 
field binding site location, but they do not rule out the possibility of an intracellular 
binding site location that is not within the pore/field and thus not subject to 
modulation by membrane potential. If this were the case, then the blocking ions 
would have to cross the membrane via hydrophillc pathways (channels) in order to 
access these binding sites. We measured the time course of the onset of and recovery 
from block by Zn ~+ and Cd ~+ in order to test for a possible intracellular location. 
Here we changed solutions surrounding the test cells with a local solution changer 
(see Methods) and monitored membrane current every 2 s at + 10 mV after exposing 
the cell to pinacidil. Application of Zn 2+ (Fig. 3 B ) or Cd 2+ (data not shown) resulted 
in rapid block and recovery from block after return to cation-free solution. In Fig. 
3 B, block of IKATe reaches steady state in ~ 5 s and washout is complete in ~ 10 s. 
Similar results were obtained in three experiments each for Zn ~+ and Cd ~+. 

The rapid onset of  and recovery from block by Zn ~+ and Cd 2+ do not support the 
hypothesis of ions traversing a membrane barrier. This result and the lack of 
voltage-dependent block, however, are consistent with external cation binding sites. 
A more stringent and direct test of this hypothesis is to determine whether internally 
applied Zn 2+ and Cd 2+ can block IU.ATP with similar potency as when applied 
externally. 

Effects of Internal Zn z+ and Cd 2+ 

To investigate the effects of internally applied Zn 2+ and Cd 2+, experiments were 
carried out in the inside-out, excised patch configuration of patch clamp, which 
provided direct access to the intracellular side of  the membrane. In this approach, 
ATP-sensitive potassium channels could be activated either by lowering intracellular 
ATP concentrations or by addition of pinacidil. 

Fig. 4 shows that I~-rp channels are not inhibited by intracellularly applied Zn 2+. 
Current traces, recorded in 15-s segments under symmetrical K (135 mM) conditions, 
revealed Iga'rp channel activity when cytoplasmic ATP was reduced from 1 to 0.1 mM 
(Fig. 4,A and B), as has been previously reported (Arena and Kass, 1989b). Under 
these conditions, ATP-sensitive K channels can be identified as the dominant 1.5-pA 
(corresponding to 50 pS) events measured at +30 mV, and it is clear that subsequent 
application of Zn 2+ (100 ~M) did not affect the amplitude of these events (Fig. 4 C). 
The  insensitivity to intracellular Zn 2+ indicated in the current traces of this figure is 
confirmed by the corresponding cumulative amplitude histograms (Fig. 4, A-C). The 
histograms also suggest that the cumulative probability of opening, Po, is not affected 
by the internal application of Zn 2+, despite the fact that this Zn 2+ concentration is 
~ 200-fold greater than the Kd obtained under whole-cell conditions (Fig. 2). This 
was verified by computing Po (see Methods): Po,100 p,M A T P  = 0.96 and Po,ATe+Zn = 0.83 
for the data presented in the figure. Under similar experimental conditions, 
intracellular Cd ~+ also had no effect on IKATP channel activity (data not shown). 

Because pinacidil was used to activate IKATP in the whole-cell experiments, the 
effects of intracellular Zn 2+ and Cd 2+ on IKATP channels activated by pinacidil in the 
inside-out patch configuration were also investigated. Fig. 5 illustrates one of these 
experiments and shows that single-channel activity induced by pinacidil is not 
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FIGURE 4. l m ~  channel activity is not affected by Zn 2÷ applied to the cytosolic membrane 
face in excised patch recordings. Single-channel current traces and accompanying all-points 
histograms obtained from an inside-out membrane patch are shown in control (1 mM ATP, A ), 
in the presence of 100 o.M ATP (B), and in 100 o.M Zn ~+ in the continued presence of 100 I~M 
ATP (C). These solutions correspond to cytosolic conditions. Membrane potential was set at 
+30 mV and single-channel currents are indicated by upward deflections. Zero current levels 
are indicated by arrows. Histogram shown in A is obtained from a current recording duration of 
15 s and those in B and C are obtained from a recording duration of 30 s. 

inhibited by intraceUular Cd 2+. Iv, ATe channel  activity was st imulated by 200 I~M 
pinacidil  in the presence  o f  1 mM ATP (Fig. 5, A and B).  Cd e+ affected neither the 
s ingle-channel  ampl i tude nor the Po's o f  the pinacidil- induced IV, ATe channel  activity 
(Fig. 5 C). T h e  c o m p u t e d  cumulative Po's were: Po,pi, = 0 .29 and Po,pin+Cd -- 0.36. 
Similar results were  obtained with Zn 2+ on pinacidil- induced s ingle-channel  activity. 
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FIGURE 5. Pinacidil-induced single-channel activity is not blocked by cytosolic Cd 2+, Single- 
channel current traces and accompanying all-points histograms obtained from an inside-out 
membrane patch in symmetrical (140 mM) potassium are shown during control (1 mM ATP, 
A), activation by 200 ~M pinacidil in the presence of I mM ATP (B), and exposure to 100 wM 
Cd 2+ in the presence of both ATP and pinacidil (C). Membrane potential was set at +30 mV, 
and single-channel currents are indicated by upward deflections. Zero current levels are 
indicated by arrows. Histogram in A is obtained from a current recording duration of 15 s and 
those in B and C are from a recording duration of 45 s. 

In  a total of  12 inside-out patch experiments ,  we failed to measure reversible 
inhibi t ion of channel  activity by either Zn 2+ (100 I~M) or Cd 2+ (100 I~M) dur ing  
cytosolic application,  regardless of whether  channel  activity was activated by low ATP 
or  pinacidil.  
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Zn 2+ and Cd z+ Block I~ re  Channels Induced by Reduction of ATP 

The insensitivity to intracellularly applied Zn ~+ and Cd 2+, the rapid onset of block by 
extracellular divalent cations, and the apparent lack of  voltage-dependent block all 
support the hypothesis that Zn ~+ and Cd 2+ bind to external sites. However, the 
question remains whether external divalent cation block of/rATe channels is somehow 
pinacidil dependent,  since our whole-cell data were obtained only after pinacidil- 
induced activation of IrATe. To test this possibility directly, outside-out patch 
experiments were conducted so that IrATe could be activated by lowering cytoplasmic 
ATP without the use of drug. Fig. 6 shows the effect of 100 o,M Cd 2+ on IrATe 
channel activity in an outside-out patch recorded under conditions that resemble 
those for our previous whole-cell recordings. Physiological potassium concentrations 
([K]out = 5 mM, [K]i, = 140 raM) were used, cytoplasmic ATP was set to 100 I~M in 
order to reveal IrATe channels, and currents were recorded at 0 mV, a voltage at 
which pronounced whole-cell IrATe can be measured. Under control conditions 
multiple channel openings can be seen in the current traces and in the correspond- 
ing events histogram. In the presence of Cd 2+, the number of open channels 
decreased, with the corresponding cumulative Po decreasing from 0.64 to 0.21, but 
the apparent single-channel conductance was not affected. Upon washout, multiple 
channel openings were detected again with the cumulative Po increasing to 0.75. The 
corresponding current-voltage relationship for the single-channel current is pre- 
sented in Fig. 7 in both the presence and absence of Cd 2+. The channel conductance, 
both in control and in the presence of Cd 2+, is 14 pS, in agreement with previously 
reported IrA-vp conductances recorded under physiological conditions (Kakei, Noma, 
and Shibasaki, 1985; Spruce, Standen, and Stanfield, 1987). These data indicate that 
the effect of divalent cation block of IrATe is to decrease the number of channel 
openings, and that the block of IrATe by Zn 2+ and Cd 2+ is not linked to activation of 
this channel by pinacidil. 

Effectiveness of Zn 2+ and Cd 2+ Block of lrare Is Dependent 
on Intracellular A TP Concentrations 

As described above, in our initial whole-cell experiments we found that if cells were 
dialyzed with ATP concentrations <0.5 mM, the effectiveness of block by the 
external divalent cations decreased. We investigated this phenomenon systematically 
by monitoring external divalent cation block of IrAav on cells dialyzed with an 
intracellular ATP concentration of nominally 0 mM. We confirmed our preliminary 
observations and found that, in contrast with results obtained from cells dialyzed with 
[ATP] > 0.5 mM, the inhibitory effects of Cd 2+ and Zn 2+ were greatly reduced for 
cells dialyzed with 0 mM ATP. The results are summarized in Fig. 8. It is not likely 
that this marked change in the effectiveness of divalent cation block of/rATe is due to 
leak current or activation of other types of channels, because low concentrations of 
glibenclamide, a potent inhibitor of IrATP (Arena and Kass, 1989a), is not affected by 
intracellular [ATP] (Fig. 8). This result suggested a possible interaction between 
externally applied divalent cations and intraceUular ATP. 

Since under whole-cell conditions pinacidil was used to activate IrATe, we further 
investigated this ATP-dependent effect at the single-channel level under pinacidil- 
free conditions, excluding any pinacidil-mediated pathways. Experiments in the 
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FIGURE 6. Block of 1KAT~ single-channel activity by externally applied Cd2+: evidence that 
block is not dependent on pinacidil stimulation of the channel. Single-channel current traces 
and accompanying aU-points histograms obtained from an outside-out membrane patch are 
shown before (A), during (B), and after (C) exposure to externally applied 100 wM Cd ~+. ATP 
concentration of cytosolic membrane (pipette) solution was 100 p,M. Current traces were 
recorded in 5 mM extracellular and 140 mM intracellular potassium concentrations. The 
membrane potential was set at 0 mV, and single-channel currents are indicated by upward 
deflections. Zero current levels are indicated by arrows. Histograms were obtained from 
recording durations of 30 s. 
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inside-out patch configuration were designed to monitor changes in divalent cation 
block of IV, ATe at two intracellular ATP concentrations, 200 o~M ATP and ATP free. 
Physiological potassium concentrations of  5 mM on the extracellular side and 140 
mM on the cytosolic side were used. As shown in Fig. 9 A, in the presence of external 
Cd 2+, channel activity is limited (Po = 0.05) in 200 p.M ATP, suggestive of  Cd 2+ block 
of IKATe. This is demonstrated by the sample single-channel current trace and the 
corresponding cumulative amplitude histogram. (Single-channel Po was calculated by 
first determining the number  of  channels in a patch as described in Methods.) As 
intracellular ATP concentration is changed to ATP free, an increase in channel 
activity is evident (Po = 0.20; Fig. 9 B). This indicated a decrease in the blocking 
ability of  Cd z+ to inhibit IV, ATe in the absence of intracellular ATP. 

To more quantitatively compare channel Po's in the presence and absence of 
external divalent cation at the two ATP concentrations, and to account for patch 
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FIGURE 7. Divalent cation block of 
ImTp does not alter channel conduc- 
tance. The current-voltage relation- 
ship obtained from an outside-out 
membrane patch in 5 mM extracellu- 
lar and 140 mM intracellular potas- 
sium concentrations is shown in the 
absence (©) and presence (V) of 
Cd 2+. ImTp was revealed by setting 
cytosolic ATP equal to 100 p.M. Lines 
were fit by linear regression with a 
slope (conductance) of 14 pS. Erev = 
-67 InV. 

variability, we carded out several parallel experiments to statistically determine any 
differences. The results are summarized in Fig. 10. In the presence of intracellular 
ATP (200 ~M), the Po of the IgATP channel in control (Cd 2+ free) was significantly 
different from that obtained in the presence of  Cd 2+, with Po,Cd-f~e = 0.16 -- 0.05 
(n = 6) and Po,cd = 0.04 +-- 0.02 (n = 7) (average -- SEM), respectively. On the other 
hand, in the absence of intracellular ATP, the channel Po's were not significantly 
different in Cd2+-free and in 100 ~M Cd 2+, with Po,Cd-free = 0.43 -- 0.20 (n = 6) and 
Po,cd = 0.31 --+ 0.11 (n = 7), respectively. The result demonstrates that in the absence 
of intracellular ATP, external Cd 2+ does not inhibit channel activity. Yet, in the 
presence of ATP, external Cd ~+ inhibits channel activity. The  decrease in Po observed 
at the single-channel level in the presence of 100 wM Cd ~+ is equivalent to an 
inhibition of 75%. This is in agreement  with block of IKATP by 100 I~M Cd 2+ at the 
whole-cell level where block was ,~ 80%. 
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D I S C U S S I O N  

In this study, we repor t  that  the ATP-regulated potassium channel  is inhibited by very 
low concentrat ions o f  ~he divalent cations Cd 2+ and Zn ~+. Cadmium and zinc ions are 
well-documented modulators  of  voltage-gated channels that either cause shifts in 
gating due to titration or  screening of  negative surface charges or, additionally, 
induce changes in channel  protein configurations (HiUe et al., 1975; Gill), and 
Armstrong,  1982a, b; Lansman,  Hess, and Tsien, 1986; Zalman et al., 1991). The  
IV, ATe channel  is not  a voltage-gated channel. It is controlled by intracellular ATP and 
is thus a l igand-gated channel. The  effects o f  Cd 2+ and Zn 2+ on IV, ATe cannot  
therefore be due to changes in membrane  surface potential and associated shifts in 
vol tage-dependent  gating. These ions appear  to bind to an extracellularly located site 
based on our  experimental  tests for voltage dependence,  kinetics of  onset and 
recovery, and excised patch experiments.  However, the binding site does not  appear  
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FIGURE 8. Divalent cation block of 
pinacidil-activated l~ve is dependent 
on intracellular ATP concentrations. 
Percent block of IV, AVe by external di- 
valent cation was measured as percent 
reduction in the pinacidil-sensitive 
current at + 10 mV under whole-cell 
conditions. Intracellular (pipette) 
ATP concentrations were either nomi- 
nally zero (@) or _> 0.5 mM (1). The 
data for external Zn 2+ were pooled 
from experiments done in 100 and 
200 p~M Zn ~+. For both Cd 2+ and 
Zn 2+, there were statistical differences 

(indicated by *) for block of Imve obtained with an intracellular ATP concentration of > 0.5 mM 
(Cd ~+, n = 5; Zn 2+, n = 4) and a concentration of nominally 0 mM (Cd 2+, n = 4; Zn ~+, n = 6: 
Student's t test, 95% confidence level). No statistical difference was observed for the effect of 
glibenclamide ([ATP] > 0.5 mM, n = 7; [ATP] = 0 mM, n = 4). Error bars indicate SEM. 

to be within the channel  pore.  Thus  the inhibition o f  IraTe by these divalent ions 
appears  more  consistent with regulation of  channel  activity than with a physical block 
of  the permeat ion pathway. 

A recent  study showed that external Cd 2+ may interact directly with a voltage-gated 
potassium channel  in cat ventricular myocytes by stabilizing the channel  in a high 
conductance state (Follmer, Lodge,  Cullinan, and Colatsky, 1992). This mode  of  
interaction is not  unlike a previously p roposed  model  for the regulation of  some 
voltage-gated potassium channels by external divalent cations (Gilly and Armstrong,  
1982b; see also Begenisich, 1988). Gilly and Armstrong (1982b) found that extracel- 
lular divalent cations affect gating kinetics o f  the neuronal  delayed rectifier potassium 
channel  in a manner  inconsistent with simple surface charge theory and proposed  a 
model  in which binding of  divalent ions to an extracellular region of  the channel 
protein induced conformational  changes that affected channel  gating. In the model, 
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FIGURE 9. Block of IKATe single-channel activity by externally applied Cd is dependent on 
intracellular ATP concentrations. Sample current traces and corresponding all-points histo- 
gram obtained from an inside-out membrane patch at intracellular ATP concentrations of 200 
p.M (A) and ATP-free (B) are shown in the presence of extracellular Cd (100 v,M). Current 
traces were recorded in 5 mM extracellular and 140 mM intracellular potassium concentra- 
tions. The membrane potential was set at 0 mV, and single-channel currents are indicated by 
upward deflections. Zero current levels are indicated by arrows. Histograms were obtained from 
current recording durations of  60 s. 

the gating apparatus o f  the channel consists o f  several subunits, each consisting of  
interdigitating fingers o f  negatively and positively charged amino acid residues. As 
the set o f  negative charges moves relative to the set of  positive charges, the channel  
makes a transition from the closed to the open  state. The  channel in the closed 
conformational state consists o f  an unpaired negative charge on the extracellular 
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side. When a counterion is attracted to the immediate vicinity of  the unpaired charge 
and binds to an external binding site, the closed state of the channel is stabilized. 

How can such a model explain the results of  this study? Because the activity of 
IKATp channels is regulated by the binding and unbinding of ATP to intracellular sites 
on or associated with the channel protein, it is reasonable to postulate that the 
binding of  ATP replaces the voltage-dependent opening step in the above model in 
changing channel conformation from open to closed states. Then, binding of divalent 
ions to an extracellular site might stabilize the channel in a conformation that favors 
the binding of internal ATP and thus the closed state of the channel. This type of 
allosteric model predicts that internal ATP-dependent changes in channel conforma- 
tion can alter the interactions of  externally applied divalent ions. 
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FIGURE 10. Effect on single-channel Po by externally applied Cd is dependent on intracellular 
ATP. Po is calculated from Po = 1 - p~/n, as described in Methods. The graph is a summary of 
experiments as described in Fig. 9. Statistical significance is indicated by * (Student's t test, 95% 
confidence level). Control (external Cd-free) conditions are indicated by the filled bars, and 
external Cd-present conditions are indicated by the hatched bars. ATP concentrations shown 
are intracellular concentrations. Error bars indicate SEM. 

Our observation that, under  whole-cell conditions, dialyzing the cell with very low 
ATP changes the effectiveness of  block of/KATe by Cd 2+ and Zn 2+, is consistent with 
the predictions discussed above. This dependence on intraceUular ATP was also 
confirmed at the single-channel level, where in zero ATP concentrations external 
divalent cations had no effect on channel activity. This may be due to the possibility 
that when ATP is not bound to the IKATr channel protein, a shift in the charged 
residues results in a conformational change such that the extracellular cation binding 
site for Cd 2+ and Zn 2+ may be inaccessible. Recent studies have shown that the 
phosphate from ATP may interact with the voltage sensor of  a phosphorylated axonal 
delayed rectifier potassium channel by electrostatic interactions (Perozo and Beza- 
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niUa, 1990). In addition, Gilly and Armstrong (1982a, b) have also proposed the idea 
of a "disappearing" receptor accompanying activation in their model for sodium and 
potassium channels. In any event, the most likely explanation of change in internal 
ATP affecting the interactions of  external divalent ions with the channel is that both 
actions lead to interrelated changes in the channel protein conformation. 

Recently, Treherne and Ashford (1992) reported that extracellular monovalent 
cations, K + or Na + ions, affect an lv.~Tv channel's sensitivity to intracellular ATP in 
hypothalamic neurons. They observed that an increase in the extracellular K + 
concentration (or a concurrent decrease in the extraceUular Na + concentration) 
further sensitized the channel to ATP. The modulatory mechanism involved in their 
observation may be similar to the one discussed here involving conformational 
change of  the channel protein. This aUosteric interaction between an external cation 
binding site and an intracellular nucleotide binding site, however, is not a common 
property of  It~.AXV found in various tissue types. Teherne  and Ashford (1992) also 
reported that no similar changes in ATP sensitivity were observed in IF, AXe channels 
from an insulin-secreting cell line, CR1-G1. 

A possible scheme involving the conformational change in the I ~ x v  channel 
protein is a simple, three-state model as shown below. 

ATP 

o c (Scheme A) 

ATP cation 

O ~ C  -- ~ -- C* (SchemeB) 

When ATP is bound, the channel makes a transition from the open state, O, to a 
closed state, C, as depicted in Scheme A. This closed state is further stabilized when 
an external divalent cation binds, as depicted in Scheme B. The  further stabilization 
of the closed state with both ATP (internally) and cation (externally) bound to the 
channel protein is denoted by C*. The  dependence on intracellular ATP for external 
divalent cation block prevents the channel from making a direct transition from O to 
C*. This is a simplified model and we did not at tempt to take into account the 
predicted multiple binding sites for ATP (Noma and Shibasaki, 1985; Lederer and 
Nichols, 1989). Other  schemes are certainly possible and future experiments should 
provide more information on the modulatory mechanism and the rate constants 
between states. 

The  results from the experiments of  Gilly and Armstrong (1982a, b) also showed 
that the group IIB metal ions, Zn 2÷, Cd 2÷, and Hg ~+, were most effective in affecting 
gating kinetics on the voltage-gated potassium channel in nerve membrane.  For the 
various ions studied, the degree of potency was Hg ~+ > Zn 2+ > C d  2÷ > Ni ~÷ > 
Mn 2+ > Cu 2+ > Ca ~÷. This is similar to the results of  the present study, where the 
effectiveness of block of IKA~ was Zn 2+ > Cd ~+ > Co 2+ > Mg ~+, Ca 2+. The ion 
specificity is probably not due to the size of  the ion or its free energy of hydration. 
For example,  Zn 2+ and Co ~+ have similar Pauling radii and hydration energies (Hille, 
1992), but their ability to block Ir, AXp is considerably different. Rather, as was 
hypothesized for the potassium channel in nerve, the high specificity of  Zn z+ and 
Cd 2+ for IKA-rP may be due to the electronic structure of  the group IIB metal ions. 
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These ions are highly polarizable and can covalently bind to uncharged molecular 
entities, while Ca 2+, for example, binds strongly only to charged entities. The similar 
ion selectivity for the results reported by Gilly and Armstrong (1982b) and this study 
also support the view of a common underlying mechanism. 

In the guinea pig ventricular cells used in this study, we found that Zn ~+ and Cd z+ 
blocked neither the inward rectifier (Fig. 1) nor delayed rectifier potassium channel 
currents, lv, s (data not shown), at concentrations sufficiently high to completely block 
IV, AVe, suggesting that the site at which these divalent ions bind is unique to the IV, AWe 
channel in these cells. This possibility and the interdependence of external divalent 
ion binding and internal [ATP] will be the subjects of future investigations. 

We thank Dr. J. P. Arena for many helpful discussions and contributions to the initial set of 
experiments and Dr. K. Gingrich for helpful discussions on single-channel analysis. 

This work was supported by grants from the National Science Foundation (DCB-8822783) and the 
American Heart Association, New York State Affiliate (91-217F, fellowship to W.-M. Kwok). 

Original version received 21 October 1992 and accepted version received 30 April 1993. 

R E F E R E N C E S  

Arena, J. P., and R. S. Kass. 1988. Block of heart potassium channels by clofilium and its tertiary 
analogs: relationship between drug structure and type of channel blocked. Molecular Pharmacology. 
34:60-66. 

Arena, J. P., and R. S. Kass. 1989a. Enhancement of potassium-sensitive current in heart cells by 
pinacidil: evidence for modulation of the ATP-sensitive potassium channel. Circulation Research. 
65:436--445. 

Arena, J. P., and R. S. Kass. 1989b. Activation ofATP-sensitive K channels in heart cells by pinacidil: 
dependence on ATP. Am~rtcanJonmal of Physiology. 257:H2092-H2096. 

Armstrong, C. M., and G. Cota. 1990. Modification of sodium channel gating by lanthanum. Some 
effects that cannot be explained by surface charge theory. Journal of General Physiology. 96:1129- 
1140. 

Begenisich, T. 1988. The role of divalent cations in potassium channels. Trends in Neurosciences. 
11:270-273. 

Duchatelle-Gourdon, I., H. C. Hartzell, and A. A. Lagrutta. 1989. Modulation of the delayed rectifier 
potassium current in frog cardiomyocytes by ~-adrenergic agonists and magnesium. Journal of 
Physiology. 415:251-274. 

Duchatelle-Gourdon, I., A. A. Lagrutta, and H. C. Hartzell. 1991. Effects of Mg 2+ on basal and 

~-adrenergic-stimulated delayed rectifier potassium current in frog atrial myocytes. Journal of 
Physiology. 435:333-347. 

Findlay, I. 1987. ATP-sensitive K + channels in rat ventricular myocytes are blocked and inactivated by 
internal divalent cations. Pflagers Archiv. 410:313-320. 

Findlay, I. 1988. Effects of ADP upon the ATP-sensitive K + channel in rat ventricular myocytes. 
Journal of Membrane Biology. 101:83-92. 

FoUmer, C. H., N. J. Lodge, C. A. Cullinan, and T. J. Colatsky. 1992. Modulation of the delayed 
rectifier, Ix, by cadmium in cat ventricular myocytes. American Journal of Physiology. 262:C75-C83. 

Gill),, W. F., and C. M. Armstrong. 1982a. Slowing of sodium channel opening kinetics in squid axon 
by extracellular zinc.Journal of General Physiology. 79:935-964. 



KWOK AND KASS Block of l xArp by External Divalent Cations 711 

Gilly, W. F., and C. M. Armstrong. 1982b. Divalent cations and the activation kinetics of potassium 

channels in squid giant axons. Journal of General Physiology. 79:965-996. 

Hamill, O. P., A. Marry, E. Neher, B. Sakmann, and F. J. Sigworth. 1981. Improved patch-clamp 
techniques for high-resolution current recording from cells and cell-free membrane patches. 

Pfliigers Archiv. 391:85-100. 
Hille, B. 1992. Ionic Channels of Excitable Membranes. Sinauer Associates, Inc., Sunderland, MA. 

Hille, B., A. M. Woodhull, and B. I. Shapiro. 1975. Negative surface charge near sodium channels of 

nerve: divalent ions, monovalent ions and pH. Philosophical Transactions of the Royal Society of 
London, Seres B. Biological Sciences. 270:301-318. 

Horie, M., H. Irisawa, and A. Noma. 1987. Voltage-dependent magnesium block of adenosine- 

triphosphate-sensitive potassium channel in guinea-pig ventricular cells. Journal of Physiology. 
387:251-272. 

Kakei, M., A. Noma, and T. Shibasaki. 1985. Properties of adenosine-triphosphate-regulated 

potassium channels in guinea-pig ventricular cells. Journal of Physiology. 363:441-462. 

Kass, R. S. 1982. Nisoldipine: a new, more selective calcium current blocker in cardiac Purkinje 

fibers. Journal of Pharmacology and Experimental Therapeutics. 223:446-456. 

Krafte, D. S., and R. S. Kass. 1988. Hydrogen ion modulation of Ca channel current in cardiac 

ventricular cells. Evidence for multiple mechanism. Journal of General Physiology. 91:641-657. 

Kwok, W. M., and R. S. Kass. 1992. External divalent ions modulate activation of the ATP-sensitive 

potassium channel in guinea pig ventricular cells. Biophysical Journal. 61 :A405. (Abstr.) 

Kwok, W. M., and R. S. Kass. 1993. External cation inhibition of ATP-regulated K current (lwxv) in 

heart cells depends on intracellular ATP (ATPi): evidence for channel protein conformational 

changes. Biophysical Journal. 64:A239. (Abstr.) 

Lansman, J. B., P. Hess, and R. W. Tsien. 1986. Blockade of current through single calcium channels 

by Cd 2+, Mg 2+, and Ca 2+. Voltage and concentration dependence of calcium entry into the pore. 

Journal of General Physiology. 88:321-347. 

Lederer, W. J., and C. G. Nichols. 1989. Nucleotide modulation of the activity of rat heart 

ATP-sensitive K channels in isolated membrane patches.Journal of Physiology. 419:193-211. 

Matsuda, H. 1988. Open-state substructure of inwardly rectifying potassium channels revealed by 

magnesium block in guinea-pig heart cells.Journal of Physiology. 397:237-258. 

Matsuda, H., A. Saigusa, and H. Irisawa. 1987. Ohmic conductance through the inwardly rectifying K 
channel and blocking by internal Mg 2+. Nature. 325:156-159. 

Mitra, R., and M. Morad. 1985. A uniform enzymatic method for dissociation of myocytes from hearts 

and stomachs of vertebrates. American Journal of Physiology. 249:H1056-H1060. 
Noma, A. 1983. ATP-regulated K channels in cardiac muscle. Nature. 305:147-148. 

Noma, A., and T. Shibasaki. 1985. Membrane current through adenosine-triphosphate-regulated 

potassium channels in guinea-pig ventricular cells.Journal of Physiology. 363:463-480. 

Perozo, E., and F. Bezanilla. 1990. Phosphorylation affects voltage gating of the delayed rectifier K + 
channel by electrostatic interactions. Neuron. 5:685-690. 

Pusch, M, and E. Neher. 1988. Rates of diffusional exchange between small ceils and a measuring 
patch pipette. Pflfigers Archiv. 411:204-211. 

Quayle, J. M., N. B. Standen, and P. R. Stanfield. 1988. The voltage-dependent block of ATP- 

sensitive potassium channels of frog skeletal muscle by caesium and barium ions. Journal of 
Physiology. 405:677-697. 

Sangninetti, M. C., and N. K. Jurkiewicz. 1990. Two types of delayed rectifier K + currents in guinea 
pig ventricular myocytes. Journal of General Physiology. 96:196-214. 



712 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 102 • 1993 

Spruce, A. E., N. B. Standen, and P. R. Stanfield. 1987. Studies on the unitary properties of 

adenosine-5'-triphosphate-regulated potassium channels of frog skeletal muscle. Journal of Physiol- 
ogy. 382:213-237. 

Tart, M., J. w. Trank, and K. K. Goertz. 1989. Intracellular magnesium affects Ig in single frog atrial 

cells. American Journal of Physiology. 257:H1663-H1669. 

Treherne, J. M., and M. L. J. Ashford. 1992. Extracellular cations modulate the ATP sensitivity of 

ATP-K + channels in rat ventromedial hypothalamic neurons. Proceedings of the Royal Society of 
London. 247:121-124. 

Vandenberg, C. A. 1987. Inward rectification of a potassium channel in cardiac ventricular cells 

depends on internal magnesium ions. Proceedings of the National Academy of Sciences, USA. 
84:2560-2564. 

Woodhull, A. M. 1973. Ionic blockage of sodium channels in nerve. Journal of General Physiology. 
61:687-708. 

Zalman, S. A., I. D. Dukes, and M. Morad. 1991. Divalent cations modulate the transient outward 

current in rat ventricular myocytes. American Journal of Physiology. 261 :C310---C318. 


