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SUMMARY
The effects of aminopyridine analogs on Ca2�-activated K� chan-
nels in GH3 clonal anterior pituitary cells were studied using
whole-cell voltage-clamp and single-channel recording tech-
niques. Step depolarization from a holding potential of -50 mV
activated a noninactivating, tetraethylammonium- and Cd2�-sen-
sitive outward current. Tail current analysis indicated that this
sustained outward current is carried predominantly by K� ions.
Extracellular perfusion with 4-aminopyridine and 3,4-diaminopyr-
idine (0.05-5 mM) caused a dose-dependent enhancement of the
outward current by up to 1 00 and 1 70%, respectively. This effect

typically occurred with prolonged depolarizations of >1 -2 sec.
Patch-clamp recordings in the cell-attached configuration dem-

onstrated that 4-aminopyridine (2 mM) promotes the activity of a
large-conductance (1 50-1 75 p5; 50-135 mr�i external K�), tet-
raethylammonium-sensitive, Ca2�-activated K� channel; the drug
had no effect on these channels in excised patches. These
results indicate that aminopyridines enhance the opening of Ca2�-
activated K� channels in GH3 cells. Several lines of evidence
suggest that this effect may occur indirectly, possibly as a result
of an increase in the effective intracellular free Ca2� level.

The aminopyridines are powerful convulsant agents that

specifically block voltage-dependent K� channels in neural and

muscle membranes, facilitate neurotransmitter release at pe-

ripheral and central synapses (1), and enhance hormone release

from endocrine cells (2). Early studies indicated that these

drugs inhibited the delayed rectifier K� conductance (IK) in

axons (3-5) and skeletal muscle fibers (6, 7). Later it was

recognized that, in neural somata and some axons, aminopyri-

dines are relatively selective blockers of the A-current (IA), a

low voltage-activated, rapidly inactivating K� current (8; see

Ref. 9 for additional references). In contrast to these inhibitory

effects on 1K and IA, it has been reported that 4-AP promotes

the Ca2�-activated K� conductance in molluscan pacemaker

neurons (10).

In the present study, I examined the effects of aminopyri-

dines on Ca2�-activated K� currents and single Ca2�-activated

K� channels in GH, clonal anterior pituitary cells. Previous

voltage-clamp studies have demonstrated that GH3 cells possess

two major K� currents, a fast inactivating current similar to ‘A

in neural and muscle cells and a noninactivating, Ca2�-depend-

ent current [IK(ca)] (1116). This noninactivating current is

predominantly due to a large conductance Ca2�- and voltage-

dependent K� channel, although smaller conductance channels

may also make a quantitatively small (<18%) contribution to

the net current (14, 17). I recently reported that aminopyridines

cause a selective blockade of ‘A in GHt cells (15) and inciden-

tally noted that Ca2�-inactivated K� currents were potentiated

by the drugs. The present study examines this latter observa-

tion in more detail.

Materials and Methods

Cell culture. GH3 cells (subclone B6 of A. Tixier-Vidal and D.

Gourdji, generously provided by B. Dufy, University of Bordeaux II,

Bordeaux, France) were grown in 35-mm polystyrene Petri dishes as

described previously (15). The cells were used for electrophysiological

experiments after 2-10 days in culture. Recordings were carried out at

room temperature.

Whole-cell voltage-clamp recording. Immediately before each

experiment, the culture medium was replaced with Hank’s balanced

salt solution (GIBCO, Grand Island, NY) containing (in mM): NaC1,

137; KC1, 5.5; KH2PO4, 0.40; Na2HPO4, 0.34; HEPES, 10; CaC12, 5;

MgC12, 1; and sufficient glucose to bring the osmolality to 280-310

mOsm/kg of H2O (pH 7.40). In high K� solutions, the concentration of

KC1 was increased and the NaC1 was correspondingly decreased to

maintain the osmolality. Patch-clamp recording electrodes were pre-

pared from 1.5-mm o.d. thin wall, filament-fused, borosilicate capillar-

ies (Kwik-Fil TW15OF; WPI Instruments, New Haven, CT). The
electrodes were filled with a solution containing (in mM): KC1, 140;

MgC12, 1; EGTA, 1.1, HEPES, 10; and sufficient glucose to obtain an

osmolality of 280-310 mOsm/kg of H20 (pH 7.40). Electrode tip resist-

ances were typically 1.8-2.5 M�1. Whole-cell voltage-clamp recording

was carried out using a Dagan 8900 Patch Clamp/Whole Cell Clamp

amplifier with a 100-Mfl headstage feedback resistor. Seal resistances

were typically 10 G�1 or greater.

In some whole-cell recording experiments, the following special

recording solutions were used (in mM). 1) NMG-MSA/K-MSA: bath,
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determined by analysis of the tail currents obtained on repo-

NMG methanesulfonate (prepared by titrating NMG with methane-

sulfonic acid MSA), 140; potassium methanesulfonate (prepared by
titrating KOH with MSA), 5; calcium acetate, 5; MgSO4, 1; HEPES,

10; and glucose to adjust osmolality to 327 mOsm/kg (in some cases
0.2 mM CdCl2 was added); electrode, potassium methanesulfonate, 140;

MgSO4, 1, EGTA, 1.1; HEPES, 10; and glucose to 315 mOsm/kg
(electrode resistances with this combination were approximately 4 MO).

2) NaCl-TEA/CsCl: bath, NaC1, 120; TEA, 20; KC1, 5; CaCl2, 5; MgCl2,

1; HEPES, 10; and glucose to 310 mOsm/kg; electrode, CsCl, 140;

MgCl2, 1; HEPES, 10; EGTA, 1.1; and glucose to 310 mOsm/kg. 3)

NMG-Cl/NMG-Cl: bath, NMG-Cl (prepared by titrating NMG with

HC1), 140; CaCl2, 5; MgC12, 1; HEPES, 10; and glucose to 301 mOsm/

kg-. electrode, NMG-Cl, 140; MgC12, 1; EGTA, 1.1; HEPES, 10; and

glucose to 304 mOsm/kg. All solutions were adjusted to pH 7.40. NMG

and MSA were obtained from Sigma Chemical Co. (St. Louis, MO).

Solutions were filtered through a 0.22-jim membrane filter (Millipore

Corp., Bedford, MA) immediately before use.

Single-channel recording. Single-channel recordings were carried
out in the cell-attached, inside-out, and outside-out configurations

using patch electrodes prepared as described above. In this application,
the 10-GO headstage feedback resistor was used. For cell-attached and
inside-out recordings, the patch electrodes were filled with the standard

bathing medium except that, in some inside-out recordings, 10 mM
CaCl2 and 2 mM MgCl2 was used, because this aided in maintaining
the integrity of the patches. Where specified, the K� concentration of
the pipette solution was elevated with a corresponding decrease in Na�.

The bathing solution in the inside-out experiments usually contained
(in mM): KC1, 140; HEPES, 10; EGTA, 1.1; CaCI2, 0.1; MgCl2, 1

(nominally 10_8 M free Ca21. For high Ca2� solutions (nominally 106

M free Ca2), 1 mM CaC12 was used. Recordings in the outside-out

configuration used electrodes filled with the same internal solution as

for whole-cell recording, except as noted in the figure legends.

Application of ions and drugs. 4-AP and 3,4-DAP were applied
by pressure ejection (typically <1 p.s.i.) from glass micropipettes (pre-

pared from 1.2-mm o.d. capillaries; tip diameter, 1-2 Mm) positioned
close to the cell membrane or the tip of the electrode containing an
excised membrane patch. The drugs were dissolved in bathing medium
and the solution was adjusted to pH 7.40 as required. Concentrations
given are those in the pressure pipette. In inside-out patch experiments,

changes in internal (bath) ionic concentration were accomplished by
rapid perfusion. 4-AP was obtained from ICN Pharmaceuticals (Plain-

view, NY); 3,4-DAP and TEA were from Sigma Chemical Co.
Data acquisition and analysis. Macroscopic and single-channel

membrane currents were recorded on a Brush oscillographic recorder
(Gould Inc., Cleveland, OH). Single-channel currents, filtered at 1

KHz, were also acquired on a minicomputer in records of 2048 points

each at a rate of 200 �asec/point and were stored on a magnetic disk for

later analysis. Single-channel parameters were determined semiauto-

matically by manually positioning a cursor on a video display of the
raw data. Curve fitting and plotting were performed with the Grapher

software package (Golden Software, Golden, CO).

In all data figures, outward currents are positive (upward) and
represent movement of positive charge from the cell interior to the cell

exterior or, in excised patch recordings, from the internal (cytoplasmic)

membrane face to the external (extracellular) membrane face.

Results

Characteristics of the sustained outward current. De-

polarizing voltage-clamp steps from a holding potential of -50

or -40 mV activated an outward current that rose to an initial

plateau within 200 msec. As in the recording shown in Fig. 1,

upon depolarization to -25 mV or more positive potentials, the

current typically exhibited a dramatic sigmoidal rise in ampli-

tude after 0.4-2 sec of maintained depolarization. The current

did not show time-dependent inactivation even when the mem-

brane was depolarized for >5-10 sec. In a few cells, the delayed

vs

-15

-20

-25

-30

-40

I
2 sec

Fig. 1. Whole-cell voltage-clamp recording from a GH3 cell showing
voltage dependency for activation of the sustained outward current. The
cell was held at -50 mV and stepped to the potentials (V3) given to the
left of each trace. In this and subsequent figures, all potentials are in mV
and the standard bath and pipette solutions were used (see Materials
and Methods) unless otherwise noted.

increase in the current diminished with repeated depolarizing

steps, but in most cells the current was stable as long as the

recording could be maintained (up to 30 mm). As in the traces

of Fig. 1, the current noise increased progressively during the

slow turning on of the outward current, suggesting that the

current is due to increased membrane conductance resulting

from channel openings.

At a holding potential of -50 mV, the fast inactivating

outward current in GH3 cells, ‘A, shows nearly complete (‘--90%)

steady state inactivation (15). Moreover, because the bulk of

this current undergoes exponential time-dependent inactiva-

tion with a time constant of 30-50 msec, the contribution of ‘A

to the total outward current at the end of prolonged (3-5 sec)

voltage steps, as used in the present study, is insignificant.

The ionic selectivity of the sustained outward current was
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larization to different potentials. Under ordinary ionic condi-

tions with 5-sec depolarizing voltage steps, the tail current

observed on repolarization to -50 mV was outward and reached

lie amplitude in 0.8-4.8 sec (mean ± SD: 2.3 ± 1.2; 19 cells).

The decay rate was independent of step potential. Fig. 2 shows

the tail currents obtained after a 5-sec depolarizing step from

-50 to -20 mV under conditions of normal (5.5 mM) and

elevated (10.5 mM) extracellular Kt The reversal potential

shifts from -67 to -52 mV, a 15-mV change that is near the

16-mV shift expected of a pure K� current at room temperature.

Thus, the outward current is primarily mediated by K� ions.

In two additional cells, the tail current reversal potentials in

ordinary extracellular K� were -72 and -73 mV, giving a mean

± SD of -71 ± 3 mV for the three cells. There is a significant

divergence of the measured reversal potentials from the values

predicted by the Nernst relationship. Assuming complete re-

placement of the intracellular electrolyte with the pipette so-

lution, the calculated equilibrium potential for K� in 5.5 mM

external solution is -82 mV. The -11-mV deviation of this

value from the measured tail current reversal potential is likely

due to K� accumulation near the external membrane face

during the prolonged depolarizing steps and possibly also due

to contamination by Ca2�-dependent Cl currents (18). In ad-

dition, there may be errors caused by the liquid-junction poten-

tial between the bath and pipette solutions and the Donnan

potential at the electrode tip (see Ref. 14).

To confirm that the tail current reflects deactivation of the

sustained outward current, a comparison was made between

the outward current activated during voltage steps and the

corresponding tail current for depolarizations of various dura-

tions. As illustrated in Fig. 3, the magnitude ofthe peak outward

current and the tail current increase in parallel as the duration

of the voltage step becomes longer. In the cell shown, the peak

and tail currents both reached a maximum of 6 sec. Moreover,

there is a close linear correlation between the outward current

and tail current conductances of each step. The tail current

conductance is smaller in magnitude than the peak conduct-

ance, presumably because a portion of the outward current

deactivates nearly instantaneously on repolarization. These

results indicate that the tail current reflects deactivation of the

outward current during the step and provides support for the

conclusion, based upon the reversal potential measurements,

that the outward current is due to current flow through pri-

manly K�-selective channels.

Blockade of the sustained outward current. The sus-

tamed outward current activated by prolonged depolarization

from a holding potential of -50 mV was substantially blocked

by TEA and Cd2�. This is ullustrated in Fig. 4, which shows

current-voltage plots before and during superfusion with 25

mM TEA and 0.2 mM Cd2�. Note in the sample records that

these channel-blocking agents reduced both the outward cur-

rent elicited during the depolarizing step and the outward tail

current reflecting deactivation of this current. For the cell

shown, TEA produced an 88% block of the leak-subtracted

peak current at -20 mV and this block diminished to 76% at 0

mV. Cd2� caused a similar degree of block as did TEA; however,

in contrast to TEA, there was no voltage-dependent relief of

the block as the cell was depolarized. Thus, Cd2� caused an

88% block of the leak-subtracted outward current at -20 mV

and a 90% block at 0 mV. The voltage dependency of the TEA

effect is compatible with a channel-blocking mechanism in

which the positively charged molecule plugs the channel pore.

As the cell is depolarized, the electrostatic field sensed by the

TEA molecule would tend to oppose binding to its acceptor site

within the channel. TEA block of Ca2�-activated K� channels

in other cell types shows varying degrees of voltage dependence

(19-22), indicating that TEA penetrates into the channel pore

to different extents in various preparations. In contrast to the

TEA block, the Cd2� block likely results from an indirect

mechanism, in which Ca2� entry through voltage-dependent

Ca2� channels is prevented and intracellular Ca2� levels fail to

rise so that Ca2�-dependent facilitation of channel opening is

prevented. At 0.2 mM, Cd2� has previously been shown to

produce complete block of the Ca2� currents in GH3 cells (23).

These pharmacological observations support the conclusion

that the sustained outward current activated by prolonged

depolarizing voltage-clamp steps is due primarily to activation

of a Ca2�-dependent K� conductance.

Facilitation of outward current by aminopyridines. As

illustrated in Fig. 5A, 4-AP and 3,4-DAP caused a marked

increase in the amplitude of the sustained outward current.

The bulk of this effect is observed during the rapid rise in

] 10

5 sec

Fig. 2. Sensitivity of tail currents to a change in external K�. Outward current was activated by a 5-sec depolarization to -20 mV from a holding
potential of -50 mV. Sample records of the tail currents obtained on repolanzation to various potential levels are illustrated. The amplitude of the
tail current 1 00 msec after repolanzation (measured with respect to the leakage current 6 sec after repolarization) is plotted in the graph shown to
the right.
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Fig. 3. Comparison of peak outward current and tail current elicited by step depoarlization from -40 to -4 mV for various durations. Sample records
are shown to the left. The peak outward current and tail current amplitudes are plotted in the graph shown in the middle. The conductance of the
peak current (G,,..�) and tail current G,�) was estimated by dividing the amplitude by V-V. where V is the potential at which the current was recorded
and Vr �5 the reversal potential of tail currents in these cells (-71 my; see text). G,51,is plotted against G,,.� at the right; the line indicates the least
squares fit to the data (slope, 1.08).
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Fig. 4. Current-voftage relationships for outward current before (0) and after (its) the application of TEA (25 mM) (A) and Cd2� (0.2 mM) (B). The
points represent the peak outward current at the end of 3- (TEA) or 5- (Cd24) sec voltage-clamp steps from a holding potential of -50 mV. The inset
shows sample records obtained with steps to 0 mV; the scale shown in (A) also applies to the records in (B).

outward current that occurs 1-3 sec after the onset of the

voltage step. The facilitation of outward current begins within

seconds after onset of the drug superfusion and reaches a

plateau in about 1 mm (Fig. 6). The effects of 4-AP and 3,4-

DAP were fully reversible, so that the current typically returned

to baseline levels within 30-60 sec after discontinuation of the

drug superfusion (Fig. 5A). In some cells, the increase in current

induced by the drugs became less prominent with repeated

depolarizing voltage steps, although in two cells the enhanced

current was maintained for up to 3 mm after onset of the drug

superfusion. As seen in the records of Fig. 5A, the outward tail

current following repolarization is also increased by the ami-

nopyridines. Fig. 6 plots the tail current conductance as the

response to 4-AP develops. In comparison with the effect on

the increase in the peak conductance during the step, there is

a corresponding, although smaller, increase in the tail current

conductance. The increase in the outward tail current is as

expected if the aminopyridine facilitation of outward current is

due to an increase in the activity of the K� channels that

contribute to the sustained outward current. The dissociation

between the magnitude of the increase in outward current

during the step and the tail current was seen in all cells

examined and may reflect enhancement by the aminopyridines

mV �J1

_J �

-�

of an opposing inward tail current resulting from deactivation

of a Ca2�-dependent cl- current (18). Alternatively, 4-AP may

additionally enhance a rapidly deactivating outward current,

the decay of which is too fast to be resolved on the time scale

used in these experiments. Ritchie (14) previously observed

such a partially Ca2�-dependent current (deactivation time

constant, ‘--44 msec) in a small proportion of GH3 cells.

To confirm that the effects of 4-AP on outward current were

due to promotion of K� channels, recordings were carried out

under conditions in which K� was the sole membrane-permeant

intracellular cation and Ca2� was the only permeant extracel-

lular cation (Fig. 5B). Under these conditions, 4-AP produced

a large (683 ± 83%, mean ± SE; five cells) facilitation of

outward current confirming that the effect of the drug is

specifically due to an increase in K� conductance. (Control

outward current amplitudes were smaller than those obtained

with ordinary recording solutions, typically 40-175 pA with

voltage steps to -10 or 0 mV, and outward tail currents were

not observed under these conditions, possibly as a result of a

shift in the K� equilibrium potential or a change in the deac-

tivation kinetics of the current.) Addition of Cd2� (0.2 mM) to

the NMG-MSA extracellular mediun in recordings with

K-MSA-filled pipettes eliminated the sustained outward cur-
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A
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Fig. 5. Facilitation of sustained outward current by aminopyndines under different ionic conditions. A, Comparison of the effect of 4-AP and 3,4-
DAP on two different cells in normal recording conditions. B, Effect of 4-AP on outward current in NMG-MSA/K-MSA (see Materials and Methods),
where the sole permeant cations are Ca2� (outside) and K� (inside). C, Effect of 4-AP on inward and outward currents in NaCl-TEA/CsCI, where K�
channels are substantially blocked by TEA and Cs�.

rent and, under these conditions, 4-AP failed to have any effect

on the current record (three cells). Taken together, these results

indicate that the ability of 4-AP to promote outward current is

due to its effect on Ca2�-dependent K� conductance.

When K� currents are substantially blocked by inclusion of

TEA in the bathing medium and internal perfusion of the cell

with Cs� via the patch electrode, GH:t cells exhibit inward

current upon depolarization, due to Ca2� entry (18, 24, 25).

There is also residual outward current that could be due to the

passage of Cs� ions through K� channels or other cation pores.

The amplitude of the residual outward current is a small

fraction of that observed under usual recording conditions.

Nevertheless, as shown in Fig. 5C, this residual outward current

can also be facilitated by 4-AP. Note that the peak inward

current is slightly diminished during 4-AP administration, due

to the facilitation of opposing outward currents. When outward

currents are more completely blocked by intracellular and

extracellular solutions containing NMG-Cl (see Materials and

Methods), 4-AP has no effect on the sustained inward Ca2�

current and no longer promotes outward current (six cells).

These results demonstrate that the aminopyridine facilitation

of outward current does not result from an enhancement of

Ca2� entry through voltage-dependent Ca2� channels.

Although all drug solutions were adjusted to physiological

pH before use, control for pH artifacts was carried out by

applying bathing medium that had been adjusted to pH 6.5 or

8.6. Neither of these solutions produced an effect on the sus-

tamed outward current similar to that of the aminopyridines.

Fig. 7 illustrates that aminopyridines promote the sustained

outward current at all potentials at which the steady state

current-voltage curve shows rectification, indicating that the

current is activated (i.e., potentials more positive than -25

mV). 4-AP does not cause a modification in the current-voltage

characteristics of the cell in the nonrectifying voltage region

below -30 mV and does not shift the threshold for activation

of the sustained outward current.

Fig. 8 illustrates the dose dependency of the effect of 4-AP

and 3,4-DAP on the sustained outward current. At the highest

concentrations, the drug produces more than a doubling in the

steady state current amplitude. Lower concentrations produced

less effect, in a dose-dependent fashion. At higher concentra-

tions, 3,4-DAP appeared to be somewhat more potent than 4-

AP, but this did not hold true at lower concentrations.

Characterization of the large-conductance Ca2�-acti-

vated K� channel. Cell-attached single-channel recordings

from GHa cells invariably demonstrated large-conductance

Ca2�-dependent K� channels. As illustrated by the recording

shown in Fig. 9, these channels exhibited a marked voltage
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Fig. 6. Time course of the facilitation of sustained outward current by 4-
AP. Five-second voltage steps from -50 to -1 0 mV were applied at
intervals. After several control steps, superfusion with 2 m� 4-AP was
begun (bar). The conductance for the maxinum outward current at the
end of each step (PEAK) and for the corresponding tail current (TAIL)
were determined as indicated in the legend to Fig. 3.
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Fig. 7. Current-voltage relationship for sustained outward current before
(0) and after (Lx) application of 4-AP (5 mM). The points represent the
peak outward current obtained at the end of a 5-sec voltage clamp step
from the holding potential (VH, -50 mV) to the indicated command
potentials. 4-AP does not alter the curve for step potentials below -30
mV. Above this level, the cell shows outward rectification and 4-AP
increases the peak outward current. The dot indicates the step potential
(-5 mV) for the sample traces in the inset.

dependency. Channel opening is infrequent at resting potential

(0 mV electrode potential), but the open probability increases

substantially with depolarization. Inspection of channel record-

ings of several minutes in duration indicated that the channels

fl4-AP

LI

Fig. 8. Concentration dependency for the increase in sustained outward
current produced by 4-AP and 3,4-DAP. The outward current was
determined using voltage-clamp steps from -50 mV to between -25
and -1 0 mV. The control step amplitude was adjusted to give a moderate
time-dependent rise in current during the voltage step. The percentage
increase in peak outward current � was calculated as 1 00 x
[(ca)l�ca)]/l�qCs) where l�) is the net outward current elicited by the
voltage step at 5 sec and l�c� is the maximum current measured in the
same way during the drug application. The bars indicate the mean
percentage increase; numerals indicate the number of cells tested; lines
represent standard errors. The actual net current for the control steps
was 231 ± 25 pA (mean ± SE).

did not inactivate with maintained depolarization. Single-chan-

nel records obtained in the cell-attached configuration often

showed a slight sag (relaxation) in the open current. This sag

was not present in excised patch recordings. The distortion

presumably reflects loading of the open channel current by the

cell capacitance under conditions in which the single-channel

conductance is of significant magnitude in relation to the

whole-cell conductance [see Fenwick et al. (26)]. In cell-at-

tached recordings with 5.5 mM K� in the recording electrode,

the mean channel amplitudes were linearly related to mem-

brane potential (Fig. 10), giving single-channel conductances

of 55-90 pS (mean ± SD: 67 ± 12, n = 5). With high K� in the

recording electrode, the conductance increased to 150-175 pS

(Fig. 10). In the present series of experiments, no attempt was

made to study small-conductance Ca2�-activated K� channels,

as described by Lange and Ritchie (17).

Extracellular superfusion with TEA failed to affect the activ-

ity of Ca2�-activated K� channels in cell-attached single-chan-

nel recordings, as expected if the drug is unable to permeate

the cell membrane. However, in outside-out patch recordings,

20 mM TEA produced complete elimination of channel opening

(Fig. 1 1), supporting the conclusion that the channels mediate

the TEA-sensitive K� current activated by prolonged depolar-

ization in these cells. Like TEA, external Cd2� had no effect on

channel openings in cell-attached patch recordings. This is as

expected if Cd2� inhibition of the sustained K� current in

whole-cell recordings occurs as a result of Ca2� entry blockade,

because voltage-dependent Ca2� channels are not activated

during these recordings (except in the patch membrane itself

and Cd2� does not have access to these channels). To provide

further support for this concept, the Ca2� dependency of the

channels were studied in single-channel recording experiments.

As previously reported by Lange and Ritchie (17), the open
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Fig. 1 1. Outside-out patch recording showing blockade of Ca2�-activated

1 00 1 20 K� channels by TEA (20 mM). Under control conditions at a holding

potential of +20 mV, two channels were active in the patch. Superfusion
with TEA results in the elimination of all openings. The pipette contained
normal internal solution with nominally 4 �M free Ca2� (1 .1 mr�i EGTA,
1 .08 m� CaCl2); the bath contained normal bathing medium with 1 0 m�
CaCl2 and 2 mM MgCI2. Holding potential (Vm), +20 mV. Single-channel
conductance, 83 p5.
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-10
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2O�

30

50 _______

�
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Fig. 9. Cell-attached patch record-
ing of a single Ca2�-activated K�

channel with 5.5 mM K� in the
electrode solution. Numbers to
the left of each record reflect the
relative depolarization ofthe patch
with respect to the resting poten-
tial of the cell (negative of the
patch electrode potential). Mean
channel open times increased
with depolarization from 2.6 (+10
mV) to 1 0.6 msec (+70 mV).
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Fig. 10. Single-channel current-voltage relationships for three Ca2�-
activated K� channels in cell-attached patch recordings. Each recording
was obtained with a different concentration of K� in the patch electrode
solution, as indicated. The points represent the mean amplitudes of 101-
455 discrete openings. When the open channel currents showed a sag
(see text), the peak amplitudes were used. Individual amplitude values
were normally distributed about the means with standard deviations
<1 0% of the means. The data indicated by squares are from the channel
illustrated in Fig. 9. Single-channel conductances, calculated from the
best fit lines to the linear portions of the current-voltage plots, are as
follows: 5.5 mM K�, 75.9 p5; 50 m� K�, 174 p5; 135 m� K�, 152 p5.
The reversal potentials for 50 and 135 mM KCI are 20 and 39 mV,
respectively. The shift of 19 mV compares with a theoretical shift of 25
mV, indicating that the channels are predominantly, although perhaps
not exclusively, permeable to K�.

CONTROL

TEA (20 mM)

probability of large-conductance Ca2�-activated K� channels in

GHa cells was highly dependent upon the internal concentra-

tion of Ca2�, with a threshold near 1 �tM. In outside-out patch

recordings at nominally 1 �tM free internal Ca2�, channel open-

ings were observed only at strongly depolarized potentials

(greater than +30 mV), whereas, with higher free Ca2� concen-

trations (4-50 �tM), the open probability was substantial at

more hyperpolarized potentials. The Ca2� dependency was con-

firmed in inside-out patch experiments in which the same
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Fig. 12. Activity of a single Ca2�-activated K� channel in an inside-out patch at two concentrations of internal free Ca2�. The excised patch was
initially made with the internal (cytoplasmic) membrane face exposed to nominally 10� M Ca2�-containing medium (1 .1 m� EGTA, 0.1 m�i CaCI2).
The patch was continuously stepped at a rate of 0.3 Hz from -30 mV to +40 mV for a duration of 409 msec. (Potentials are with respect to the
bath.) Sample records during the step are shown in A; small capacitative transients occurring at the onset of the step were eliminated by subtracting
an averaged record composed of three blank sweeps. The graph shown in B plots the open probability of the channel during each sweep with
respect to the time from the start of the experiment. During the break in the record (marked by an arrow), the bathing medium was changed to
nominally 10_6 M Ca2� (1 .1 mM EGTA, 1 mr�i CaCI2). There is a marked increase in the channel open probability with elevated Ca2�. The conductance
of the channel was 73 p5.
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channel was perfused with bath solution containing different

free Ca2� concentrations. As illustrated in Fig. 12, the open

probability at +40 mV is markedly increased upon transition

from nominally 0.01 to 1 �.tM free Ca2t These results confirm

the Ca2� dependency of the large-conductance voltage-depend-

ent K� channel and provide further evidence that it underlies

the Cd2-sensitive outward current activated by long depolari-

zation.

Facilitation of Ca2�-activated K� channels by 4-AP.

The mechanism of the aminopyridine facilitation of the sus-

tamed K� current was investigated by studying the effect of 4-

AP on the single Ca2�-dependent K� channels underlying the

current. A typical cell-attached recording is illustrated in Fig.

13A. The patch membrane was depolarized 50 mV from resting

potential so that the channels opened moderately frequently.

Extracellular application of 4-AP (2 mM) led to a marked

facilitation of channel opening within seconds of the onset of

the drug perfusion. Whereas under control conditions simul-

taneous channel openings are rare, during and after 4-AP as

many as three simultaneous openings were observed. The frac-

tion of time spent in the open state was markedly enchanced

by 4-AP (Fig. 13B); however, the drug did not significantly

alter the single-channel conductance (Fig. 13C).

To further explore the mechanism of the 4-AP effect on

single Ca2�-activated K� channels, recordings were carried out

in bathing medium nominally free of Ca2�. Under these condi-

tions, the channels did not open, even with strong depolariza-

tion (Fig. 14, top left). 4-AP failed to cause the appearance of

channel openings in Ca2�-free solution (Fig. 14, bottom left).

However, in the same cell, extracellular application of Ca2�-

containing bathing solution resulted in channel opening and

this was markedly facilitated by 4-AP. This suggests that the

action of 4-AP is dependent upon sufficient intracellular Ca2�

to permit channel opening. The patch illustrated in the record-

ing of Fig. 14 appears to contain only a single large-amplitude

channel, as evidenced by the lack of simultaneous openings.

This experiment, therefore, demonstrates that 4-AP can facil-

itate the activity of an individual Ca2�-activated K� channel as

well as possibly increase the number of active channels, as

indicated by Fig. 13. In experiments with excised inside-out

patches exposed to usual extracellular and intracellular Ca2�

concentrations (see Materials and Methods), 4-AP (5 mM)

failed to have a direct effect on channel opening (n = 3),

demonstrating that its facilitatory action requires intact cells.

Discussion

The main observation of this study is that aminopyridines

can facilitate the sustained Ca2�-activated K� current in intact

GH clonal pituitary cells. This is in sharp contrast to their

blocking effect on voltage-dependent, Ca2�-independent K�

currents in GHi cells (15) and other cell types (see Introduc-

tion). The facilitatory effect is best observ3d with persistent

depolarizations of at least several seconds and occurs at some-

what higher concentrations than the channel-blocking effects.

Thus, the A-type K� current in GH3 cells is substantially

blocked by 4-AP concentrations in the micromolar range (15).

The Ca2�-activated K� current is the dominant membrane

current activated upon prolonged depolarization of GH:� cells,

and single-channel recordings consistently demonstrated large-

conductance, noninactivating, Ca2�- and voltage-dependent K�

channels. The channels have unitary conductance with a phys-

iological transmembrane K� gradient of 67 p5, but this in-

creases to 150-175 PS in symmetrical high K�. Although a

similar unitary conductance for Ca2�-activated K� channels

was found in one previous study with GH� cells (27), Lang and

Ritchie (17) have reported a conductance approximately double

this value. The reason for the discrepancy is unclear but may

relate to the use of cells derived from different GH� subclones.

In fact, the unitary conductances of Ca2�-activated K� channels

varies widely in different tissues (28). Because of the possible

variation in channel properties between cell preparations, it

was important to characterize in detail the single-channel prop-

erties and pharmacological sensitivity of the channel as a

prelude to examining the effects of 4-AP. These experiments

demonstrated a Ca2� dependency of the channel similar to that

reported by Lang and Ritchie (17) and, in addition, showed the

channel to be TEA sensitive. The results are consistent with

the concept that the large-conductance Ca2�-dependent K�

channel is the primary carrier of the sustained K� current

activated by prolonged depolarization.

The single-channel recordings provide insight into the way

in which aminopyridines act to promote the sustained K�

B z � .0 � Elevated Ca2�
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z 0.6
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Fig. 13. Effect of 4-AP on single Ca2� -activated K� channels in a cell-attached recording. All parts of the figure refer to the same experiment. A, top,
the patch was depolarized by 50 mV. At this level of depolarization, channel openings occurred moderately frequently under control conditions.
Superfusion of the cell with 4-AP (2 mM) greatly increased the frequency of channel opening. The pen recorder tracing does not give an accurate
indication of the single-channel current amplitude due to its limited frequency response. Bottom, sample records (taken at points indicated by arrows
in the top tracing) showing single channel currents on an expanded time scale. At least three channels were present in this patch. B, Effect of 4-AP
on the fraction of time (ordinate) at least one channel is open at various potentials depolarized from resting potential (abscissa). Each point represents
data (73-1 02 open events) obtained from continuous recording before (Li) and during (0) 4-AP application. C, Single-channel amplitudes as a
function of the depolarization potential. Each point represents the mean amplitude of the open events used in B; bars indicate standard deviation.
At each potential level, the channel amplitude data exhibited a unimodal distribution, as indicated by the sample histograms for the data at 50 mV
shown in the inset (-, control; - - -, 4-AP), demonstrating that all channels in this recording are of similar conductance. This suggests that 4-AP
does not activate a distinct population of channels that are not open under control conditions. The least squares best fit line to the data gives a
single-channel conductance of 73 p5 for control (-) and 67 p5 for 4-AP (- - -). These values are not significantly different by the small sample
test for parallelism (45).

AMPLITUDE (pA)

current. In intact GH cells, the drugs markedly enhance the

open probability of the channel without altering their unitary

conductance. Because the drugs have no effect on the channels

in excised membrane patches, the drugs presumably do not act

on the channels themselves and, in fact, the effect of amino-

pyridines is similar to that produced by increases in the intra-

cellular free Ca2� level. Nevertheless, the cellular mechanisms

responsible for the facilitatory effect of aminopyridines on

channel opening are a matter of speculation. In several systems,

it has been suggested that 4-AP facilitates Ca2� entry through

voltage-sensitive Ca24 channels (29-31). Such an action could

potentially account for the effect on the Ca2�-activated K�

current and, in fact, the aminopyridines failed to promote the

macroscopic current or the underlying single channels in Ca2�-

free bathing medium. However, effects on Ca2� entry do not

seem to explain the potentiation, because 4-AP did not promote

Ca2� current in GH:� cells (Fig. 5C). Bathing GH� cells in Ca2�-

free medium lowers intracellular Ca2� levels (32-35) and be-

cause the channels require Ca2� for their activation, this would

result in their failure to open and does not imply an extracel-

lular Ca2� requirement specifically for the aminopyridine effect.

The single-channel recordings also provide evidence against a

specific effect on Ca2� current, because in these experiments

the whole cell was not depolarized to a potential level at which

voltage-dependent Ca2� channels are activated (24, 25). More-

over, depolarization of the patch tends to hyperpolarize the

whole cell slightly so that Ca2� currents are even less likely to

become activated. 4-AP is known to cause increased spike firing
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Fig. 14. Failure of 4-AP to promote single Ca2�-activated K� channels in Ca2�-free solution. This cell-attached recording was carried out with
nominally Ca2�-free extracellular and pipette solution. Under these conditions, large amplitude channel openings are not observed (top left). When
the cell is exposed to Ca2�-containing recording medium (applied during period indicated by dashed line) channel opening is permitted and this
activity is enhanced by 4-AP (applied during period indicated by solid line). The middle two traces form a continuous record. Segments of this record
displayed on an expanded time base are shown to the right; the letters indicate the approximate point at which the fast sweeps were taken. Bottom
left trace indicates lack of effect of 4-AP under Ca2�-free conditions. This patch contained a channel of conductance 90 p5; an unidentified small
amplitude channel may be present as well.
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I Unpublished observations.
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in GH cells (2). However, when the patch electrode is held at

-50 or -60 mV (Figs. 13 and 14), the cell is sufficiently

hyperpolarized so that there are no spontaneous action poten-

tials, even in the presence of 4-AP.’ Therefore, the increased

spike firing and resulting Ca2� entry that usually occurs with

4-AP cannot account for the effect on Ca2�-activated K� chan-

nels. Additional evidence against the concept that the amino-

pyridine effect is mediated by a facilitation of Ca2� entry was

obtained previously by Herman and Gorman (10). These inves-

tigators reported that high concentrations of 4-AP (5 mM)

increased the Ca2�-activated K� current in a molluscan pace-

maker neuron. In these experiments, Ca2� was injected intra-

cellularly by iontophoresis so that possible effects on Ca2�

current were excluded.

As an alternative hypothesis, it can be speculated that the

aminopyridines interfere with the Ca2�-handling ability of the

cell, so that intracellular Ca2� levels effectively rise and shift

the activation curve for the Ca2�-dependent channels to more

hyperpolarized levels. Thus, Ca2�-activated K� channels were

not promoted in excised patches, where cellular Ca2�-buffering

mechanisms are absent. Moreover, the delayed nature of the 4-

AP effect could be due to a gradual overwhelming, during a

prolonged voltage step, of the Ca2�-buffering capacity either in

the whole cell or in a localized compartment within the cell.

Additional evidence in favor of this idea is provided by experi-

ments carried out in Na�-free extracellular medium (NMG-

MSA bath solution). 4-AP produced a much larger increase in

outward current under these conditions than in normal Na�-

containing medium. In excitable cells, the Ca2� gradient is

maintained by a Na�-Ca2� exchange mechanism (36). Recent

studies have demonstrated the existence of Na�-Ca2� exchange

in plasma membrane vesicles from GH:� cells (37). In the

absence of extracellular Na�, this exchange process is inhibited

and Ca2� cannot be discharged from the cell. Thus, if amino-

pyridines impaired Ca2� buffering or transport, intracellular

Ca2� would rise more rapidly and achieve a higher level in Na�-

free conditions.

Alterations in cytoplasmic pH could also contribute to the

aminopyridine effect. 4-AP and 3,4-DAP are strongly basic

compounds, with pK� values of 9.17 and 9.14, respectively (38).

It has recently been demonstrated that elevation of intracellular

pH increases the activity of Ca2�-activated K� channels in
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pancreatic $-cells (39, 40) and epithelial cells (41, 42). Like the

facilitation occurring in GH3 cells, this is the result of an

increase in the open channel probability (41). It has been

proposed that W can compete with Ca2� for binding to the

Ca2� regulatory site on the channel. Thus, elevation of intra-

cellular pH would relieve the H� block and produce an action

effectively similar to an increase in intracellular free Ca2�.

Assuming this mechanism, the greater maximum efficacy of

3,4-DAP, compared with 4-AP (Fig. 8), would result from the

presence of two basic groups on the molecule.

4-AP has been demonstrated to promote prolactin release

from GH3 cells (2). Hormone release from these cells is stimu-

lated by increases in intracellular Ca2� levels (32, 43, 44). If 4-

AP enhances the effective intracellular free Ca2� concentration,

this could account for the effect of the drug on release, apart

from any stimulation of action potential firing.
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