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SUMMARY

The mechanism by which aminopyridines (APs) block cloned
Kv1.1 K* channels expressed either in the mammalian Sol-8
muscle cell line or in Xenopus oocytes was investigated using
whole-cell patch-clamp and two-electrode voltage-clamp tech-
niques. When Sol-8 cells were exposed to 4-AP (30 um to 1 mm)
or 3-AP (300 um to 10 mm) for 1-2 min at a holding potential of
—80 mV, delayed rectifier K* currents activated by the first
depolarization to +40 mV showed a small reduction in peak
amplitude but exhibited a rapid decay phase that was absent in
control records. However, currents elicited by subsequent pulses
showed maximal block throughout the pulse. These results
suggest that 4-AP requires the channel to be activated before
block can occur readily. After a 10-min washout of 4-AP in the
absence of channel activation, the current elicited at the begin-
ning of the first depolarizing pulse was similar to that observed

during maximal block. However, during the pulse the current
increased in an exponential manner, to an amplitude similar to
that seen in the absence of 4-AP. Subsequent pulses elicited
currents with profiles similar to that observed in controls. These
results suggest that channel activation is also required for un-
block (i.e., 4-AP is trapped when the channel closes). Block of
Kv1.1 channels by 4-AP was voltage dependent. The magnitude
of block decreased progressively as the membrane potential was
depolarized to voltages more positive than —20 mV. The con-
centration producing half-maximal inhibition (ICso) of Kv1.1 cur-
rents in Sol-8 cells at +40 mV at physiological pH (7.2) was 89
um for 4-AP (pK, = 9.2) and 2.2 mm for 3-AP (pK, = 6.0).
However, when the intracellular pH was lowered to 6.0 the ICs,
for 3-AP decreased to 290 um. These results are consistent with
the charged form of the APs being the active species.

APs have been shown to block voltage-activated potassium
channels in a variety of cell types, including neurons (1, 2),
skeletal muscle cells (3), cardiac muscle cells (4-6), secretory
cells (7), and cells of the immune system (8). A number of early
studies examining 4-AP block of delayed rectifier currents in
nerve axons showed that inhibition was relieved by prolonged
membrane depolarization or by increases in the frequency of
short depolarizations (2, 9). These findings resulted in the
proposal that 4-AP blocks closed or resting K* channels (2). A
similar mechanism has been proposed to underlie 4-AP inhi-
bition of voltage-dependent transient outward K* currents in
molluscan neurons (10), mammalian melanotrophs (7), and
cardiac muscle cells (4-6). However, several studies have pro-
vided evidence that 4-AP inhibition of some transient outward
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K* channels is better described by a preferential block of the
open state of the channel (8, 11). In a recent study examining
the cloned K* channels Kv2.1 and Kv3.1, 4-AP was proposed
to produce block by interacting with open and closed channels
(12).

In the present study we have characterized 4-AP block of the
cloned delayed rectifier K* channel Kvi.1 in transfected Sol-8
cells (13) and in Xenopus oocytes injected with cRNA. Although
several studies have shown that this channel is blocked by 4-
AP (14-16), the mechanism underlying the inhibition has not
been determined. The results presented in this study lead us to
conclude that 4-AP block of Kvl.l K* channels requires
channel activation. Furthermore, 4-AP can be trapped within
the channel at hyperpolarized potentials. This suggests that
the channel must be activated for 4-AP to unblock. A prelimi-
nary report of some of this work has appeared in abstract form
an.

Materials and Methods

Preparation of Sol-8 cells. Sol-8 cells stably transfected with
Kvl.1 (RCK1) K* channel cDNA (13) were used in this study. Cells

ABBREVIATIONS: AP, aminopyridine; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-
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were maintained in culture in Dulbecco’s modified Eagle medium,
supplemented with 20% heat-inactivated fetal calf serum and 0.6 mg/
ml G418 (geneticin) (GIBCO Laboratories, Grand Island, NY), at 37°
in a humidified atmosphere containing 5% CO.. The geneticin was
present as a selection factor for cells containing the Kvl.1 cDNA. The
culture medium was changed every 3—-4 days. Once each week, the cells
were detached from the culture flask with pancreatin (GIBCO Labo-
ratories) made in phosphate-buffered saline. Some of the cells were
replated onto 35-mm plastic Petri dishes (Falcon Plastics, Cockeysville,
MD) containing the supplemented Dulbecco’s modified Eagle medium
plus 50 or 100 uM ZnCl,. Zinc was included to enhance the transcription
of Kvl.1 cDNA via an augmentation of the metallothionine-1 promoter
present in the expression plasmid. In contrast to the observations of
Koren et al. (13), expression of Kv1.1 currents in the absence of zinc
was only infrequently observed. Cells were used for electrophysiology
2-4 days after plating.

Xenopus oocyte preparation. Under anesthesia, ovarian lobes
were surgically removed. Oocytes were subjected to digestion for 20
min in a nominally Ca®*-free medium containing 2 mg/ml collagenase.
The oocytes were then defolliculated manually. Defolliculated oocytes
were stored overnight at 17°. Viable oocytes were then injected with 50
nl of mRNA (1 mg/ml) via a glass micropipette (diameter, 15-25 um).
mRNA was prepared as described previously by Koren et al (13).
Injected oocytes were stored at 17° for up to 5 days in modified Barths’s
solution containing (in mM) 88 NaCl, 1 KCl, 2.4 NaHCO;, 0.82 MgCl,,
0.33 Ca(NOs),, and 0.41 CaCl,.

Electrophysiology. Much of the present study was performed on
Sol-8 cells; however, we also examined the actions of APs on Kvl.1
channels expressed in Xenopus oocytes. Although Sol-8 cells have the
advantage of being small and thus the time course for onset and
washout of drug effects is relatively rapid (~2 min for onset and ~10
min for washout at 1 mM 4-AP, compared with ~10 min for onset and
>90 min for washout in oocytes), oocytes were found to be more robust.
It was possible to maintain electrophysiological recording in oocytes
for several hours, which was sometimes necessary for some of the
voltage-clamp protocols used in this study. Furthermore, unlike Sol-8
cells, oocytes remained stable during large membrane depolarizations
(i.e., up to +140 mV).

Two-electrode voltage-clamp of oocytes. For recordings, oo-
cytes were transferred into a chamber that was continuously superfused
at 1.25 ml/min with a recording solution containing (in mm), 120 NaCl,
5.4 KCl, 0.3 CaCl,, 1 MgCl;, and 10 HEPES, pH 7.2. Currents were
measured using a conventional two-electrode voltage-clamp amplifier
(Warner OC-725; Warner Instrument Corp., Hamden, CT). Creation
of voltage-clamp pulses was controlled by pCLAMP software (Axon
Instruments, Foster City, CA) interfaced to the amplifier via a 125-
kHz Labmaster board. Microelectrodes were filled with 3 M KCI and
had resistances of 0.5-1.0 MQ. Drugs were applied to the oocytes by
exchanging the entire bathing solution via gravity-fed reservoirs. All
experiments were performed at room temperature (~23°).

Whole-cell voltage-clamp of Sol-8 cells. The whole-cell variant
of the patch-clamp technique (18) was used to measure voltage-de-
pendent K* currents in Sol-8 cells. Before each experiment, the culture
medium was replaced with an extracellular bathing solution containing
(in mM) 145 NaCl, 5.4 KCl, 2 CaCl,, 2 MgCl,, and 10 HEPES, adjusted
to pH 7.5 with NaOH. The dish containing the transfected Sol-8 cells
was mounted on the stage of an inverted microscope and continuously
perfused with the external bathing solution at a flow rate of 2 ml/min.

Recording micropipettes were fabricated from borosilicate capillary
tubing (Boralex, Rochester, NY) and had tip resistances of 1-2 MQ
when filled with an intracellular fluid-like solution. In the present
study two different intracellular solutions were used. Solution 1 con-
tained (in mM) 145 KCl, 3 mM magnesium ATP, 10 EGTA, and 10
HEPES, adjusted to pH 7.2 with KOH. Solution 2 contained (in mMm)
100 KF, 45 KCl, 10 EGTA, and 10 HEPES, adjusted to pH 7.2 with
KOH. The outward currents measured using the two micropipette
solutions exhibited similar characteristics. However, it was found that
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seal stability was much greater with solution 2. Therefore, solution 2
was used in the majority of experiments.

Voltage-clamp was achieved using an EPC-7 patch-clamp amplifier
(Adams and List Associates, Great Neck, NY). Creation of voltage-
clamp pulses and data acquisition were controlled by pPCLAMP soft-
ware interfaced to the amplifier via a 125-kHz Labmaster board. Except
where noted, cells were maintained at a holding potential of —80 mV
between pulse protocols. Capacitive currents were partially compen-
sated using analog circuitry, with the remainder being canceled along
with leakage currents using an inverted and scaled average of five
hyperpolarizing pulses one fifth the magnitude of the depolarizing
pulse, delivered from a subtraction holding potential of —80 mV.

APs were applied to individual cells via a series of narrow bored
capillary tubes (inner diameter, ~100 um; Drummond Scientific Co.
Broomall, PA) positioned within 200 um of the cell under examination.
Drugs were made up in the extracellular solution. All drug responses
were compared with records obtained with control solution flowing out
of one of the tubes.

A consistent observation during voltage-clamp experiments was that,
upon establishment of the whole-cell configuration, a 2-10-fold increase
in the amplitude of the voltage-dependent outward current developed
over a period of 10 min. The current then remained relatively constant
at this level for up to 1 hr. This current “run-up” was observed with
both internal solutions 1 and 2, suggesting that ATP was not required
for this phenomenon. It is possible that an intracellular factor is
dialyzed out of the cell after the establishment of the whole-cell
configuration. Another possibility is the zinc that presumably accu-
mulates within the cell during culture. Zinc at micromolar concentra-
tions has been shown to inhibit a number of ion channels when applied
extracellularly (19-21) and has been proposed to inhibit Ca**-depend-
ent K* channels in hippocampal neurons via an intracellular mecha-
nism (22). A clearer explanation for the run-up phenomenon will
require further study.

In addition to the expression of Kv1.1 K* currents, Sol-8 cells were
found to express a voltage-dependent sodium current and a time-
independent outward rectifying current. The sodium current was ob-
served only when cell density was high (>70% confluent). The time-
independent outward current was present in all cells and exhibited run-
up after the establishment of the whole-cell configuration. However,
unlike Kvl.1 K* currents, the time-independent current exhibited
subsequent “run-down” and usually disappeared within 10-20 min of
establishment of the whole-cell mode. Before run-down this current
contributed at most 15% of the total outward current. After run-down
the contribution of this current was not measurable in 80% of cells and
did not exceed 5% in the remainder of the cells. The current is probably
carried by chloride ions, because replacement of extracellular Cl- by
aspartate resulted in a reversal of current direction at +40 mV (internal
solution 2 was used). To reduce the contamination of voltage-activated
outward currents with this time-independent current, measurement of
currents was usually started 15 min after the establishment of the
whole-cell configuration. The time-independent current was not aff-
ected by 3 mM 4-AP (highest concentration used in this study).

The amplitude of voltage-dependent outward currents in Sol-8 cells
was found to be large, ranging from 1 nA to 18.5 nA at +40 mV. The
median current amplitude of the cells used in this study was 5.5 nA at
+40 mV (mean, 6.7 + 0.4 nA; n = 85 cells). For quantitative analyses
(i.e., dose-respose curves and voltage dependences), cells with current
ampltitudes of <6 nA were used. After series resistance compensation
(~70%), the estimated maximal voltage drop across the pipette tip
using these cells did not exceed 7 mV. Qur estimate of the maximal
voltage offset was based on estimates of the access resistance of the
whole-cell configuration, determined in a standard manner by meas-
uring both the time constant of decay and the integral of the capaci-
tative current transient elicited by a 10-mV voltage step from a holding
potential of —80 mV (current was filtered at 10 kHz and sampled at
100 kHz). The mean time constant for decay of the capacitative current
was 130 + 26 usec (n = 10) and cell capacitance was 35.7 + 5.2 pF
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(n = 10) [comparable to 32 pF reported by Koren et al. (13)]. The mean
uncompensated access resistance estimated from 7c,,/C for individual
cells was 3.8 + 0.5 MQ. With 70% series resistance compensation the
remaining uncompensated access resistance was estimated to be 1.1
MQ. Although a maximal voltage drop of 7 mV does not effect the
qualitative nature of the results presented in this study, it is sufficiently
large to prevent us from providing precise analyses of features such as
the voltage dependence of 4-AP block. Some cells expressing currents
greater than 10 nA have been used to illustrate qualitative aspects of
AP interaction with Kv1.1 channels.

Chemicals. 4-AP and 3-AP were purchased from Sigma Chemical
Co. (St. Louis, MO). 4-AP was made up as a 1 M stock solution
containing, in addition, 100 mM HEPES and adjusted to pH 7.5 with
NaOH. 3-AP was made up as a 1 M stock solution in deionized water.
In experiments examining the effects of lowering intracellular pH
on the block produced by 3-AP, the buffer 2-(N-morpho-
lino)ethanesulfonic acid (pK, = 6.15) was used.

Results

Inhibition of Kv1.1 channels by APs. Previous studies
(14-16) have reported that Kvl.1 K* channels can be inhibited
by 4-AP. However, the ICs, values for 4-AP block reported by
those investigators range from 0.16 mM to 1 mM. Fig. 1A shows
the concentration-dependent reduction in the outward current
elicited by 4-AP in Sol-8 cells with either a 50-msec or 500-
msec depolarizing pulse to +40 mV. It can be noted that the
current traces recorded at high 4-AP concentrations (i.e., equal
to or greater than 0.3 mM) exhibited a small, time-dependent
increase in amplitude, relative to control, during the depolar-
izing pulse. The reason for this phenomenon is unclear; how-
ever, a similar phenomenon has been shown in previous reports
of 4-AP block of Kv1.2 (23) and Kv2.1 (12) channels. Fig. 1B
shows the dose-response relationship for 4-AP block of Kvl.1
currents in Sol-8 cells. For the purposes of this study we chose
to derive estimates of block by measuring both the current
amplitude at the end of a 50-msec depolarizing pulse to +40
mV and the tail current amplitude after repolarization to —60
mV. The tail current analysis was performed to ascertain
whether the outward current measured at +40 mV was con-
taminated with the time-independent outward current that was
evident upon establishment of the whole-cell configuration (see
Materials and Methods). Before its run-down, this time-inde-
pendent current contributed up to 15% of the total outward
current; however, in contrast to Kvl.1, this current exhibited
no measurable tail current. As can be seen in Fig. 1B, the
similarity between the two dose-response curves indicates that
there was little or no contribution of the time-independent
current in the dose-response measurements. The concentration
dependence of the inhibition by 4-AP exhibited a Hill coeffi-
cient of 0.91, which was deemed sufficiently close to unity to
allow fitting of the data to a Langmuir isotherm, with a fitted
half-maximal blocking concentration (ICs) of 88 + 5 uM (n =
9). Because of the small time-dependent changes in current
amplitude that occur in the presence of 4-AP, the ICs, should
be considered as representing quasi-steady state block.

Relationship between block and channel activation.
After the application of 0.3 mM 4-AP to Sol-8 cells, it was noted
that voltage steps applied within 10-15 sec elicited outward
currents that were slightly reduced in amplitude but exhibited
a clear decay phase that was absent in control records (Fig.
2A). Subsequent voltage steps applied at 15-sec intervals
evoked outward currents that exhibited successively less decay,

A Control
30 UM Control
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300 uM
1nA l_ 1nA |_
20ms 100 ms
B 1.0
« 0.8
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Fig. 1. Concentration-dependent inhibition of Kv1.1 K* currents by 4-AP
in Sol-8 cells. A, Superimposed family of current traces showing inhibition
produced by 30 um and 300 um 4-AP. Development of block at each
concentration was monitored by appilication of either a 50-msec (feft) or
500-msec (right) voitage step to +40 mV every 15 sec, from a hoiding
potential of —~80 mV, followed by repolarization to —60 mV until no further
reduction in current amplitude was observed. The current traces show
maximal inhibition achieved at each concentration of 4-AP. The two sets
of current traces were obtained from separate cells. B, Dose-response
curve of 4-AP-induced inhibition. Inhibition was assessed by measuring
both the current ampiitude at the end of a 50-msec depolarizing puise
to +40 mV (O) and the peak tail current amplitude after repolarization to
—60 mV (@) and normalizing them with respect to the control value. The
curve is a nonlinear least squares fit of a Langmuir isotherm to the data,
using an ICs of 88 um. Data points are means of nine observations.
Standard error bars are shown where they exceed the size of the symbol.

until by the fourth pulse (1 min), at which point steady state
block had been achieved, current decay was again absent. Upon
washout of the drug, current amplitude, monitored by voltage
steps applied every 15 sec, increased to control levels within 5-
10 min.

The appearance of a decay phase of Kv1.1 currents after the
initial application of 4-AP suggested that the drug either in-
duced an inactivation process that was absent under control
conditions or, perhaps, evoked a time-dependent block of open
Kvl.1 channels similar to that reported for 4-AP block of
inactivating K* currents in GH; cells (11). A consistent feature
of the onset of block by 4-AP was the finding that the peak
current amplitude of successive current sweeps was similar to
the current amplitude at the end of the preceding current sweep
(Fig. 2A). This finding suggested that little or no block occurred
between successive current sweeps (i.e., no block occurred when
the channel was closed). To examine the possibility that 4-AP
block required channel activation, the following pulse protocol
was applied. The membrane potential was initially held at —80
mV (to populate the closed channel state). 4-AP (0.3 mM) was
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Fig. 2. Requirement of channel activation for biock and unblock by 4-AP
in Sol-8 celis. A, Development and washout of block of Kv1.1 K* currents
after exposure to 0.3 mm 4-AP. Sequential 500-msec voltage steps to
+40 mV (from a holding potential of —80 mV) were appilied every 15 sec
to assess changes in current ampilitude. Upper, left, current traces elicited
by the first five voitage steps (7-5) after application of 4-AP, along with
the control current; right, washout of 4-AP (current traces elicited by
altemate voitage steps, i.e., every 30 sec, are shown). Lower, complete
time course for block and unblock by 0.3 mm 4-AP. B, Development of
block and unblock of Kv1.1 K* currents after exposure to 0.3 mm 4-AP
in the absence of channel opening. Current traces were elicited by the
same pulse protocol as in A. Upper, left, current trace 1 was generated
after a 2-min exposure to 4-AP at —80 mV; current traces 2 and 3 were
elicited 15 sec and 30 sec, respectively, after trace 7, in the continued
presence of 4-AP. Right, current trace 1 was elicited after a 10-min
washout of 4-AP at a holding potential of —80 mV (unlabeled current
trace, maximal level of block produced by 4-AP); current traces 2 and 3
were evoked 15 sec and 30 sec, respectively, after trace 1. The control
current obtained before 4-AP application is shown for comparison. Lower,
the complete time course for block and unblock under the aforemen-
tioned conditions. The data presented in A and B are from the same cell.

then applied for 2 min at this potential in the absence of
activating voltage steps. Based on the results shown in Fig. 2A,
a 2-min exposure should be sufficient for the drug concentration
to reach steady state at or near its site of interaction. After the
2-min quiescent exposure period, 500-msec depolarizing voltage
steps to +40 mV were applied every 15 sec in the continued
presence of 4-AP, to assess the degree of inhibition. Fig. 2B
(current traces in left panel) shows that the current elicited by
the first depolarizing voltage step after the 2-min exposure to
4-AP exhibited a small initial reduction in peak amplitude,
followed by a marked time-dependent decline in current am-
plitude to a level that approximated the steady state inhibition
seen in Fig. 2A. The second and third depolarizing voltage

4-AP Block of Kv1.1K* Channels 1245

steps, applied 15 and 30 sec, respectively, after the first pulse,
elicited nondecaying currents with amplitudes identical to the
current level observed at the end of the first voltage step. These
results suggest that before the first depolarizing voltage step
there had been little or no block of the channel. However, upon
channel activation 4-AP bound in an exponential manner until
steady state was reached, ~250 msec after the beginning of the
depolarizing pulse. No further block occurred with subsequent
voltage steps. Further evidence for the time-dependent reduc-
tion in current amplitude being related to drug binding was
provided by the observation that the rate of decay of the current
was dependent on 4-AP concentration. Fig. 3 shows a linear
relationship between the reciprocal of the time constant for the
decay of current (7u0x) and 4-AP concentration. The data were
fit to the following equation:

Toiock = 1/([4-AP]-kon + ko) (1)

where k., and k.« are the apparent association and dissociation
rate constants, respectively. The least squares estimates were
5.5+ 0.1 X 10* M~! sec™! for k,, and 10.4 + 0.4 sec™* for k.
These kinetic parameters were used to derive an apparent
equilibrium dissociation constant K, (Rox/k..) of 188 uM, which
is comparable to, although somewhat higher than, the ICs
determined from the dose-response curve in Fig. 1.

The results described above indicate that the channel may
need to be activated before 4-AP can bind. This raises the
question of whether the channel needs to be activated for 4-AP
to unbind. To examine this possibility the following protocol
was used. After steady state block with 0.3 mM 4-AP had been
established, the membrane potential was clamped at —80 mV
to maintain the channels in a closed state. The 4-AP was then
washed out for 10 min. Based on the results presented in Fig.
2A, 10 min should be sufficient for complete washout of the
blocking agent. The first depolarizing step after the washout
period elicited a current whose initial magnitude was similar to
that of the blocked current but increased exponentially during
the 500-msec depolarization, to an amplitude just slightly less

Fig. 3. Concentration dependence of the kinetics of 4-AP block and
unblock of Kv1.1 currents in Sol-8 cells. A piot of the reciprocal of the
time constants for block (1/7w) (@) and unblock (1/7umca) (O) deter-
mined at different 4-AP concentrations is shown. The 1/7ucx Was derived
from exponential fits to the decay phase of the first current trace elicited
by a 500-msec voitage step to +40 mV after a 2-min exposure to 4-AP
(see Fig. 2B). The value for 1/7.wox Was determined from exponential
fits of the first current trace elicited after a 10-min washout of 4-AP in
the absence of channel activation (see Fig. 2B for example). The lines
are fits of eq. 1 to the data. The parameters used in the fit of 1/7u0« are
given in the text. Numbers in parentheses, numbers of data points at
each concentration. Multiple data points for a given 4-AP concentration
are shown as mean + standard error (or range).
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than that of the control current observed in the absence of drug
(Fig. 2B, right). The second and third depolarizing voltage
steps, applied 15 and 30 sec, respectively, after the first pulse,
elicited currents with amplitudes and profiles similar to those
of the control current. These results suggest that during the
10-min washout at =80 mV there was no unbinding of 4-AP
(i.e., the drug was “trapped” within the closed channel). How-
ever, upon channel activation the drug dissociated. It is likely
that the slow rising phase of the current elicited by the first
pulse represents the rate of dissociation, because the time
constant of the rising phase of the current (termed 7unbiock)
exhibited no dependence on the 4-AP concentration used to
inhibit the current. The relationship between the reciprocal of
Tunblock 8nd 4-AP concentration is shown in Fig. 3. The slope of
the regression line fitted to these data did not differ signifi-
cantly from 0 (p > 0.17). The mean reciprocal time constant
for unblock (1/7unbiock) for all 4-AP concentrations examined
was 9.7 = 0.5 sec™* (n = 16). This value is very similar to the
estimate of k. (equivalent to 1/7, k) derived from a regres-
sion fit of 1/7p0c in Fig. 3.

Voltage dependence of 4-AP block of Kv1.1 K* chan-
nels. Although 4-AP block and unblock of Kvl.1 K* channels
occurred most readily after depolarizing voltage steps, an ex-
amination of the block at different membrane potentials indi-
cated that the level of inhibition decreased at more depolarized
potentials. Fig. 4A shows current traces elicited by a series of

o ] - -60 mV

Control

o
@

o
i

©
)

Normalized current
o
»

00,80 20 30 & +30 +40
Membrane potential (mV)

Fig. 4. Current-voitage relationship in the presence of 4-AP. A, Super-
imposed family of current sweeps elicited in Sol-8 cells by 50-msec
voitage steps to potentials ranging from —60 mV to +40 mV, in the
absence (left) and presence of 0.1 mm 4-AP (right). The current traces
elicited by a pulse to —20 mV are labeled for comparison. B, Plot of
current amplitude at the end of the 50-msec voitage versus mem-
brane potential in the absence (O) and presence (@) of 0.1 mm 4-AP
(data obtained from current traces in A). C, Current availability in the
presence of 0.1 mm 4-AP, plotted as amplitude versus membrane
potential (@). Data were obtained from tail current amplitudes measured
at —60 mV after 50-msec conditioning voitage steps. The data were
normalized with respect to the estimated maximal current determined by
a fit of a Boltzmann equation to the control tail current-voitage relation-
ship (O). The fitted Boitzmann equation exhibited half-maximal activation
at —33 + 1 mV and a slope factor of 7 + 1. The relationship between
current availability in the presence of 4-AP and membrane potential over
the voltage range of —10 mV to +40 mV was fitted by linear regression.
The fitted slope was 0.0033 mV~", which is significantly different from 0
(p < 107%). Data are means =+ standard errors from nine cells.

-60 -40 -20 O

+20 +40
Membrane potential (mV)

increasing depolarizing voltage steps in the absence and pres-
ence of 0.1 mM 4-AP. The current amplitude (measured at 50
msec) is plotted against membrane potential in Fig. 4B. In the
presence of 4-AP there was a noticeable “plateau” phase in the
current-voltage relationship between —30 mV and —20 mV (see
current traces in Fig. 4A). When the relative availability of
current in the presence of 4-AP is plotted as a function of
membrane potential (Fig. 4C), it can be seen that the magnitude
of inhibition increased as the membrane potential was depolar-
ized from —40 to approximately —20 mV. However, further
depolarization resulted in a reduction in block. The decline in
4-AP block was linear, decreasing by 20.5% over the potential
range of —10 mV to +40 mV [slope of the line (0.0033 mV™?)
significantly different from 0; p < 10~°]. The apparent increase
in potency of 4-AP at potentials between —40 and —20 mV
occurred over a range where the voltage dependence of steady
state activation in the absence of drug was steepest. In contrast,
the decline in 4-AP block at more depolarized voltages occurred
at potentials at which channel activation in the absence of drug
was >90% (see steady state activation curve in Fig. 4C).

The unblock of Kvl.1 K* channels induced by membrane
depolarization to potentials greater than 0 mV is shown in Fig.
5. The cell was initially depolarized to 0 mV for 100 msec (from
a holding potential of —80 mV) before stepping to successively
more depolarized potentials for an additional 100 msec. In the
absence of 4-AP, the initial depolarization to 0 mV elicited a
rapidly activating outward current that exhibited no measura-
ble inactivation over a period of 100 msec. Stepping the mem-

A Control 0.3 mM 4-AP
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Fig. 5. Unblock of Kv1.1 channels in Sol-8 cells at depolarized potentials.
A, Superimposed family of current traces elicited in the absence or
presence of 0.3 mm 4-AP by a pulse protocol in which the membrane
potential was stepped from —80 mV to 0 mV for 100 msec before
stepping to potentials ranging from 0 mV to +80 mV for an additional
100 msec. B, Current amplitude at point a (O) and point b (W) in the
family of current traces shown in A. Data have been normalized with
respect to the current at the same time points in the absence
of 4-AP. See text for explanation of asterisk.
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brane potential to consecutively more depolarized potentials
resulted in additional outward current of successively greater
magnitude that remained constant throughout the pulse. Cur-
rents elicited by the same pulse protocol in the presence of 0.3
mM 4-AP exhibited a different profile (Fig. 5A, right). The
depolarizations from 0 mV to 20, 40, 60, and 80 mV in the
presence of 4-AP elicited currents that exhibited an “instan-
taneous” jump followed by a slower exponential increase in
current amplitude. Fig. 5B compares the degree of block that
existed at the peak of the instantaneous current jump (Fig. 5A,
right, point a) with the magnitude of block at the end of the
pulse (Fig. 5A, right, point b). Although the magnitude of block
at the beginning of the voltage step was similar at all potentials,
inhibition at the end of the pulse declined with increasing
depolarization. This result can be explained by assuming that
the currents elicited by the various step depolarizations initially
exhibit the same degree of block as that observed at 0 mV.
However, during the maintained depolarization the magnitude
of inhibition relaxes to a new equilibrium value that is defined
by the change in affinity at the new membrane potential. The
unblock that occurs during the step depolarizations to the
various membrane potentials can also account for the appear-
ance of larger decaying currents during the initial step depolar-
ization to 0 mV (see asterisk in Fig. 5A) . For example, 4-AP
that unbinds during the voltage step to +60 mV remains
unbound when the membrane potential is returned to —80 mV
at the end of the pulse (4-AP does not bind effectively to closed
channels). The step depolarization to 0 mV in the following
sweep activates unblocked channels that now have a relatively
high affinity for 4-AP. These channels rebind 4-AP during the
depolarization to 0 mV, thus giving rise to the decaying current.

To provide additional evidence that the voltage-dependent
unblock at depolarized potentials was an intrinsic feature of
Kvl.1 channels and not a property associated with the expres-
sion system, we also examined the effect of large membrane
depolarizations on 4-AP block of Kv1.1 channels expressed in
Xenopus oocytes (Fig. 6). Xenopus oocytes also have the advan-
tage that they can withstand much larger depolarizing voltage
steps than Sol-8 cells, and thus it was possible to examine the
voltage dependence of block over a wider range of membrane
potentials. As seen in Sol-8 cells, 4-AP block of Kv1.1 channels
expressed in Xenopus oocytes appeared to require channel
activation. Furthermore, 4-AP could be trapped upon channel
closure. It was evident that the apparent potency of 4-AP block
in Xenopus oocytes seemed to be less than in Sol-8 cells. The
reason for this is unclear; however, it may reflect problems in
drug equilibration across the viteline and plasma membranes
and within the relatively large intracellular volume of distri-
bution (ICs values ranging from 0.16 to 1 mM have been
reported for 4-AP block of Kv1.1 expressed in oocytes) (14, 15).

We took advantage of the 4-AP trapping phenomenon to
examine the voltage dependence of block in oocytes. Using a
variation of the pulse protocol used in Fig. 5, oocytes were
initially depolarized for 600 msec to membrane potentials rang-
ing from 0 mV to +140 mV. The membrane potential was then
repolarized to —80 mV for 100 msec before application of a 600-
msec depolarizing test voltage step to 0 mV to assess the degree
of unblock. In the absence of 4-AP, currents elicited by the test
pulse remained constant in amplitude. However, in the presence
of 1 mM 4-AP, conditioning pulses to potentials greater than 0
mV resulted in test pulse currents that exhibited an inactivating
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Fig. 6. Voitage dependence of 4-AP inhibition of Kv1.1 cuments ex-
pressed in Xenopus oocytes. A, Superimposed family of current traces
elicited in the absence or presence of 1 mm 4-AP by a 600-msec voltage
step to 0 mV. This test pulse was preceded by a 600-msec conditioning
depolarizing pulse to potentials ranging from 0 mV to +140 mV. B, Plot
of peak test pulse current amplitude versus conditioning puise potential
determined in the presence of 1 mm 4-AP. Data have been normalized
with respect to test pulse current amplitude measured in the absence of
drug. The relationship between current availability in the the presence of
4-AP and membrane potential over the voitage range of 0 mV to +80
mV was fitted by linear regression. The fitted slope was 0.0041 + 0.0001
mV~', which is significantly different from 0 (p < 107%). Data points are
means + standard errors from five oocytes.

component that increased in magnitude as the conditioning
pulse was made more depolarized (Fig. 6A). The amplitude of
the inactivating current component almost certainly represents
the fraction of channels that became unbound during the
conditioning pulse. The decay of the current likely reflects the
time course of reblock of these channels at 0 mV, because both
the steady state current level (i.e., at the end of the 600-msec
test pulse) and the time constant for current decay remained
constant irrespective of the conditioning pulse voltage. Fig. 6B
shows that, over the voltage range of 0 mV to +80 mV, the
decline in block by 1 mM 4-AP decreased linearly, exhibiting a
slope of 0.0042 mV~' (significantly greater than 0, p < 107*),
which is similar to the slope of the voltage dependence of 4-AP
block in Sol-8 cells. The reason for the deviation from linearity
at potentials more positive than +100 mV is not clear and has
not been examined further.

Slow block by 4-AP at hyperpolarized potentials. Al-
though Fig. 2 showed that a 2-min exposure to 4-AP in the
absence of channel activation produced only a small degree of
inhibition at the beginning of the first depolarizing voltage
step, it was found that increasing the time of exposure to 4-AP
before the first activating voltage pulse resulted in a greater
degree of block. Fig. 7A shows a series of current traces obtained
from cells that had been exposed to 0.3 mM 4-AP for either 1
min or 10 min before the application of the first depolarizing
voltage step. After a 1-min exposure to the drug, the peak
current amplitude of the first pulse was reduced by 10% (ex-
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Fig. 7. Slow development of block by 4-AP at hyperpolarized potentials
in Sol-8 cells. A, Family of consecutive current sweeps showing the
development of block after a 1-min (left) or 10-min (right) exposure to
0.3 mm 4-AP, at a maintained holding potential of —80 mV. Current
traces 1 were elicited by a 500-msec voltage step to +40 mV and show
the extent of block at the end of this initial phase of exposure. Current
traces 2 and 3 were elicited 15 sec and 30 sec, respectively, after trace
1, in the continued presence of 4-AP. B, Plot of the time-dependent
reduction in peak amplitude of the current elicited by the first depolarizing
voitage step after exposure to 0.3 mm 4-AP at —80 mV. The reduction
in peak current amplitude has been normalized with respect to the
maximal level of block (peak of current elicited by the third
voltage step) (see A, trace 3). Each data point is from a separate ceil.

pressed as a percentage of the maximal steady state reduction
in current) (see Fig. 7A, current trace 2). In contrast, an 85%
reduction was observed after a 10-min exposure to 4-AP. The
time course for the onset of inhibition by 0.3 mM 4-AP at —80
mV is summarized in Fig. 7B. Half-maximal inhibition occurred
at approximately 6 min.

To examine more closely the interaction of 4-AP with Kv1.1
channels at or below the apparent threshold potential for
channel activation (i.e., —45 mV) (see Fig. 4), we again took
advantage of the fact that 4-AP could be displaced from its
binding site by large depolarizations. Xenopus oocytes express-
ing Kvl.1 channels were initially depolarized to +120 mV for
400 msec to displace a fraction of the bound 4-AP. The mem-
brane potential was then repolarized, to potentials ranging from
~80 mV to —40 mV, for various periods before application of a
test pulse to 0 mV to assess the degree of reblock. A similar
protocol has been previously used to examine the kinetics of
AP block of the squid axon delayed rectifier K* channel at
hyperpolarized holding potentials (24). Fig. 8A shows the time
course of reblock at membrane potentials ranging from —80
mV to —40 mV. The time constants for reblock (7ebiock) at these
potentials are plotted in Fig. 8B, along with 7 epiocx 8t —20 mV,
0 mV, and +20 mV derived from the decay of the inactivating
current component elicited at these potentials after a 400-msec
conditioning pulse to +120 mV. Also shown in Fig. 8B is the
steady state activation curve for Kvl.1 in Xenopus oocytes. It
can be seen that the biggest changes in 7epicx Occurred over the
membrane potential range of —60 mV to —40 mV. The Treiock

400 ms
A v 200 ms
. At omv
aom ‘ == |

Current (pA)
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Trepiock (S)
)
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Fig. 8. Kinetics of 4-AP block of Kv1.1 currents expressed in Xenopus
oocytes at ized membrane potentials. A, Time course of
reblock by 4-AP at different membrane potentials. A fraction of bound 4-
AP was initially displaced by a 400-msec conditioning depolarization to
+120 mV. The oocyte was then repolarized to various membrane poten-
tials (ranging from —80 mV to —40 mV) for increasing durations before
measurement of the current amplitude 15 msec after commencement of
a 200-msec test pulse to 0 mV, to assess the degree of reblock. Note
that the time course for reblock is plotted on a logarithmic scale. B, Plot
of the voltage dependence of the time constant for reblock (7o) (@).
Also shown is the steady state activation curve for Kv1.1 in Xenopus
oocytes (derived from tail currents elicited at —60 mV after 150-msec
depolarizations to various potentials) (O). The curve is a fit of a Boltzmann
equation with an estimated midpoint potential of activation of —26 mV
and a slope factor of 7. Note that the y-axes have logarithmic scales.

decreased by a factor of 150, from 33 sec at ~60 mV to 0.2 sec
at —40 mV. In contrast, 7.0 declined by a factor of only 2.5
between —40 mV and +20 mV. A comparison of the voltage
dependences of 7,k and open channel probability (Popen,
estimated from a fit of the Boltzmann equation to the steady
state activation curve) indicates that the decrease in the rate
of reblock is correlated with reduced availability of open chan-
nels, especially when P, falls below 0.1 (which occurs at
approximately —40 mV). It should be noted that Kv1.1 channels
were found to exhibit slow inactivation at —40 mV (also see
Ref. 13). However, the time constant for inactivation (r = 23
sec) was 100-fold slower than the rate of reblock and thus is
unlikely to influence the measurement. No inactivation was
evident at —60 mV for durations of up to 80 sec.

Block of Kv1.1 K* channels by 3-AP. Several studies
examining 4-AP block of K* channels in a variety of cell types
have concluded that access to the site of block is from the
intracellular face and that the charged form of the blocker is
active (8, 12, 25, 26). Indeed, at physiological pH (i.e., ~7.2)
99% of 4-AP exists in the charged form (4-AP pK, = 9.2). It is
possible to speculate that the charged form of 4-AP can gain
access to, or egress from, its binding site only via the hydrophilic
aqueous pathway. This pathway may be available only when
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the channel activates. To examine the possibility that un-
charged AP may be able to reach its binding site in the absence
of channel activation, possibly via a hydrophobic pathway, the
blocking effect of 3-AP on Kvl.1 K* currents was examined. 3-
AP is an isomer of 4-AP that has a pK, of 6.0. Therefore, at
physiological pH approximately 94% of 3-AP is in the neutral
form. 3-AP was found to block Kv1.1 K* currents. However, it
was approximately 20-fold less potent than 4-AP. Nevertheless,
3-AP was found to bind and unbind most readily after channel
activation (Fig. 9). Fig. 9A shows that, after rapid exposure to
10 mM 3-AP, application of a voltage step within 10 sec elicited
an outward current that decayed to a steady state level of block
within 200 msec. Reversal of block was similarly rapid upon
washout of the drug, with complete reversal being achieved
after five consecutive voltage steps to +40 mV applied every 15
sec (total washout time, 75 sec). Fig. 9B shows that, after a 1-
min exposure to 10 mM 3-AP in the absence of channel acti-
vation, the current elicited by the first depolarizing voltage step
exhibited a small initial reduction in peak amplitude, followed
by a marked time-dependent decline in current amplitude to a
level that approximated the steady state inhibition seen in Fig.

A Onset

Washout
3 !4!5
Control 2 ——
1(10s) (@)’
|
23 L J10mM 3':;&
2m|
100 ms
B Onset
Control
!
/1 (1 min)
i 23 |
2 "0.01 01 1 10
100 ms 3-AP” (mM)

Fig. 9. Block of Kv1.1 currents by 3-AP. A, Development and washout
of block of Kv1.1 K* currents in Sol-8 cells after exposure to 10 mm 3-
AP, using the same pulse protocol as in Fig. 2. 500-msec
voitage steps to +40 mV (from a holding potential of —80 mV) were
applied every 15 sec, to assess changes in current amplitude. Left,
current traces elicited by the first three voitage steps (7, 2, and 3) after
appliication of 3-AP, along with the control current. Right, washout of 3-
AP. B, Development of block and unblock of Kv1.1 K* currents after
exposure to 10 mm 3-AP in the absence of channel opening. Current
traces were elicited by the same pulse protocol as in A. Left, current
trace 1 was generated after a 1-min exposure to 3-AP at —80 mV;
current traces 2 and 3 were elicited 15 sec and 30 sec, respectively,
after trace 1, in the continued presence of 3-AP. Right, current trace 1
was elicited after a 5-min washout of 3-AP at a holding potential of —80
mV; current traces 2, 3, and 4 were evoked 15 sec, 30 sec, and 45 sec,
respectively, after trace 7. The data in A and B are from the
same cell. C, Dose-response curve of 3-AP-induced inhibition of Kv1.1
K* currents in Sol-8 cells at intraceliular pH values of 6.0 (W) and 7.2 (O).
Inhibition was assessed by measuring current ampilitude at the end of
the voltage step to +40 mV and it with to the
maximal block. The ICsp was 2.2 mm at pH 7.2 and 0.29 mm at pH 6.0.
Data points are means of three to five cells at pH 7.2 and nine ceils at
pH 6.0. Standard error bars are shown where they exceed the size of
the symbol. D, Dose-response curve for the inhibition of Kv1.1 K*
currents by the charged form of 3-AP at intracellular pH values of 6.0
and 7.2. The data are the same as in C. The concentration of the charged
form of 3-AP was caiculated a pK, of 6.03. The ICs, for the
charged form of 3-AP was 140 um and 145 um at pH 7.2 and 6.0,
respectively.
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9A. The second and third depolarizing voltage steps, applied 15
and 30 sec, respectively, after the first pulse, elicited nondecay-
ing currents with amplitudes identical to the current level
observed at the end of the first voltage step. These results
indicate that before the first depolarizing voltage step there
was little or no block of the channel. However, upon channel
activation the 3-AP bound in an exponential manner until
steady state was reached. After steady state block with 10 mm
3-AP had been established, the membrane potential was
clamped at —80 mV to maintain the channels in a closed state.
The 3-AP was then washed out for 5 min. The first depolarizing
step after the washout period elicited a current whose initial
magnitude was similar to that of the blocked current but
increased exponentially during the 500-msec depolarization, to
an amplitude just slightly less than that of the control current
observed in the absence of drug. The second and third depolar-
izing voltage steps, applied 15 and 30 sec, respectively, after
the first pulse, elicited currents with amplitudes and profiles
similar to those of the control current. The time constant of
the unblock that occurred during the first voltage step was
found to be independent of 3-AP concentration. The mean
Tunblock Was 86 + 9 msec (n = 5). This is very similar to the
value obtained for 4-AP (109 msec).

Despite its low potency, 3-AP exhibits a blocking profile
similar to that of 4-AP. One possible explanation for these
observations is that the neutral form of the APs has a lower
affinity than the charged form for the site of interaction on the
channel. However, one would have to assume that the reduced
affinity results from a much slower association rate constant,
because the dissociation rate constants (1/7npicx) for 3-AP and
4-AP were similar. An alternative explanation is that the
charged form of 3-AP is the active form. If this is true then one
would expect that, by increasing the proportion of 3-AP existing
in the charged form, the apparent potency would be increased.
Fig. 9C shows dose-response curves obtained with 3-AP at
intracellular pH values of 7.2 and 6.0. Under these conditions
6% and 50%, respectively, of the intracellular 3-AP is in the
charged from. At pH 7.2 the ICy, for 3-AP was 2.2 + 0.4 mM,
whereas at pH 6.0 the ICs, was 0.29 + 0.02 mM. Fig. 9D shows
dose-response curves at both pH values, assuming that only
the charged form of 3-AP is active. Under these conditions the
ICs values at pH 7.2 and 6.0 were very similar, being 140 uM
and 145 uM, respectively. These values are similar to the ICs
for 4-AP. These results are consistent with drug access to the
blocking site being from the intracellular side of the channel.

Lack of effect of extracellular K* concentration ele-
vation on inhibition of Kv1.1 channels by 4-AP. The
observation that 4-AP interacts most readily with activated
channels raises the question of whether the 4-AP binding site
is within the permeation pathway. A widely used test for
occlusion of the K* channel pore by a blocking ion at an internal
site is to determine whether elevation of the extracellular K*
concentration can relieve the block. For example, Armstrong
(27) showed that, in the presence of elevated extracellular K*
concentrations, intracellular application of tetraethylammo-
nium in squid giant axon blocked outward currents through the
delayed rectifier more effectively than inward currents. The
effect of elevation of extracellular K* concentrations on steady
state inhibition of Kvl.1 currents by 4-AP is shown in Fig.
10A. The magnitude of inhibition by 0.1 mM 4-AP was deter-
mined from currents elicited by voltage steps to —20 mV in
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Fig. 10. Lack of effect of increases in extracellular K* concentration on
block of Kv1.1 currents in Sol-8 celis by 4-AP. A, Superimposed current
traces recorded in the absence (C) and presence of 0.1 mm 4-AP in
extraceliular bathing solutions containing either 5.5 mm K* or 145 mm
K*. Currents were elicited by depolarizing voltage steps from —80 mV
to —20 mV. Tail currents were evoked by repolarization to —60 mV in
5.5 mm K* or =80 mV in 145 mm K*. B, Development and washout of
block of Kv1.1 K* currents after exposure to 1 mm 4-AP in the presence
of 5.5 mm K* or 145 mm K*, using the same puise protocol as in Fig. 2.
Sequential 250-msec or 500-msec voltage steps to —30 mV (from a
holding potential of —80 mV) were applied every 15 sec, to assess
changes in current amplitude. Left, current traces 1 were generated after
a 2-min exposure to 4-AP at —80 mV; current trace 2 was elicited 15
sec after trace 1, in the continued presence of 4-AP. Right, current traces
1 were elicited after a 10-min washout of 4-AP, at a holding potential of
—80 mV; current traces 2 through 6 were evoked at 15-sec intervals
after trace 1. The data presented for 5.5 mm K* and 145 mm K* are from
the same cell.

extracellular bathing solutions containing either 5.5 mM or 145
mM K*. Examination of the inhibition at a fixed potential
prevented voltage-dependent changes in 4-AP binding affinity
from contributing to differences in the magnitude of inhibition.
It can be seen in Fig. 10A that under these conditions elevation
of the extracellular K* concentration from 5.5 mM to 145 mM
had a negligible effect on the magnitude of inhibition by 4-AP.
Steady state inhibition was 78% in 5.5 mM K* and 72% in 145
mM K*. A similar lack of effect of K* concentration on steady
state inhibition was observed in three other cells.

Additional evidence for a lack of effect of increases in the
extracellular K* concentration on the block produced by 4-AP
is shown in Fig. 10B. In this particular experiment, block by 1
mM 4-AP in 145 mM K* was 100%, which was even more
complete than that in 5 mM K* (~95%). The apparent rate of
block upon channel activation, and the rate of unblock from
the activated channel after washout of the drug at —30 mV,
remained essentially unchanged when the extracellular K*
concentration was elevated from 5.5 mM to 145 mM. A similar
result was also observed at +40 mV (data not shown). It can
be noted that the apparent rate of dissociation of 4-AP after
washout of the drug at =30 mV was slower than at +40 mV
(see Fig. 2). This may reflect a higher affinity of the channel
for 4-AP at —30 mV, compared with +40 mV. However, the
differences may also result from the fact that at —30 mV the
open probability for the channel is ~0.5 (estimated from steady

state activation curves), compared with ~1 at +40 mV. If
unblock occurs only from open channels, it is possible to predict
that, during fixed-duration voltage steps, 4-AP has on average
less time to unbind at —30 mV than at +40 mV, due to the
lower proportion of time spent in the open state.

Discussion

The results presented in this study indicate that the inter-
action of APs with Kvl.1 K* channels expressed in Xenopus
oocytes or the mammalian Sol-8 cell line involves a complicated
interplay between membrane potential, channel gating, and the
form of the drug present.

Relationship between AP block and channel gating.
Results obtained in this study lead us to conclude that APs
block Kv1.1 K* channels most readily during channel activa-
tion. Short applications (10-15 sec) of 4-AP and 3-AP result in
the appearance of current decay that is not present in the
absence of the blocker. This phenomenon can be explained by
4-AP producing a time-dependent block of open channels,
similar in nature to 4-AP block of transient outward K* chan-
nels in GH; cells (11). A preferential interaction of APs with
activated channels is reflected by the finding that, even when
the resting closed channel is exposed to 4-AP for a period of
time sufficient for drug levels to reach steady state (1-2 min),
little or no initial reduction in current amplitude is evident
after a depolarizing pulse to +40 mV. However, during the
voltage pulse the current decays exponentially to a level that is
maintained throughout the duration of 4-AP exposure. These
results, which are similar to reported actions of 4-AP on tran-
siently activated K* currents in lymphocytes and GH; cells (8,
11) and, more recently, on the cloned delayed rectifier K*
channels Kv2.1 and Kv3.1 (12), suggest that, under the condi-
tions described above, 4-AP binds preferentially to the open
state of the channel.

In addition to showing the importance of channel activation
for AP block, the present study has shown that unbinding of
APs from Kvl.1 channels also appears to require channel
activation. The clearest evidence for this comes from the find-
ing that, after washout of the blocker, no unblock occurs until
the channel is activated by membrane depolarization. Thus, 4-
AP can be trapped within the channel when it closes. Choquet
and Korn (8) have reported a similar trapping of 4-AP after
closure of transiently activated K* currents in lymphocytes.

A significant level of inhibition was found to develop when
channels were held at hyperpolarized potentials (i.e., —80 mV)
after exposure to 4-AP for longer durations (up to 10 min). One
explanation for this phenomenon is that 4-AP can access its
binding site when the channel is in a closed rested state but at
a much slower rate (¢, for block, ~5 min at 0.3 mM) than occurs
after channel activation (7piock, 37 msec at 0.3 mM). A similar
explanation has recently been used to account for the slow
block of Kv2.1 and Kv3.1 K* channels by 4-AP (12). An
alternative explanation is that the channel can still open at
hyperpolarized potentials and 4-AP interacts with short-lived
open channels. Based on the kinetic model of RCK1 activation
proposed by Koren et al. (13), the calculated probability of
channel opening at —80 mV is 0.02% and the mean open
channel lifetime is ~250 usec. Thus, over a period of 10 min
the channel would be predicted to be open for a total of 120
msec. In the present study, kinetic evidence that favors an
interaction of 4-AP with open channels at hyperpolarized po-
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tentials was provided by the observation that the voltage de-
pendence of the time constant for block at potentials near the
apparent threshold for current activation (i.e., approximately
—45 mV) correlated well with the estimated open channel
probability (Ps.s) at these potentials (Fig. 7). The apparent
rate of block by 1 mM 4-AP decreased by a factor of 150, from
4.5 sec”! at —40 mV (Pogen, ~0.12) to 0.03 sec™* at —60 mV
(Popens ~0.008). It is worth noting, however, that the aforemen-
tioned kinetic data do not exclude the possibility that APs may
interact with one or more of the closed gating states through
which the channel passes during channel activation. Using a
protocol similar to the one described above to monitor the
kinetics of AP reblock of delayed rectifier K* currents in squid
axons, Kirsch et al. (24) proposed that the availability of the
AP binding site is modulated by channel gating, such that
access is limited by the probability of the channel populating
one or more intermediate closed states. A similar mechanism
has been proposed to tinderlie 4-AP block of transiently acti-
vated K* currents in cardiac muscle (5, 6).

Voltage dependence of AP binding. Over the membrane
potential range of ~40 mV to —20 mV, the magnitude of block
produced by 4-AP was found to increase as the cell was made
more depolarized. In contrast, block by 4-AP decreased when
the membrane potential was depolarized to potentials more
positive than —20 mV. The apparent increase in potency be-
tween —40 mV and —20 mV coincided with the steepest part of
the steady state activation curve observed in the absence of 4-
AP. Because 4-AP block appears to require channel activation,
it is likely that the apparent increase in potency reflects the
increased availability of activated gating states at the more
depolarized potentials. At potentials close to the apparent
activation threshold, the channel open probability is low and
consequently the probability that 4-AP is able to bind during a
fixed-duration voltage step is also low. Similarly, because 4-AP
appears to dissociate only from the activated channel, the
apparent rate of dissociation might also be expected to be slower
at potentials near the threshold. In agreement with these ex-
pectations, the time constants for block and unblock were found
to be 2-3-fold slower at —30 mV than at +40 mV.

The decrease in 4-AP potency that occurred when the mem-
brane potential was depolarized to potentials more positive
than —10 mV agrees with similar findings describing 4-AP
block of the delayed rectifier in nerve axons (2, 9) but contrasts
with 4-AP block of Ito in GH; cells (11) and block of the cloned
delayed rectifier K* channels Kv2.1 and Kv3.1 expressed in
Xenopus oocytes (12). The reduction in 4-AP potency at Kv1.1
K* channels occurred over a range of membrane potentials at
which, in the absence of drug, channels are maximally acti-
vated. This would suggest that the voltage dependence of AP
block over these potentials is not directly associated with the
process of channel activation or that the voltage dependence of
channel activation is modified by 4-AP. It is also possible that
the voltage-dependent changes in channel conformation that
underlie channel opening go beyond the structural configura-
tion that permits the passage of K* ions. These additional
conformational changes may modulate AP binding without
affecting ion movement through the open channel.

The enhancing effect of lowered intracellular pH on the
potency of block induced by 3-AP indicates that the charged
form of the APs is the active species and that access to the
binding site is probably from the intracellular face of the
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channel. However, the voltage dependence of AP block is
opposite what would be expected for a charged drug moving
through the membrane electrical field from the inside to block
the open channel (this assumes that the binding site is within
the electric field). For example, the open channel-blocking
agents tetraethylammonium and quinidine (which are either
completely or predominantly protonated at physiological pH
values) have been shown to exhibit increases in potency with
depolarization over a voltage range at which activation is max-
imal (27-30). Indeed, the similarity in the voltage dependence
of block by tetraethylammonium and quinidine has led to
speculation that the binding sites for these agents may be the
same or in close proximity (30). At present there is only limited
structural information concerning the location of the 4-AP
binding site on K* channels. Site-directed mutation analysis
and construction of chimeric K* channels indicate that, at least
for Kv3.1 K* channels (31), the 4-AP binding site is located
within the cytoplasmic mouth of the permeation pathway but
lies outside the membrane electric field (as indicated by the
apparent absence of voltage-dependent block) (12). The pattern
of the voltage dependence of 4-AP block of Kv1l.1 channels
observed in this study prevents any clear conclusions from
being drawn concerning the position of the AP binding site
with respect to the membrane electric field. However, if the
binding site does lie within the membrane electric field, then
the full magnitude of the decrease in potency of 4-AP observed
with depolarization may actually be attenuated.

The present study has shown that the magnitude and kinetics
of block of Kvl.1 channels by 4-AP are not modulated by
elevation of extracellular K* concentration. These results are
consistent with previous reports of little or no effect of extra-
cellular K* concentration on 4-AP inhibition of the delayed
rectifier K* current in squid giant axons (2, 9). However, the
lack of effect of increasing the extracellular K* concentration
contrasts with the attenuating effect that such a procedure has
on the magnitude of inhibition of delayed rectifier K* currents
by open channel-blocking agents, such as intracellularly applied
tetraethylammonium (27, 32). Although the ability of a per-
meant ion to modulate the blocking action of a drug is often
used as evidence of occlusion of the conduction pathway, it is
based on the assumption that the binding sites for the drug
and the permeant ion are either the same or sufficiently close
that electrostatic or allosteric interactions can reduce the bind-
ing of drug. However, it is also possible that a drug may bind
to a site on the open channel that can prevent current flow but
cannot sense occupancy of the conducting pathway by the
permeant ion. Such a model has been proposed for the block of
batrachotoxin-activated Na* channels by tetrodotoxin (33). A
similar model may also account for the lack of effect of K*
concentration on 4-AP block of Kvl.1 channels.

Conclusions. The present study has shown that block of
Kvl.1 channels by APs requires channel activation. Further-
more, APs can be trapped after channel closure. The charged
form of APs appears to be the active species, and access to the
binding site seems to be via an intracellular pathway. The
interaction of APs with Kv1.1 channels is voltage dependent.
The affinity of the channel for 4-AP decreases as the membrane
potential is made more depolarized.
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