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Abstract. An increase in extracellular potassium ion nel by C$ underlies the effect of this ion on gating. This
concentration,K,, significantly slows the potassium result is further elucidated by barrier modeling of the
channel deactivation rate in squid giant axons, as previeurrent-voltage relation in the presence of Cs

ously shown. Surprisingly, the effect does not occur in

all preparations which, coupled with the voltage inde-Key words: K* channel — lon effects on gating —
pendence of this result in preparations in which it does\yerve axon

occur, suggests that it is mediated at a site outside of the

electric field of the channel, and that this site is acces-

sible to potassium ions in some preparations, but not irintroduction

others. In other words, the effect does not appear to be

related to occupancy of the channel by potassium ionsThe effects of permeant ions on ion channel gating have
This conclusion is supported by a four-barrier, three-been well established, especially for potassium channels
binding site model of single file diffusion through the (Arhem, 1980; Swenson & Armstrong, 1981; Cahalan et
channel in which one site, at most, is unoccupied by &l., 1985; Clay, 1986; Matteson & Swenson, 1986;
potassium ion (single-vacancy model). The model isSpruce, Standen & Stanfield, 1989; Sala & Matteson,
consistent with current-voltage relations with various1991; Shapiro & DeCoursey, 1991; Demo & Yellen,
levels ofK,, and, by definition, with multiple occupancy 1992; Safronov & Vogel, 1995; Mienville & Clay,
by K*. The model predicts that occupancy of any given1996). In particular, the alteration of'kchannel gating
site is essentially independent I6f (or K;). The effects in nerve axons by K Rb", and CS can be summarized

of extracellular RB and C$ on gating are strongly volt- by the observation that these ions slow channel deacti-
age dependent, and they were observed in all preparationv@tion when added to the extracellular medium. Indeed,
investigated. Consequently, the mechanism underlyinghese effects appear to be limited to channel closing
these results would appear to be different from thatwhich has led to the hypothesis that gating is related to
which underlies the effect of Kon gating. In particular, occupancy of the channel by permeant ions, perhaps by
the effect of Rb on gating is reduced by strong hyper- a “foot-in-the-door” mechanism (Swenson & Arm-
polarization, which in the context of the occupancy hy-strong, 1981; Matteson & Swenson, 1986). However,
pothesis, is consistent with the voltage dependence of thiéie most that can be said for the available evidence is that
current-voltage relation in the presence of'RBhe pri-  channel gating may be correlated with occupancy of the
mary, novel, finding in this study is that the effects of channel by Rb, K*, or Cs. The results in this report
Cs' are counterintuitive in this regard. Specifically, the call into question this correlation and suggest that the
slowing of channel deactivation rate by ‘s also re- mechanism underlying these results may require reevalu-
duced by hyperpolarization, similar to the Rtesults,  ation.

whereas blockade is enhanced, which is seemingly in-

consistent with the concept that occupancy of the chan- )
Materials and Methods

Experiments were performed on giant axons from the common North
EE— Atlantic squid (oligo peale) at the Marine Biological Laboratory in
Correspondence tal.R. Clay Woods Hole, MA with axial wire voltage clamp and intracellular per-
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Fig. 2 (A) Same tail currents as in FigAlwith the 50K, result scaled
upward by a factor of 2.2 The 3®), result from Fig. A, also shown
here, has a time constant approximately twice as great as tli€, 50
result. 8) Same tail currents as in recordandc from Fig. 1B. Record

a has been scaled upward by a factor of 2.75. These results are esser
tially superimposable, as shown here.

Fig. 1. Variability of the effect ofK, on gating. f) Records were
obtained wih a 4 msec duration pulse to +10 mV followed by a return
to holding potential (-80 mV) in either 58, (a), or 300K, (b). The
increase inK, produced a marked slowing of tail current, as shown
more clearly in Fig. 2. (B) Records obtained from another preparation
than inA with a 5 msec step to +40 mV followed by return to holding

potential (-80 mV) in 5, (a), 2 min after switching to an extracel- . .
lular solution containing 30&, (b), and 5 min after switching to 300 Armstrong (1981)' In contrast, FlgsBJand B illustrate

K, (c), which is approximately the wash-in time for the experimental & Striking lack of this effect, which is one of the main
chamber. The tail current time course was not significantly affected inobservations in this study. Specifically, the results in
this experiment, as shown more clearly in Fig. 2 Fig. 1B, which were obtained from a different prepara-
tion than Fig. A, illustrate membrane currents obtained
during a voltage step to +40 mV and then following a

fusion techniques described elsewhere (Clay & Shlesinger, 1983). Th?etum to =80 mV in 5K (recorda) two minutes after
temperature in these experiments ranged between 6 and 9°C. In any,, .. - o L
single experiment, it was maintained constant to within 0.1°C by arletChmg the extracellular solution to 30Q, (b), and,

negative feedback circuit connected to a Peltier device located Withinﬁna”y’ 5 min after the switch to 308, (C) The results

the experimental chamber. The intracellular perfusate for all experi-ShOw a lack of effect oK, on channel closing rate as
ments save for the 108, results in Fig. 5 contained (in m): 400  shown explicitly in Fig. B. (The difference in results
sucrose, 25 HPO,, 50 KF, and 200 K-glutamate (pH 7.2). This  between Figs. 1 and®and 1 and B was not related to
solution is labeled 308 in the text. The 10; solution containgd 25  prepulse potential. Similar results were obtained from
EFS'UE 'Z'cf’r:f;?nrzzt%nar;g_f’g Séjacaseéomzgz”ici':ﬂ“'f‘étfgggt'g;;or allyarious different preparations regardless of the depolar-
(TTX, Sigma), and 10 Tris-HCI (pH= 7.2). The additional constitu- 1zIng pU|Se afmp“tUde).' In a large Sef'es of experiments
ents are as follows. In Figs. 1 and 2, the 50 and 8Q0solutions (n [60) the 'ncreas_e in tail Curre.nt time constant by a
contained either 390 NaCl and 50 KCI (8Q), or 140 NaCl and 300  factor of two following a change i, from 50 to 300

KCI (300 K,), respectively. The 1&, solution for the results in Fig. MM was observed roughly half of the time, whereas a
5 contained 10 KCI and 430 NaCl. The solutions for the results in Fig.|lack of effect was observed in the rest of the experiments.
6 contained either 440 NacCl (control) or 340 NaCl and 100 CsCl. Ng correlation of this result with any obvious factor in
Similar solutions were used for FigB&vith 100 CsCl replaced by 100 experimental protocol was apparent.

RbCI. The control solution for Fig. 8 was 16Q, which contained 100 .
KCI, and 340 NaCl. The test soluons cor?gined 100 KCl, 240 Nacl,, _ 1€ outward current elicited by the step to +10 mV
and either 100 CsCl or 100 RbCI. in Fig. 1A was significantly reduced followed the change
in the extracellular solution from 50 to 30Q,, whereas
relatively little reduction in outward current occurred un-
Results der these conditions for the results in Fid3, in which
the prepulse potential was +40 mV. These results to-
gether with the marked increase in inward current in both
preparations at —80 mV with 30K, are all consistent
with the outward rectification of the squig channel, as
- . g has been shown previously (Clay & Shlesinger, 1983;
An example ofamgmﬂcan_tslowmg of t_he_ tai current Clay, 1991). This effect is illustrated by the current-
time course following an increase K is illustrated in voltage (I-V) relations in Fig. 3 for 50 and 300, to-

Fig. 1A. In this experiment, the membrane potential was : L
stgpped to +10 m\e for 4 msec followed by apreturn to thegether with a description of these results by the model
given below.

holding level (-80 mV) in either 50 (records labelayd
or 300 mv K, (b). The tail currents are shown on ex-
panded scales in FigA2with the 50 mu record scaled SINGLE VACANCY MODEL OF ION DIFFUSION: RELATION
upward by a factor of 2.2. The tail current time constantto THE EFFECTS OFK™ ON GATING

was increased by a factor a2 for these conditions

following the increase i, (Clay, 1986), which is simi- As has been previously shown (Clay, 1991), the voltage
lar to the original report of this effect by Swenson andand potassium ion dependence of fully activatgdn

VARIABILITY OF THE EFFECT OF EXTRACELLULAR K*
(K,) oN GATING
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-8t Fig. 4. Free energy diagrams of the single vacancy model used to

° describe the current-voltage relations in Fig. 3 and Eq. (1) in the text.

Fig. 3. Current-voltage relations in 50 and 380, Experimental re- The model has three binding sites'with four energy barriers. PAr€ls _
sults taken from Clay (1991). The theoretical description of these redllustrate the three possible ways in which the channel can be occupied
sults corresponds to Eq. (1) in the text with,] = 75 and 300 m for by two ions. PaneD |I|ustrate_s_ the mod_el when all sites are occupled.
the 50 and 300 m results, respectively. The forme(] = 75 mw) The barqers have been mOd'Ierd to mphcate that an ion rapidly exits the
is greater than the bulk concentration (5Ga)ynto account for ion chanr?el in _th|s case from_ elther the innermost or outermost site. The
accumulation during the prepulse which was used to activatd,the €lectrical distances used in Fig. 3 correspondjfo= 0.08 andd, =
conductance in these experiments.

channel can be explicitly calculated. For example, the
squid axons can be well described by the single vacancprobability that the outermost site of the channel is oc-
model of ion translocation of Kohler and Heckman cupied by aK ion is given by:
(1979), and Schumaker and MacKinnon (1990). The : ,
version of the model used here has three binding site€ A2 dz V') costid, V') +a/b X
and is always filled by two or three ions. In the latter {terms which depend upgK,] and[K,]}
case, an ion rapidly exits the channel (Fi@)4so that X : , ° : 2)
the conductances. potassium ion concentration relation coshid, V') (exp3 d; V') + 2 coshid, V')
does not saturate over the range of potassium concentrgmare\y = qV/KT. However,a[K] << b, where K] is
tions used in these experiments. Indeed, th+is relation i§ther K] or [K] and [K] < 500 mm andb is the rate
approximately a straight line for equimolar'kin the  c,nsiant for an ion leaving the channel when all three

0-500 mu range (Clay, 1991). The current-voltage re- gjtes are occupied (Clay, 1991). Consequently, Eq. (2)
lation can be shown to be given by:

reduces to:
I« = 2 exq2 d, V') cosid, V')/(cosid,V’) (expg3 d, V') +
g N(a exg—(2d, + d,) qW/KT)([K;] expqV/KT) = [K,]) 2 cosHd, V). 3)

2 coshd; qV/KkT) (exq3 d, qV/KT) + 2 coshd, qV/kT))

(1)  Similar results can be obtained for the occupancy of any

site, or any combination of sites. In other words, occu-

where K] and [K;] are the extra- and intracellular po- pancy is approximately independent of eith&t][ or
tassium ion concentrations, respectively,is channel [K;]. The marked increase in inward current at —140 mV,
density,q, k,and T all have their usual meanings with for example, with 300, relative to 50K, is attributable
kT/qg24 mV at 8°,d, andd, are the electrical distances in the model to an increased rate of movement of ions, or
defined in Fig. €, anda = 2.5 x 10 sec* M~ * (Clay,  equivalently, the “vacancy” through the channel. How-
1991). A good fit of Eq. (1) to théV relations in Fig. 3  ever, average occupancy is independent of potassiun
was obtained witld, = 0.08 andd, = 0.17. In particu- concentration on either side of the membrane. Conse-
lar, the model predicts a nearly straight line relation forquently, based on this model, the slowing of channel
[KJ = [K;] over the —200 to +200 mV potential range, closing rate in preparations in which the effect was ob-
which is consistent with experimeniegults not shown  served (Fig. &) would be predicted to be related to
The model is also consistent, by definition, with multiple factors other than occupancy, especially since the change
occupancy of the channel by ions (Hodgkins & Key- in thel-V relation following a change i, was always
nes, 1955; Begenisich & DeWeer, 1980). An additionalobserved, whereas the effect I§f on tail current time
advantage of this analysis in the context of this study isconstant was observed only in some preparations (Dis-
that the probability of occupancy of various sites in thecussion).
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A 300K; B which the conductance is zero in steady state. The al
T 40mv plitude of current],, immediately following the second
——— 20 100 K; step to +80 mV (3rd step of the protocol) is a relative

0

/ T 40mv measure of conductance which has not yet had time
L 20 g/ deactivate during the time the membrane potential w:
2 held at either =80 or —120 mV, during the second step ¢
the protocol. Consequently, as a function of the du-
3 mAcm2 ration of the step to —80 or —120 mV, or whatever the
f'mm”‘ potential of that step may be, provides a measure of tl
J{Z::_.______ Oms channel deactivation time course at that potential. Tt
e small filled circles in Fig. & and C represent the time
constant for deactivation in control and with 1016s"
Fig. 5 Lack of effect of'a (_:hange if(i only kinet_ics. @) Ik records respectively, for =80 mV. These results were 8 and 3
obtained for the steps indicated with standard intracellular perfusatemsec' respectively. That is, 100MTCS" increased the

which contains 30K; (Materials and Methods)B) Records from the channel deactivation time constant by a factor of 4.1 :
same preparation following a change of intracellular perfusate t&100 vatl : y S

(Materials and Methods)Q) Results fromA andB superimposed with ~ —80 MV. The correspondin.g reSl«_”tS for __120 mV were
the 100K, records scaled upward by a factor of 2.2. 2.3 and 6.1 msec, respectively, i.e., an increase of tl

time constant by a factor of 2.7, significantly less thai
the increase at —-80 mV. This reduction of the effect o
LAck oF EFFeCT OFK; ON GATING Cs" on kinetics with hyperpolarization is a primary result
of this study. Similar results are shown for two othe|

The results in Fig. B are indicative of a lack of effect of Ppreparations with 100 mCs" in Fig. 7A and for 100 nw

Ko on activation kinetics, as has been previous|y docuRb+ in Flg 7B. The latter results demonstrate that the
mented (Clay, 1984; Armstrong & Matteson, effect on the tail current time constant with Rbas also
1986). This result also holds true for changes in the indiminished with hyperpolarization, as was the case wit
tracellular potassium ion concentratidfy), as shown in Cs".

Fig. 5. The results in Fig. Aillustrate a family ofl, In contrast to the results given above fig, the
records with 300 m K; for the potentials indicated in the €ffects of C$ (n = 8) and RB (n = 6) on gating were
figure. The results in Fig. B were obtained from the oObserved in all experiments in which these effects wel
same preparation following a change of the intracellulardnvestigated.

perfusate to 100 m K;. The latter records are shown
superimposed upon the 360 results in Fig. B scaled
upward by a factor of 2.3. The lack of effect Kf on
kinetics shown here was observed in all preparations i
which K; was changedn( = 6). Moreover, tail current
kinetics were unaltered by Changes m'i], inc|uding The effects of extracellular Csand R on thelK cur-

preparations in which the effect &f, on gating was rent-voltage relation are well known. These results al
observed. illustrated in Fig. 8 for 100K, in control, and either 100

Cs" or 100 RB in the test solution, Fig.8 and B, re-

spectively. Fig. & illustrates the familiar N-shapdeVv
ErFecTs oFCs"™ AND Rb" oN GATING produced by Cs(Bezanilla & Armstrong, 1972; Adel-

man & French, 1978). That is, the current increase
The addition of C§to the extracellular solution signifi- slightly in the inward direction with modest hyperpolar-
cantly blocks inward current (Bezanilla & Armstrong, izations with CS in the extracellular solution and was
1972; Adelman & French, 1978). Consequently, the tailthen reduced with increased hyperpolarization, so that
current time constant cannot be directly determined forwas essentially nil at =120 mV. A secondary increase ¢
these conditions. To circumvent this problem, the threeinward current was not observed, even with potentials
pulse protocol of Swenson and Armstrong (1981) wasegative as —200 mVrésults not shown By contrast,
used as illustrated in Fig. 6. A 5 msec pulse to +80 mVRb" appears to block, in the vicinity of E, and the
activatedl followed by a return of the membrane po- block is relieved by hyperpolarization (Clay & Shle-
tential of variable duration to a given level (usually a singer, 1983), which is consistent with the reduction i
hyperpolarized potential) for which the deactivation timethe effect of Rb on gating with hyperpolarization (Fig.
course was to be determined. The potential was theiiB). The effects of Csdiffer significantly in this regard.
stepped again to +80 mV for 5 msec, followed by aln particular, the alteration of gating produced by"Cs
return to holding level (-80 mV). The protocol is illus- was reduced by hyperpolarization, whereas the degree
trated for —-80 and -120 mV in Fig. 6, conditions for block was enhanced, which would appear to be incol

ErFecTs oFCs' AND Rb" oN |ON PERMEATION
rgCORRELATION WITH EFFECTS ONGATING)
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Fig. 6. Effects of 100 C5on closing kinetics at —=80 and =120 mV using the three-step protocol described in the text. The protocol is illust
explicitly aboveA andC for —-80 mV and a duration of the second step equal to 30 msec, and BbaveD for —120 mV and a duration of the
second step equal to 7 msec. The currdgtbtained from the beginning of the response to the third step in the protocol (the 2nd step to +80

were plotted semilogarithmically and fitted with a straight line to give the time constant of deactivation for each condition. These resu
represented by the small filled circle in each panel.

sistent with the occupancy hypothesis. However, this A TCs+/Tcontro|

simple qualitative view does not take into account mul-

tiple binding sites within the channel, as noted above in

connection with results witk,. A similar analysis was o

carried out for C§ as demonstrated in Fig. 9. In this o |

case a two binding site model was used (top panel, Fig.

9) and the single vacancy concept was employed. That . 14

is, at least one of the two sites was assumed to be always

occupied either by Kor by CS. Once inside the chan-

nel, C$ was assumed to translocate in the same way as e i P

K™, except that a cesium ion was not allowed to enter the

axon. The current-voltage relations in control and with -

Cs, were determined by straightforward algebraic ma-

nipulation. The results are shown in the bottom panel of

Fig. 9 (same experimental results as in Fig).80ne

interesting outcome of this analysis was the observation

that a cesium ion i$b0% as effective at entering the

channel compared with ¥ whereas the probability of

Cs, crossing through the channel is zero, by definition.

The probability that either site in the channel is occupied

by a cesium ion can be calculated directly. These results g TRb+/Tcontrol

are shown in the top panel of Fig. 9. The probability that

the inner site is occupied by Csvas significantly en- )

hanced with hyperpolarization, which is not surprising, § 2

because this site is where blockade occurs in the model. .

This result is clearly counter to the effect of Cen

gating as described above. The outer site, that is the site‘ . o

adjacent to the external solution, has only a slight prob-_lso 100 -50

ability of occupancy by Csat any potential. This result v

is diminished with hyperpolarization. Consequently, the

effect of C¢ on gating could conceivably be correlated _ o

with occupancy at this site although this interpretation isF-i9- 7- Reduction of the effect of C44), and R (B) on deactivation
L . - time constant with hyperpolarization. Each symbol represents the rat

prOblematIC given the relatlvely small prObabl,“ty _Of oc- of the time constant with either Cor Rb™ and the corresponding

cupancy at-50 mV where the effect on gating is the .qnio) result for the potentials indicated, following the procedure il

greatest. Moreover, the probability of occupancy of thisjustrated in Fig. 6. Each different symbol type represents a differel
site at —=50 mV is not greatly different from that at 0 mV, preparation.
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Fig. 9. Quantitative description of the Cgesults in Fig. &. The
two-barrier model in the inset above the top panel was used in thi
analysis withd, = 0.1 andd, = 0.3. A description of the current-
voltage relations in control@®) and with 100 C§ (O) is given in the
bottom panel. The probability of occupancy of either site by a cesium

ion is given in the top panel.

and no effect of CSon gating was observed at this

potential (esults not shown

Discussion
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.
> o

Fig. 8. Effects of C$ (A) and RB (B) onl current-

40 voltage relations. The control results & and B

A2 (represented by the symbol®)) were obtained
with a prepulse to =20 mV followed by test steps to

42 the potentials indicated. The test results (represented

by A) were obtained with the same protocol with

E either 100 C% (A), or 100 RB (B) in the extracel-

lular solution.

strong (1986) is that they suggested that permeation anc
gating are coupled, in contrast to Hodgkin and Huxley
(1952), who concluded that the two processes are inde-
pendent of each other. The voltage dependence of thes
results provide significant additional information on this
topic as shown by Clay (1986), Sala and Matteson
(1991), and Demo and Yellen (1992). In particular, the
effect of K, on deactivation kinetics in squid axons is
independent of membrane potential (Fig. 4, Clay, 1986).
Moreover, the effect does not always occur, as shown in
this report, even though ion permeation (the shape of the
I-V relation) always changes following a changeKin
These results argue against the occupancy hypothesis
Rather, they suggest that the effect on gating produced
by a change ik, occurs at a site located outside of the
electric field of the channel, which is accessible to po-
tassium ions in some, but not all, preparations for reasons
which have yet to be elucidated. This mechanism can
also describe the changes in theactivation curve re-
ported by Matteson and Swenson (1986), i.e., a “broad-
ening” of the voltage dependence of activation by el-
evatedK, or by Rb". This result can be accounted for by
binding of a potassium ion to the channel gate at a po-
sition outside of the electric field of the channel, so that
the deactivation rate constant is reduced with little or no
effect on activation. In this scheme, gating and perme-
ation are independent of each other. By contrast, the
effects of RB and C$ on gating are voltage dependent,
and they were observed in all preparations investigated.
The mechanism underlying these results is clearly dif-
ferent than it is for K, and it undoubtedly is more com-

%licated than the simple occupancy hypothesis, as showr

above for C8.

The idea that the effects of'Kon potassium channel
gating differ from those of other ions appears to be con-
sistent with results from other preparations. For ex-
ample, Demo and Yellen (1992) found a lack of effect of
K, on gating in the C¥-activated maxi-K channel (BK)
from rat skeletal muscle, in contrast to the effects of Cs
and RB. Mienville and Clay (1996) reported a similar
result for BK channels in the embryonic rat brain. They
also found a lack of effect of changes & on macro-

The significance of the original results by Arhem (1980), scopic current kinetics, althoudt) does appear to influ-
Swenson and Armstrong (1980), and Matteson and Armence “flicker” gating in this channel. Similarly, Shapiro



J.R. Clay: K, Cs", and RB Effects onl, Gating 201

and DeCoursey (1991) found a lack of effect of potas- voltage-gated potassium channel in human T lymphocyteghys-
sium ions on gating of the L type *Kchannel in mouse iol. 358197237 S .
Iymphocytes. The effects of BRand ng which they Clay, J.R. 1984. Potassium channel _klnet|cs in sqwq _axons with el-
reported, appeared to be mediated at a site located on the i‘ﬁgg_fgg's of external potassium concentratidiuphys. J.
reg;.((a:rhneadl ?;ustgf?;:g/c::gr{/eégg S(Bgaég C(?;]r?(I;L;Loirr]]thahseCIay’ J.R. 1986. Potassium ion accumulation slows the closing rate of
g | : potassium channels in squid axoBsophys. J50:197-200

effects of extracellular potassium ions of ghannels in Clay, J.R. 1991. A paradox concerning ion permeation of the delayed
demyelinated nerve axons froXenopus.Indeed, evi- rectifier potassium ion channel in squid giant axodsPhysiol.
dence is accumulating that potassium ions affect gating 444:499-511
of potassium channelsnly in nerve axons, and in these Clay, J.R., Shlesinger, M.F. 1983. Effects of external cesium and ru-
preparations the effects appear to be mediated at a site bidium on outward potassium currents in squid axdisphys. J.
located outside of the permeation pathway. The mecha- 4243-53 . )
nism underlying the effects of Cand RE is less clear. €m0 S.D., Yellen, G. 1992. lon effects on gating of the €a
These resuits are voltage dependent in nerve axbn K actlvct;\techhanneI correlate with occupancy of the pd@mphys.

. . . J. 61:639-648
_Channels and in K channels from toadfish pancreatic Hodgkin, A.L., Huxley, A.F. 1952. A quantitative description of mem-
islet cells (Sala & Matteson, 1991). Moreover, the effect  prane current and its application to conduction and excitation in
of external RB on gating is reduced with hyperpolariza-  nerve.J. Physiol.117:500-544
tion, which is consistent with the occupancy hypothesisHodgkin, A.L., Keynes, R.D. 1955. The potassium permeability of a
a noted by Sala and Matteson (1991). However, the re- giant nerve fiberJ. Physiol.128:61-88
sults with C¢ reported above appear to run counter toKohler, H.-H., Heckmann, K. 1979. Unidirectional fluxes in saturated
this correlation. They suggest that the correlation be- single_ f_iIe pores of biological and artificial membranes. I. Pores
tween gating and permeation with Rttmay be fortuitous, containing no more than one vacandy.Theor. B|0I.79:381—4.01
although the clear voltage dependence of these resul{\gat_teson, D.R., Sw_enson, R.P. 1986. External mo_novalent cations that
would seem to require that Cer Rb' interact with the impede the closing of KchannelsJ. Gen. Physiol87:795-816

h i t it ithin the electric field fMienviIIe, J.-M., Clay, J.R. 1996. Effects of intracellulai kind RB
Channel In some way at a site within the electric Tield o on gating of embryonic rat telencephalon®Gactivated K chan-

the membrane. nels.Biophys. J70:778-785
Safronov, B.V., Vogel, W. 1995. Modulation of delayed khannel
activity by external K ions in Xenopusaxon. Pfluegers Arch.
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