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A High-Na* Conduction State during Recovery from Inactivation in the
K* Channel Kv1.5

Zhuren Wang, J. Christian Hesketh, and David Fedida
Department of Physiology, University of British Columbia, Vancouver, British Columbia V6T 123, Canada

ABSTRACT Na™ conductance through cloned K* channels has previously allowed characterization of inactivation and K*
binding within the pore, and here we have used Na* permeation to study recovery from C-type inactivation in human Kv1.5
channels. Replacing K* in the solutions with Na™ allows complete Kv1.5 inactivation and alters the recovery. The inactivated
state is nonconducting for K™ but has a Na™ conductance of 13% of the open state. During recovery, inactivated channels
progress to a higher Na* conductance state (R) in a voltage-dependent manner before deactivating to closed-inactivated
states. Channels finally recover from inactivation in the closed configuration. In the R state channels can be reactivated and
exhibit supernormal Na* currents with a slow biexponential inactivation. Results suggest two pathways for entry to the
inactivated state and a pore conformation, perhaps with a higher Na™* affinity than the open state. The rate of recovery from
inactivation is modulated by Na™, such that 135 mM Na™_, promotes the recovery to normal closed, rather than closed-
inactivated states. A kinetic model of recovery that assumes a highly Na™-permeable state and deactivation to closed-
inactivated and normal closed states at negative voltages can account for the results. Thus these data offer insight into how
Kv1.5 channels recover their resting conformation after inactivation and how ionic conditions can modify recovery rates and
pathways.

INTRODUCTION

Voltage-gated K channels (Kv channels) activate and openFor this reason, only a few native channels have been
upon membrane depolarization. In response to prolonged atemonstrated to conduct Nalike delayed rectifier K
repetitive depolarization most Kv channels exhibit a vari-channels in sympathetic and dorsal root ganglion neurons
able-speed (C-type) inactivation (Grissmer and CahalaniZhu and Ikeda, 1993; Callahan and Korn, 1994; Block and
1989; Hoshi et al., 1991; Yellen et al., 1994), in which Jones, 1996) and the squid axon under extreme conditions
channels enter an inactivated state and as a result lose théBezanilla and Armstrong, 1972; French and Wells, 1977).
K" conductance but become more permeable t6 M@as  This has changed a great deal with the work of lkeda and
(Starkus et al., 1997; Kiss et al., 1999). A great deal haxorn on cloned channels (Korn and Ikeda, 1995; Kiss et al.,
been learned recently about the processes involved in Ct998), which shows that Kv2.1 has a significantly higher
type inactivation. A current hypothesis proposes that C-typéJa:K conductance ratio than Kvl channels (Kv1.5 and
inactivation involves a constriction within the outer mouth Kv1.3). Shakerchannels seem to have a much lower relative
of the pore resulting from a cooperative conformationalNa* conductance (Ogielska and Aldrich, 1998; Kiss et al.,
change of the channel subunits (Ogielska et al., 1995; Panyii999) unless specific chimeric forms or point mutants are
etal.,, 1995; Liu et al., 1996; Loots and Isacoff, 1998). Thisysed (e.g., A463C irbhake). On the other handShaker
rearrangement of the outer mouth of the pore greatly rechannels show a remarkable Nand Li* conductance of
duces the conductance of'Kelative to the conductance of the inactivated state (Starkus et al., 1997, 1998), which can
Na", altering the ion selectivity of the channel (Starkus etpe seen as a sustained current during prolonged depolariza-
al., 1997). Recently it has been further proposed that duringon or as slow tails on deactivation. In Kv1.5, a transient
C-type inactivation the channels dwell in at least threeNa™ conductance can be seen that inactivates almost com-
conformational states: an initial open state that is highlyp|ete|y’ with a residual current of less than 15% of peak
selective for K', a state that is less permeable 0 nd  current that represents Nalux through inactivated chan-
more permeable to Na and then a state that is noncon- nels. However, a striking observation in Kv1.5 channels is
ducting (Loots and Isacoff, 1998; Kiss et al., 1999). that repolarization to negative voltages generates slo Na
When K" channels are in the open state, they are all veryaj| currents with a very prominent initial rising phase
selective for_K rather than Na, such that relatively s_mall followed by the slow decay observed 8hakerchannels.
amounts of intracellular K can exclude Na permeation.  Here we demonstrate that on repolarization the inactivated
channels initially increase their Naconductance. The re-
) — o sults provide evidence that at negative potentials the inac-
Received for publication 10 February 2000 and in final form 18 July 2000.,[ivated channels enter a state different from the open state
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0006-3495/00/11/2416/18 $2.00 the recovery from inactivation.




Na* Permeation in Kv1.5 2417

We propose that full recovery from C-type inactivation in averaged cell membrane capacitance was 15.@.3 pF,n = 126), but

Kv1.5 involves a multistate pathway in which the channelsseries resistanceR() compensation was only used in recording kur-

L . . . rents. Measured series resistance was between 1 and ®Mall record-
initially enter an intermediate state (R) that is more PEIME; < the averaged series resistance was 2. 7805 MQ, n — 126). When

able to N and |mpermeable to K and then deactivate to this changed during the course of an experiment, data were discarded. No
closed inactivated states and closed noninactivated stat@stference between results with and with®itcompensation was observed
The entry to the R state is necessary for the recovery ofthen we recorded Nacurrents. Data were sampled at 10-20 kHz and
inactivated channels. Increasing external"Nend K= fa- filtered at 5-10 kHz. The data for analysis and presentation were off-line

cilitates recovery from inactivation by promoting channel leak subtracted if required, and dat‘a were dlgcarded if the leakage _conduc—
nce was greater than 1 nS. During analysis, we measured the instanta-

deactivation to normal closed states. In human heart, Kv1. eous tail current as soon as possible after the voltage clamp had settled,
is active during atrial action potential repolarization (Fedidausually <200 us after the end of a repolarizing voltage step. Throughout
et al.,, 1993) and is present in significant amounts in bothhe text data are shown as mearSE. In Figs. 4 and 7 the apparent voltage
human (Mays et al., 1995) and rat (Dixon and McKinnon, sensitivity of transitions in deactivation or inactivation pathways was

1994: Barry et al., 1995) ventricular muscle. Modulation of °21@ined by fittingr-V curves to the relationshigV) = 7(0) expc= VakT),
! o ’ whereV, k, andT have their usual meanings agds the apparent charge

recovery of the inactivated channels will vary the number of,,;\eq for the transition in question (Starkus et al., 1997).
channels available with each beat and, as a result, may have

important effects on action potential repolarization, dura-

tion, and, therefore, contractility. Formulation of the model

The model was constructed using SCoP and SCoPfit, version 3.51 (Sim-

ulation Resources, Redlands, CA). The number of channels moving be-

MATERIALS AND METHODS tween different states was described by a series of first-order differential

Cells and solutions equations and solved numerically. Opening of the channel from negative
potentials is assumed to follow a standard linear scheme involving initial

Human Kv1.5 channels stably expressed in HEK-293 cell lines were usetransitions between closed states (denoted gsThese rates were deter-

in all experiments. Kv1.5 in the plasmid expression vector pPCDNA3 wasmined from a gating current model published previously (Hesketh and

mutagenized using the Quickchange Kit (Stratagene, La Jolla, CA) td~edida, 1999). The final opening transition from state C4 to the open state

convert Ard®’ to Val (R487V). HEK-293 cells were stably transfected (O) proceeds with a relatively voltage-independent rate obtained from a

with wild-type (WT) hKv1.5 or Kv1.5-R487V cDNAs using LipofectACE previously published model of Kv1.5 ionic currents (DeBiasi et al., 1997).

reagent (Canadian Life Technologies, Bramalea, ON, Canada) in a 1:10 the presence of sodium (and the absence of potassium), the channel

(w/v) ratio. Patch pipettes contained (in mM) 135 NacCl, 5 EGTA, and 10rapidly enters the inactivated state (I) from the open state. The sustained

HEPES, adjusted to pH 7.2 with NaOH. When NaCl was replaced withcurrent during depolarizations greater than 200 ms implies that the inacti-

KCI or N-methyl b-glucamine (NMG'), pH was adjusted with KOH or  vated state conducts sodium current, but with a conductance much lower

HCI, respectively. The bath solution contained (in mM) 135 NM®& than that of the open state. We assume that essentially 100% of channels

NaCl, 10 HEPES, 1 MgGJ 1 CaC}, adjusted to pH 7.4 with HCI. For inactivate on depolarization, from the lack of a fast tail current on repo-

recordings in the presence of different external & K* concentrations,  larization after intermediate duration depolarizations (e.g., Fig).1

the NMG" base external solution was used, and the concentration of

NMG™ was reduced as the cation concentration was elevated to maintain

constant osmolarity. Throughout the text the subscripts i and o denoteRESULTS

respectively, intra- or extracellular ion concentrations. All chemicals were

from Sigma Aldrich Chemical Co. (Mississauga, ON, Canada). The purityThe most striking feature of I\Tapermeation through K

All water used in these experiments was passed through organic fiters andy, o, channels are open at depolarized potentials (Starkus et

two-stage distillation before it was pssed through a Milli-Q (Millipore, . . .

Etobicoke, ON, Canada) deionizing system that returned water with £1-» 1997; Kiss and Korn, 1998; Ogielska and Aldrich, 1999)

resistance of~20 MQ. The contaminating K in the water used for  (Fig. 1). Kv1.5 is no exception to this, as although a slow

solutions was below detection limits<Q.25 uM) for coupled plasma inactivation process is present in Kv1.5 when physiological

optical emission spectroscopy (CANTEST Analytical Services, Vancou-pipette and bath solutions are used (Fi@\, 135 Ki+/5 K;),

ver, BC, Canada), and a 140 mM NMGsolution also had undetectable : + :

| b . : N replacement of the Kwith Na* results in currents that are

evels of K. The 135 mM N4 solution gave a reading of 96M K™, . . L .

which was due to interference by the high ‘Neoncentration. much more rapidly inactivating (Fig. &). An envelope of
tails test confirms that the Nacurrents through Kv1.5
inactivate in a classical C-type manner. In this situation, the

Electrophysiological procedures magnitude of the deactivating tail currents should be pro-

Coverslips containing cells were removed from the incubator before exportlonal to the current activated durmg the depolarlzmg

periments and placed in a superfusion chamber (volumg®5@ntaining ~ Pulses that elicited those tails (Hodgkin and Huxley, 1952).
the control bath solution at 22-23°C. The bath solution was exchanged bfrig. 1 C shows current recordings in symmetrical 135 mM
switching the perfusates at the inlet of the chamber, with complete batiNa™ at +80 and tails at-80 mV to allow a direct compar-

solution changes taking 5-10 s. Whole-cell current recording and dat"f‘son of outward and inward current amplitudes. Even for

analysis were done using an Axopatch 200A amplifier and pClamp6 . L .
software (Axon Instruments, Foster City, CA). Patch electrodes wereShort_dur_atl_o_n depolgrlza_tlons (20 ms), th_e*NaH cu_rrents
fabricated using thin-walled borosilicate glass (World Precision Instru-SNOW an initial transient inward phase with fast kinetics of

ments, Sarasota, FL). Capacity compensation was routinely used (thdecay and then a rising phase followed by a slower second
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. . B . .
136 MM K',/ 5 mM K, 135 mM Na*;/ 5 mM Na’,

FIGURE 1 Rapid C-type inactivation in Nacon-
ducting Kv1.5 channelsAj 135 mM K'/5 mM K.
The current was recorded &60 mV for 500 ms from
—80 mV. B) 135 mM Na&'/5 mM Ng!. As in A, but
for 400 ms. C) Symmetrical 135 mM Na/Na!. The
pulse protocol is shown at the top. An initial 20-ms S
depolarization was given from-80 to +80 mV and 100 ms 100 ms
incremented by 20 ms for each subsequent pulse,

given every 20 s. Note that with increasing test pulse . . D
duration, the initial fast tail was progressively reduced, 135 mM Na i/ 135 mM Na o

as the rising phase became apparent. Enlarged tail 180 mV 1.0 1
currents are shown in the inseD)(Normalized out- ﬂ-” -80 mvV
ward currents at the end of depolarizing pul®@sgnd
instantaneous tail current®) as functions of pulse
duration from data as i€. Data represent meah SE

(n = 5). In this figure, as in all others, dotted lines
represent zero current.
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phase of current decay. With longer duration and increased In ShDA channels, transient outward Nacurrents are
inactivation, the fast initial tail is quickly reduced, as the followed by a sustained current that1s50% of the peak
rising phase predominates (FigCl inse}. The large tran-  (Starkus et al., 1997). This sustained current is due t6 Na
sient tail currents after brief depolarizations reflect the deions passing through inactivated channels. In Kv1.5, sus-
activation of open channels and get smaller with a timetained N& currents through inactivated channels could be
course similar to that of the decay of outward conductanceobserved with prolonged depolarization (FigB). How-

i.e., they both reflect development of inactivation. Mean€Ver, the amplitude of the sustained current in Kv1.5 is
normalized outward currents or peak tail amplitudes formsmaller than that iShakerchannels, so that at the end of 1-s
identical relationships when plotted against the duration ofl€Polarizing pulses, the currentis 0.£3.02 @ = 6) of the
depolarization (Fig. D). The fast component of tail decay peak current. In symmetrical Nahere is no evidence that,

reflects deactivation of activated channels, and the reduc,c—juringthe onset of inactivation, Kv1.5 channels enter a state

; 4 .
tion of this component, which parallels the decay of outwarcxo_f higher Na' conductance before reaching a state of rela-

. ) . o tively low Na* conductance (Fig. T). This would have
current, supports the idea of rapid C-type inactivation of . ; D
been seen in the envelope of tails test as an initial increase

Na" currents through activated Kv1.5 channels. As the time ) . . .
: . . . in peak inward tail current amplitude before its subsequent
course of tail current decrease in Fig.DLis monotonic,

. . decay (see Discussion).
along with the decay of outward conductance, it appears that v ( )

inactivation proceeds from the open state to a single absorb-
ing state in Kv1.5 with symmetrical N@Na, .

Intrinsically Shakerchannels can inactivate within micro- Increased Kv1.5 Na* conductance during the
seconds (Lopez-Barneo et al., 1993), and the process [@covery from C-type inactivation

delayed or prevented by the presence of ions bound at sitege significant features of the slow Naail currents ob-
within or close to the permeation pathway (Starkus et al.gerved in Fig. 1C are the initial rising phase and the
1997). lons like Na with a shorter dwell time (than K) at  subsequent slow decay that lasts between 1.0 and 1.5 s. The
these sites are less able to prevent the onset of inactivatioglow decay of N& tail currents was observed iBhDA

Not only is the time course of inactivation accelerated, butchannels, and it was suggested that this represented the
the inactivation is more complete for Nacompared with  deactivation of C-type inactivated channels to closed inac-
K™ currents, which are inactivated by oniy60% in Kv1.5 tivated states (Starkus et al., 1997). However, the clear
(Fedida et al., 1999). rising phase of N& tail currents in Kvl.5 was a less
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prominent feature iISMA and so has not been investigated inand the current decay during test pulses speeds up (not
detail. Investigation of the rising phase of the tail currentshown). The overall biexponential recovery of current am-
forms the primary subject of this paper. On repolarization plitude is shown in Fig. ZC as the filled points and solid
current develops in the inward direction to form a “hook” line. A rapid phase of recovery with a time constantdf
before slowly decaying to the zero current level. The inwards is followed by a slower recovery phase, which is complete
current reaches a peak within200 ms, and the slow decay by 20 s. Superimposed on the recovery relation is a second
is almost complete over the next 1.5 s or so. relation @otted ling obtained in 135 mM N&/5 mM Na; .

A classical double-pulse protocol, which is often used toThis relation is described in more detail in Fig. 3 but is
evaluate the time course of recovery from inactivation,shown here to illustrate a clearer separation of the different
clearly reveals the presence of this state of increased Naphases of recovery from inactivation. The increased Na
conductance (Figs. 2 and 3). In symmetricalNa 400-ms  conductance early after repolarization results in a novel
prepulse to+60 mV drives the channels to the inactivated “double peak” recovery relation that is quite different from
state, and then a test pulse after increasing repolarizatiaie classical single or double exponential uninterrupted
intervals tests the fraction of available channels. Test pulsescovery from inactivation seen in"Kcontaining solutions
elicit an outward current that increases in peak amplitudg¢Fedida et al.,, 1999; Rich and Snyders, 1998) or with
rapidly at short repolarization intervals (Fig./A). These symmetrical Na solutions (Fig. 2).
outward currents, at pulse intervals &fl s, inactivate Although the slow tail currents are invisible on repolar-
significantly more slowly than currents during the prepulse.ization to —80 mV in 5 mM N& because of the small
Clearly, the slowest decay of current during the test pulsesdriving force, channels still appear to follow a qualitatively
is seen for that elicited near the peak of the inward tailsimilar pathway. This is illustrated in Fig. 8, where Ng
current. This suggests that during the rising phase of slowas replaced by NM@G. Little outward current is seen, but
inward tail currents, the channel conformation is differentthe rising phase and slow decay of the inward tail after
from that in the open state (Fig.£Rand Fig. 3; see below). repolarization are clear. In the double-pulse protocol with
At longer repolarization intervals, recovery of peak current135 mM Na'/5 mM Ng;, the early increased Naconduc-
progresses with a slower exponential time course (FB),2 tance at interpulse intervals of less than 500 ms results in

FIGURE 2 Increase in Kv1.5 Naconductance in
symmetrical Nd during the recovery from C-type
inactivation. A) Supernormal currents at short re-
polarization intervals in 135 mM Nd135 mM
Nag . A 400-ms prepulse tg-60 mV from —80 mV
conditioned the channels. After repolarization for
200 ms at-80 mV, a 1-s test pulse t6 60 mV was
given. The protocol was repeated every 20 s, with an
increment of the interpulse interval of 400 ms each
time. B) Data from another cell. As foA, except 1.1

that the interpulse interval was incremented by 2 s
each time. €) Time course for the recovery of the 1.0~
outward Na currents. The test pulse peak outward o9 L
current (<) Was normalized to the corresponding '
prepulse current amplitudé,(,,), and the ratid ./ £ o8+
lcont Was plotted as a function of the interpulse 8
interval. The double-exponential fit had time con- = 07r + +
stants of 0.9+ 0.2's ;) and 3.7+ 1.8s ) (N = -.a”: 06 1 135 mMNa /135 mM Na“g
4-9 cells). The dotted line represents recovery from = T e - + +
inactivation in 5 mM Ng (redrawn from Fig. D). 05 1 N v 135mMNa’i/5mMNa,
' 1,=09
04p TTYIS
03 1 | l I 1
0 2 4 6 8 10

Interpulse interval (s)
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A + + C
135 mM NMG",/ 5 mM Na", 135 mM Na®,/ 5 mM Na”,

FIGURE 3 Increase of Kv1.5 Naconduc-
tance in asymmetrical Naduring the recov-
ery from C-type inactivation.X) Appearance
of slow inward Na& tail current in 135 mM
NMG;"/5 mM Ng}. The pulse was from-80

to +60 mV for 400 ms. B) Supernormal cur-
rents at short repolarization intervals in 135
mM Na"/5Ng;. A 400-ms prepulse to-60
mV from —80 mV conditioned the channels.
After repolarization for 50 ms at-80 mV, a
200-ms test pulse ta-60 mV was given. The 200 ms 500 ms
protocol was repeated every 20 s, and the D
interpulse interval was incremented by 50 ms
each time. C) As for B, from another cell,

except that the interpulse interval was incre- 1.0 -
mented by 400 ms each tim&) Mean peak
test pulse data were normalized to preceding
control peak current amplitudes and plotted as
a function of the interpulse interval. Note the
break in the abscissa after 1 s and the change
of time base. Three phases are shoasd], of
which a andb were fit by a double-exponen-
tial function. Phase was fit by a single ex-
ponential with a time constant of 48 0.9 s

(n = 8).

135 mM Na®,/ 5 mM Na",

0.2nA

0.2nA

Normalized current

l I ! ! i | 1 1

[
00 02 04 06 08 1020 40 60 80 100
interpulse Interval (s)

outward currents that inactivate slowly (FigB} and that  |nactivation in the recovering channels
can be almost equal in amplitude to prepulse currents (Fig.

3 ©). At interpulse intervals greater than 500 ms the tesPutward currents elicited by a depolarizing step at the time
pulse outward current becomes smaller again, and currenf the peak of the Na inward tail inactivate slowly, and
decay more quickly during the pulse, until a minimum is inactivation is voltage dependent, as shown in Fig. 4. Pre-
reached at about a 1-s interval (Fig.C3. At interpulse ~ Pulse currents at-60 mV (Fig. 4 A) and all positive
intervals longer tha 1 s amonoexponential recovery of Potentials are rapidly inactivating and can be fit to a single
peak current to control levels is seen (FigDB Mean data  €Xponential f) with almost no voltage dependence (Fig. 4
in Fig. 3 D (note the split time base) show that Na B). Currents induced by test pulses shown in Fid\ were
conductance is least immediately after repolarization tdPetter fit by a double exponential (shown lages through
—80 mV, but increases rapidly (phaag peaking at-400  data point3 with a fast componentr{) not significantly

ms after the prepulse, and subsequently declining at intedifferent from r and a slow componentr§) that becomes
mediate interpulse intervals (phalse At ~1 s, Na” con-  slower at positive voltages (Fig. 8). Along with the
ductance reaches a second minimum-&6% of prepulse slowing of 7, at more positive potentials, a significant
peak amplitude and afterward increases again (plehse increase in the relative amplitude of the slow component of
Phasesa and b correspond to the time course of the tail inactivation from 46% to 64% of the total is observed
rising phase and slow decay seen in Figh. At mediumto  between+10 and+30 mV (Fig. 4C). Using the equation
long repolarization intervals from 1 to 10 s, phasshows described in Materials and Methods, an estimate of the
a single exponential time course of recovery of peak currenvoltage sensitivity of the inactivating transitiom) (was

(r =~ 4.3 = 0.9 s). This suggests that complete recovery ofobtained; this was 0.03 0.05e, and 0.05+ 0.05¢, for 7
inactivated channels can take up to 20 s. The data in Figs. &xdr,, respectively, and 0.1t 0.01e, for 7,. Biexponen-
and 3 clearly indicate the presence of a high"N@nduc- tial inactivation of test pulse currents is very possibly the
tance state during the recovery from inactivation and theesult of two entry pathways into the inactivated state. The
regulation of the recovery time course by Na appearance of slowly inactivating currents is not dependent
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FIGURE 4 Slowed inactivation during the high N&onducting state in Kv1.5 channel#y)(135 mM Na&'/5 mM Ng;. Currents were recorded every
20 s during 400-ms prepulses fror80 mV to 60 mV, followed by a test pulse to a variable potential betwe&fl and+80 mV, as indicated in the
twin-pulse protocol at top. Lines through test pulse data are biexponential fits to current d&c@imé constants of Na current inactivation versus
depolarization voltage, during the prepulses, fitted to single exponentjalsnd during test pulses as Ay fitted to double exponentials(andr,). The
lines through the data were obtained by fittindy curves to obtaim (see Materials and Methods). Foand,, g was 0.03+ 0.05e, (n = 5) and 0.05+
0.05e, (n = 9), respectively, and 0.1t 0.01g, for 7, (n = 9). (C) Relative amplitudes of, andt, from B as a function of potentialY) As for A, with

a 10-s conditioning pulse and 400-ms test pulse, both fré80 mV to 60 mV. The interval between the two pulses was 250 ms.

on the duration of the conditioning depolarization. After aobservations support the view that on repolarization the
10-s prepulse to+60 mV, the current induced by a test inactivated channels pass through an intermediate state of
pulse where the interpulse interval is 250 ms still shows aigher Na conductance than that of the inactivated state.
markedly reduced rate of inactivation (Fig. D). These As Na' could significantly delay inactivation in this state, it

Biophysical Journal 79(5) 2416-2433
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is very possible that the Naaffinity for the intrapore tions on R487V suggest that the slow Neails in the WT
binding site(s) is higher than in the open state (Kiss ancchannel are only relevant to the recovery of inactivated
Korn, 1998). In the diagram below we have named thischannels, and the Napermeant state does not occur within
highly Na*-permeable intermediate state R: the normal deactivation pathway.

Closed, C, < 0O, Open = I, Inactivated, weakly

Na* permeable + . . ]
Na™ permeation through recovering channels is

not altered by the conditioning ion species

N fl
We suggest that the R state is an intermediate conformation
during the recovery from C-type inactivation. It is important
Closed/Inactivated, C,I 2 R, highly Na’ permeable, to know whether this state is Nadependent; that is, is it
inactivated only seen when N& permeates the channel, or can the

existence of this state be linked to conditions that are
present when K permeates the channel? The experiments
in Fig. 6 address these issues. Depolarizations 16 mV
with 1 mM K in the external solution, in addition to
Experiments on the R487V mutant channel of Kv1.5 supNMG;"/NMG_, give a rapidly inactivating inward K cur-
port the relationship between C-type inactivation and the Rent during the pulse, followed on repolarization by an
state (Fig. 5). R487 is located in the outer vestibule (Aiyarinward tail current with a fast decay kinetics (FigAB This

et al., 1995; Doyle et al., 1998) and participates in thefast inward tail current reflects K current through open
external tetraethylammonium-binding site (Kavanaugh ethannels during the deactivation. When N§1@ replaced
al., 1992; Bretschneider et al., 1999). Replacement of R48By Na' ions, after the initial fast K tail, a slow tail appears
with valine markedly reduces the rate of C-type inactivationwith a rising phase and a slow decay that results frorfi Na
of Kv1.5 Na“ currents, so that during prolonged depolar-flux through deactivating inactivated channels (FigB)6
ization only limited inactivation is observed (Fig.A. In  This experiment indicates that the channels in the R state
symmetrical Na solutions, we can also visualize the tail are incapable of conducting™ions, but only allow N&
current on deactivation after short and long pulses. Thipermeation.

allows us to use this mutant to test whether the slow Na The state still seems to be an integral part of the recovery
tail appears when inactivation is impeded. We recorded thé&om inactivation pathway when the pore is “conditioned”
tails after 100-ms and 14-s depolarizing pulses and observetliring the inactivation process by'Kions. On depolariza-
that the tails show fast kinetics of decay, characteristic otion to +60 mV with a K" concentration of 5 mM and 135
open deactivating channels. There is no indication of thanM Na_ , an outward K current was induced with a rapid
slow rising and decay phase characteristic of Neerme-  decay (Fig. 6C). This C-type inactivation is fast when
ation through inactivated channels (FigBh The observa- compared to the inactivation rate obtained in 135 mMX

Prior inactivation is obligatory for entering the
R state during deactivation

A a + + B
135 mM Na*,/ 135 mM Na",

\r\\b

'ZnA ‘ZnA 2 nA

1ams 166_ms
2s

FIGURE 5 Na currents through R487V mutant Kv1.5 channefs. \Vhole-cell current recordings from Kv1.5-R487V in 135 mM;N&35 mM N& .
The depolarizing pulse was from80 mV holding potential to-80 mV for 100 ms or 14 s. Traces from the same cell are superimpd3eBxpanded
scale tail current recordings from the experiment showA.iffracea, 100-ms depolarization; tradge end of 14-s pulse.
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1 mM K’ +135 mM NMG*,

2423

1 mM K’ +135 mM Na*,

| 0.2 nA 0.2 nA

FIGURE 6 Na permeation and K perme-
ation through Kv1.5 channels both allow slow
Na* tail currents. A) 135 mM NMG'/1 mM
K¢S 4+ 135 mM NMG!. The current was re-
corded fo 1 s at+10 mV from —80 mV. The
inset is the enlarged tail currenB)(As for A,
except that external NMGwas replaced by 135
mM Na; . A andB were obtained from the same
cell. (C) 5mM K;* + 135 mM NMG'/135 mM
Nad. The pulse was from-80 mV to +60 mV
for 1 s. Note the rising phase and the slow decay
of Na* tail current. D) As for C, except that
external N& was replaced with 135 mM
NMG,. C andD were recorded from the same
cell. Similar results were seen in five other cells.

C

K (Fig. 1A). On repolarization te-80 mV, the same slow
Na" tail as that seen in the above symmetrical'Nexper-
iments appears. Substitution of external "Nay NMG™
prevents this slow N tail (Fig. 6 D) because NMG

5 mM K%/ 135 mM Na®,

500 ms

_jo2nA

20 ms ] 0.2nA

5mM K",/ 135 mM NMG®,

1nA

500 ms

500 ms

faster than the transition to the R state (Fig. 10). However,
if the two processes are coupled together, the measured time
constant of the decline will be slowed by the rate-limiting
transition of channels from inactivated states to the R state,

cannot pass through the channels. The experiments showhich should also mean that the deactivation is governed by

that when Kv1.5 inactivates while conducting Kt under-

the transition to the R state. This situation recalls the gating

goes the same recovery process as when the pore wg$some Nd channels (Aldrich et al., 1983), and by anal-

conditioned with N& (Figs. 1-5). Data in Fig. 62 andD,

ogy, the slow falling phase of the tail does not exclusively

support the view that the R state does not result from afy )y 4 slow exit transition from the R state. Data in Fig. 7

abnormal occupation of the pore by Ndons. On the

contrary, the state appears to represent a general confor
tional change of the pore during recovery from C—typefrom
inactivation, regardless of the species of permeant ions occ

pying the pore during the induction of C-type inactivation.

Voltage-dependent recovery of C-type
inactivated channels

Our observations suggest that the inactivated channels tran-
sit to an R state and then deactivate to closed-inactivate
states, which generates the rising and falling phases of th €

Na® tail. In symmetrical 135 mM N&Na_, a single volt-
age pulse reveals a transient outward Narrent followed

B show current records where, after a 400-ms pulse 60

MV, the membrane was repolarized to different voltages

—120 mV to —20 mV. The enlarged tail current
ll’ecordings show that after an initial step of inward current
resulting from a change in driving force, the inward currents
increase further and then slowly decay to zero. At more
negative repolarization potentials, the rising phase is more
apparent, and the decay is also faster, so that the peak
inward current occurs at earlier times. The rising and decay

hases of these Natail currents were analyzed by fitting
% m with double-exponential functions. These fits are
shown as the lines through data in the inset panel to Fig. 7
B. In Fig. 7C, the rising and decay phase time constants,

by a sustained outward current thati¢0% of the peak and andr,, respectively, are plotted against_repolarization volt-
reflects N& permeating inactivated channels (Fig.AY. ages. The slope gives a 10-fold change in tlme constent over
Thus, after a 200-ms depolarization, all of the channels are113 mV for 7, and 117 mV forr,, respectively, which
inactivated. On repolarization, the initial current jump is Suggests that both are driven by a single voltage-sensitive
almost equal to the amplitude of the outward sustainedrocess, i.e., that transition to the R state governs deactiva-
current, representing inward Nacurrent through C-type tion to closed inactivated states.

inactivated channels. Subsequently, although current devel- At —20 mV in Fig. 7B, almost no N4 tail was apparent
ops in the inward direction, the peak inward tail is markedlyon repolarization. This suggested that at this potential the
smaller than the peak outward current through the opetransition from the inactivated state to the R state either was
channels. This suggests that deactivation is significantlyrevented or was extremely slow. We also questioned
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135 mM Na*;/ 135 mM Na*,

0.5nA

FIGURE 7 Voltage-dependent deactivation of inac-
tivated Kv1.5 Nd currents. A) Symmetrical 135 mM
Na'/Nag. The current was recorded &t60 mV for
400 ms from —80 mV. B) As for A, except for
repolarization to different voltages betweeri20 and
—20 mV. The pulse was given every 20 s. Current
tracings are shown at 20-mV repolarization intervals.
(B, inse} Enlarged tail currents. Biexponential fits to
obtaint, andr, are shown as lines through data points.
The fast initial current spike is caused by capacitance.
(C) Time constants of Nacurrent deactivation versus
repolarization potentialr; was fitted to the rising
phase of the tail current, while, was fitted to the C
slower decay phase, as indicated in the inset.
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whether, as a result, channels could recover from inactiva8-s period at-20 mV. Almost no channels recovered from
tion if they did not transit into the R state. We tested thisinactivation during the 10-s interval when held-a20 mV,

idea by using symmetrical 135 mM NANa to examine suggesting that the R state is a required step in this pathway
recovery from inactivation at 20 mV and to visualize N&  to recovery from inactivation.

tail currents (Fig. 8). After a 400-ms prepulse+®0 mV,
the potential was held at20 mV for 10 s. During this time,
no slow Na tail current was observed. A subsequent tes
pulse to +60 mV induced a test current showing little
recovery from inactivation (Fig. 8). If a 2-s period at-80
mV was applied just before the test pulse (FigBB the  In symmetrical Na, when the peak outward current recov-
slow Na' tail was observed, and the peak outward currenery from inactivation was measured it was biexponential
during the test pulse was 79% of that for the prepulse(Fig. 2), and it was even more complex in asymmetrical 135
Averaged data are shown in Fig@B A 10-s period a-=20 mM Na"/5 mM Ng! (Fig. 3). The time course of peak
mV resulted in a test pulse peak current that was onlycurrent reactivation reflects contributions from channels in
15.7 £ 1.2% ( = 7) of the peak occurring during the the R state, as well as channels that eventually return to
prepulse. However, a 2-s period-aB0 mV just before the closed states and open normally to O (upper pathway in the
pulse increased the peak test pulse current amplitude tmodel shown in the text). A way to separately evaluate the
77.6* 1.1% ( = 8) of the prepulse current. This indicates second group of channels, available in normal closed states,
that almost no channels progressed to the R state during the to examine the reactivation of fast tail currents on repo-

LI'ime course of recovery from inactivation
measured by fast tail reactivation
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A 60 mV

-20 mV [—| -80 mV

0.5nA

0 500 10000 12000 ms

FIGURE 8 Repolarization negative t020 mV is 20 mV

required to allow recovery of C-type inactivated Na _!—\— =i -80 mV H
currents. &) In symmetrical 135 mM N&/Na;, cur-

rent was recorded during a control prepulsett60

mV and, during a second test pulset60 mV, after

10 s at—20 mV. B) As for A, with an additional 2-s
repolarization to—80 mV before the second depolar-
izing test pulse, as indicated in the pulse protocol
shown above the current recording. Arrows indicate
Na" tail currents at-80 mV. Note the breaks in and
change of time base in botA and B. (C) Peak
outward currents during the test pulses normalized to
the currents in preceding prepulses. Hatched bar data
were obtained from eight cells, using the protocol in
A (—20 mV test) and (—80 mV test). * Significant
difference from prepulse amplitudp,< 0.05.
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Prepulse -80 mV
R test
E *
5 NN
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= \
X 20 mV
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£
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larization. This tests the number of channels able to deaans was applied. As shown earlier in Fig.d, a 20-ms
tivate rapidly from open to closed states and thus serves atepolarization activates channels but is too short to allow
an index of channels capable of opening. significant inactivation to occur. This means that the am-
The experiment was performed in symmetrical 135 mMplitude of rapidly decaying tails on repolarization is an
Na“ solutions (Fig. 9). A prepulse t6-80 mV from —80 index of the number of available channels deactivating
mV for 400 ms drove all of the channels to the inactivatednormally at the negative voltages. In FigA9at the end of
state, and after various interpulse intervals a test pulse for 2the prepulse, tails show a rising phase and slow falling
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FIGURE 9 Recovery of C-type inactivated Kv1.5 channels in symmetrical $ddutions. A) Symmetrical 135 mM N&/Na; . Currents were recorded

using the twin-pulse protocol shown at the top, which was repeated every 20 s to allow full recovery from inactivation between tests. A 400-ms prepulse
was followed by a 20-ms test pulse after a variable interpulse interval. (B) Time course for the recovery of thé fagdtduarent (. (asy)- The amplitude

was measured from the instantaneous peak to the end of the fast tail and normalized to the peak outwarj,cyraunir(g the prepulse. The ratio was

plotted against the interpulse interval. The best fit to data was a double exponential with time constants 821s1r;) and 3.7+ 1.3 s (). The data

were obtained from four to nine cells. The dotted line represents recovery to control level, measured as the fraction of fast tail amplitudenagter a 20-
depolarization to peak outward current during the prepulse.

phase without any clear fast tail, which implies that at theinactivated states. Together, the observations have informed
end of the prepulse all channels have been inactivated. Om more complete model of the experiments described here.
repolarization the inactivated channels only progress to thé&his is shown in Fig. 10; this and other models are discussed
R state, as shown by the slow Naail current. However, in the following section.

with longer reactivation times, a fast tail appears at the end

of the test pulses and becomes larger with longer interpulse

intervals. Fpr longer reactivat_ion _periods de_lta were Obtainei)ISCUSSION

from experiments as shown in Fig.R The time course of

the increase of the fast tail is biexponential with time A model of the inactivation and recovery from
constants of 1.1 and 3.7 s (FigH) and reflects the return inactivation of Kv1.5

to normal closed states of the inactivated channels. Thisrhe diagram in Fig. 10 fills out the state model suggested

agrees closely with the time course of recovery of peakygjier in the text and was used to simulate inactivation and
current described in Fig. €, and so these data support our jig recovery in Kv1.5 channels when they are conducting

hypothesis that the inactivated channels return through thga* jons. The early closed-closed transitions were obtained
R state and then through closed inactivated states to closeghm our constrained gating current model published earlier
states to fully recover from C-type inactivation. (Hesketh and Fedida, 1999). We have included a single
Another important observation from the data in FIgA9  gpen state (O) and a single, absorbing inactivated state (I)
is that after intermediate repolarization periods, the amplipccupied on depolarization. On repolarization negative to
tude of the slow tail on repolarization after the test pulse is—20 mv, after a delay, inactivated Kv1.5 channels enter a
significantly bigger than that just before the test pulse. Thisstate with higher Na conductance that we have called R.
suggests that during the depolarizing test pulse, channels Dhannels then rapidly deactivate to closed inactivated states
closed inactivated states can be driven rapidly back to the RC,|) and finally slowly return to closed states {Gwnith a
state, where they become available to conduct Méth a  rate y. We will show that modulation of the £Lto C,
high conductance. This supports the idea put forward in Figtransition rate,y’, by Na; is sufficient to simulate the
7 of rapid reversible deactivation from the R state to closedecovery time course measured experimentally.
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FIGURE 10 State diagram of the model used to describe sodium permeation through Kv1.5. Solid and dashed arrows denote, respectively, dominant
transitions at positive480 mV) and negative{80 mV) potentials. Numbers are rate constants for respective transitions i Fsr nondominant

transitions at eithet-80 or —80 mV, rates were set to zero. The rates adjacent to each rate were those used in the model simulations of ionic currents under
conditions of symmetrical Na(135 mM Ng),). Values in parentheses denote changes required to simulate currents under conditions of low exfernal Na

(5 mM). All other rates were obtained from Hesketh and Fedida (1999). The C, |, and R states in the model cohelittt Mdios of 1:0.15:1, respectively.

All closed states are nonconducting.

Rapid inactivation of Na™ currents out of the metrical Na /Na_ the time course of decay of inward tail

open state currents versus the time when currents are interrupted dur-
. o ...__ing the onset of inactivation is monoexponential (Figd)L

In Kv channels, C-type inactivation is slowed by the binding » n jnermediate state may be present (see below) but is not

of permeant ions to intrapore site(s), such as the SeIeCtiVit¥unctionaIIy important in N&-conducting Kv1.5 channels

filter (Kiss and Korn, 1998). Intrinsic Kv channel inactiva- \y.. "1 ave found that the process of inactiv.ation in+Na'

tion Is almpst top fast to observe, but the presence of IonEonducting Kv1l.5 channels can be effectively modeled
bound at sites within or close to the permeation pathway can

delay or prevent this process (Lopez-Barneo et al., 1993\évr|]tgolultpi)ncludlng such a state in the simulation (Figs. 10
Starkus et al., 1997). Kions have a high affinity for these Inactivétion was modeled from data as in FigB1and
sites and therefore have a longer dwell time at these sites, %Re transition from O to | was assianed a rate of 0.05 s
K* currents show slow ingctivation (Fig.A). Normally, This limited the si £ th I? - 870./ £ 1h
open KvL.5 channels are highly selective fof Kver Nal, a:>s<inl1r:rlnecurreentselz§<e e(zztedevvi?ﬁgut ;uar(r:i}i\?atign Thoe (;x e?
suggesting that like other Kv l(\:ThanneIs (Starkus et al., 1997:;::1ental data showedpthat even after a relatively./ short dr;po-
Ogielska and Aldrich, 1998), Naions have low affinity for o . ) o : .

the intrapore sites and a shorter dwell time (thah) Kt larization, rapid tails on repolarization disappeared (Fig. 1

these sites. Therefore, C-type inactivation of Kv1.5, like othel™) and were replacedth/ slow tails, indicating that inacti-
Kv channels, is facilitated when Nais the permeant cation Vation is complete for Na currents through Kv1.5. Results

(Starkus et al., 1998; Kiss et al., 1998; Fedida et al., 1999). ffom this protocol were effectively modeled as shown in
It has been suggested that C-type inactivating channelE19- 11A. The permeation of sodium through the inactivated

proceed through three states. Initially channels open fronftate was set at 13% of the conductance through the open
closed states, the open state being highly selective for K State and was obtained dlrec_tly from the sustained compo-
but in some channels like Kv1.5, if Kis omitted, signifi- ~ Nent of outward current during prolonged depolarization
cant Nd conductance can be observed (Fig. 1). In our{see Fig. 1 text). This gives the rapidly inactivating test
system, as described in Materials and Methods, we havRulse current with a sustained level seen in Fig. AlandB.
been able to lower f sufficiently to observe clear Na  The steady current level is somewhat less than th&haf
currents through open Kv1.5 channels. Open channels irfthannels, where the steady-state conductance to dya
activate to a state in which they are partially Npermeant ~ pears to be~50% of the open state (Starkus et al., 1997).
and then proceed to a more distal state from the open stafehus, although the inactivated state is ‘Npermeable, its

in which ions do not permeate (Loots and Isacoff, 1998;conductance is much less than that of the open state. On
Kiss et al., 1999). It seems that different Kv channels mustepolarization after brief depolarizations, open channels de-
have different Na permeabilities of this distal state, with activate rapidly from O to ¢to give the fast tail component,
Shaker channels having a relatively high conductanceand inactivated channels in | progress to R to give the rising
(Starkus et al., 1997) and Kv2.1 having a much lowerphase of the slow Natail current, as clearly observed in
conductance (Kiss et al., 1999). Inactivating Kv1.5 channeld-ig. 11A. As the length of the prepulse is increased, fewer
conducting Na do not appear to go through an intermediatechannels are available to deactivate from O, so the fast tail
high Na" conductance state during depolarization. In sym-amplitude declines and the slow tail increases (FigALl
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FIGURE 11 Simulations of Kv1.5 Nacurrent inactivation produced by the model in Fig. 1&). $imulation of current inactivation and tails during brief
depolarizations in symmetrical 135 mM NédNa: . An initial 20-ms depolarization was given from80 to +80 mV, and this was incremented by 20 ms

for each subsequent pulse. With increasing test pulse duration, the initial fast tail was progressively reduced, as the rising phase beca(B¢ sjookeient
simulation of ionic current in the presence of symmetrical sodium (135 mNj,)JaThe simulation protocol involves an initial 400-ms depolarization to
+80 mV followed by a repolarization te-80 mV, 300 ms or 1 s ifength. Repolarization is then followed by a test pulse-®0 mV lasting 1 s. The
dashed line denotes zero ionic currer@) Changes in the proportion of channels in specific states during various phases of the simulation protocol
illustrated inB. (Top) Proportion of channels in statg @hick line), C,l (dotted ling, and G| (thin line) during the repolarization pulseéB¢ttorn) Proportion

of channels in state Idptted ling, R (thin line), and O thick line) during the second test pulse B) after a 1-s repolarization period.

A high Na* conductance state on repolarization the channels in the R state is the same as that in the open
state. Alternative models in which the small tail current size
. : i ) (relative to outward current amplitude) was the result of a
peak of the inward Na tail current in both symmetrical low conductance of the R state failed to give large enough

(Figs. 1C and 2A) and asymmetrical (Fig. 3) Na*. The . . .
. : : . outward currents during test pulses to simulate experimental
rising phase of slow tail currents is more prominent than

that in SM, which was only observed at very negative observations (e_.g.,_F|gs. 2—4). -

potentials, below-110 mV. To indicate in the model (Fig Upon repolarization, the transition to the R state produces
10) that this N&-conducting state is an intermediate state® sIovlv tail current with a me;rked r|?|ng phase due to the
during the recovery from inactivation and kinetically dis- Modeled conductance ratio of 0.13 of | versus R (FigBL1
tinct from the normal open pore conformation, we have ! ne small size of the tail relative to the current during the
designated by R the highly Napermeable state. This state Prepulse (see also Fig. 2) suggests that channels are rapidly
is in the pathway of normal recovery from inactivation, ast@ken out of the R state through deactivation to thestate.

this tail cannot be observed (Fig. 7), and recovery fromin Fig. 7 we noted the interdependence of these two tran-
C-type inactivation is prevented (Fig. 8), unless the tail issitions, so that the rates cannot be constrained from the data.
allowed to develop on repolarization negativet80 mv.  However, a reasonable prediction of the tail current time
The state is a direct consequence of inactivation, and theourse can be obtained with assigned rates of 0.0025 ms
R487V mutant that does not inactivate in,Nbla; does not  for the | to R transition and 0.04 m$ for the R to G|
show slow N& tail currents (Fig. 5). For a convenient transition. The 16-fold faster deactivation rate predicts an
model simulation, we assumed that the'N@nductance of appropriately small peak tail combined with a good predic-

After any initial fast tail decay there is a slow increase in the
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tion of the tail decay time course (Fig. 1B). The tail These supernormal currents can be accounted for by chan-
current decays to the baseline iAl s, suggesting that nels rapidly reentering the R state from thgl 6tate. This
channels are completely removed from both the R and predicts the amplitude of test pulse currents seen after even
states during this time period. Model predictions of thevery short repolarizations, which are much larger than can
proportion of channels in the different closed states alonde accounted for by the slow recovery from inactivation
the deactivation pathway during the period of repolarization(Fig. 11 B). As observed experimentally (Figs. 2—4), these
are shown in Fig. 1T (top). supernormal currents decay more slowly than the prepulse
A second important difference between the slow Nail current, and this is presumed to be due to a low R to |
in Kv1.5 and that irShA is that Na™ and Li* tail permeation  transition rate, which was set to 0.009 MsThis value was
was blocked by 5 mM K in Shaker In Kv1.5 the N& tail obtained from the observed time constant of this slow decay
on deactivation was not qualitatively affected by 5 mM K of 110 ms (Fig. 4B). This transition is also absorbing at
in the pipette and the consequent outward &urrent on  positive potentials, inasmuch as the steady-state level of the
depolarization (Fig. 6). This result suggests that even whetest pulse current is approximately the same as the steady-
the channel is K-conducting during the onset of inactiva- state current during the prepulse (Figs. 2 and 3). Therefore,

tion, as long as there is not enough ko inhibit Na“ influx, in both cases, 100% of the channels are in the inactivated
Na" can enter as slow tail currents during the process oftate at the end of the pulses (Fig. BLand C,botton). It
recovery from inactivation. was noted that for the shortest intervals, the inactivation

rates of test pulse currents were slowest (Figs. 2 and 3). This

is accounted for by most of the current coming from closed
Slow deactivation and decay of the Na* inactivated channels reentering the R state, with its slow
tail currents progression to | (Fig. 1B). This transition also accounts for
the very large slow tails after the very brief test pulses in
Fig. 9 A. Channels are driven from,Cto R by the 20-ms
depolarization, and these channels conduct on repolariza-

At the negative repolarizing voltages, Naail currents
decay to zero in-1 s. Because the duration of the slow'Na
tail (~1 s) is about one order of magnitude less than the[. . .
time required for full recovery from inactivation-( 20 s) lon to give larger tails.
q y . ! As channels begin to slowly recover from inactivation, to
We presume thgt these channels deactivate from the R Stattt%:"e upper set of transitions in Fig. 10, a fast decay compo-
tC%aCA?]Se?Sd ('SntZﬁz'::tstd aIStaltg;rﬂ??V%Z Z:ggrisetetga{otﬁgnactﬂem develops within the test pulse currents. This represents
N ] ﬁhannels opening normally and inactivating from the open
vated channels have to progress through the R state and t ?ate at a rate of 0.05 ms (see above). This was clearl
closed inactivated states to complete the recovery process o . - ) y
seen experimentally (Figs. 3 and 4) and gave the test pulse

closed (GQ) states (Fig. 10). The relative rate constants for o .
.. currents a double exponential time course due to the simul-
recovery from | through O to £are too low to permit

. e . taneous presence of the slower transition from R to I. The
recovery from inactivation by this route and are set to zerqfast decav amplitude increases relative to the slow deca
in the model. At negative potentials, the R tgl @ansition y amp y

. . . . . amplitude with longer repolarizing pulses, as more channels
is essentially irreversible, as suggested experimentally b(yire able to decay from the open state when they have

the tail that decays fully to the baseline (Fig. 7). From theCom leted the recovery from inactivation (compare Figs. 2
C,l state, the channel may then either recover quickly with P y P gs.

the ratey’ or proceed further along the deactivation path-A and 11B). An illustration 9f th_e channel states du_ring the
way through an irreversible transition tgICThe channel f:cglg?i;:,zgﬁﬂfz;gxﬁr};'r;i':'g'lglg;ettro%l'_ls_h%erzog (;f
will then quickly deactivate along these earlier closed inac—miF:(ture of channels in O and?‘\; at the start 6f the pulse. and
tivated states, and at any point along the deactivation path P '

the channel can recover to the parallel closed noninactivateS atthe trlanbslﬁ :antdgigfzcgﬁ:tgtelgto A:‘?e6r 22?}?{22‘2 'Tﬁgg\slattii
states, but with a rate that is slower thany'. T : P '

presence of a fast tail provides an index of the number of
channels in the open state relative to the number in the R
state. Experimentally we found that this fast tail develop-
ment has a double-exponential time course, suggesting an
In both symmetrical and more obviously in asymmetricalopportunity for channels to recover either slowly or quickly
Na“, application of a test pulse t&-80 mV soon after a (Fig. 9 B). The faster recovery is represented by tjie
prepulse results in currents that appear to have a rapittansition, which is assigned a rate of 0.0015 g = 667
availability and that reinactivate with a markedly reducedms) in the model and is much faster than the 0.000235'ms
biexponential rate (Figs. 2—4). These observations supposiow recovery ratey. The latter was obtained directly from
the idea that the state occupied by inactivated Kv1.5 chanthe time course of slow recovery of either the peak outward
nels at negative potentials (and subsequently when depolacurrent (Figs. 2 and 3) or the slow phase of tail reactivation
ized in this state) is different from the normal open state(r = 3.7 s in Fig. 9).

Modeling of test pulse currents
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Na; modulation of the C,l to C, transition rate ing numbers of channels reaching closed states along the

The fast component of recovery from inactivation, indexeduloper pathway (F'g' 10), which are available to open an_d
then inactivate rapidly from the open state. An example is

by the recovery of outward currents (Fig. 2) and the reap- Iso given in the inset of Fig. 12 of a brief test pulse

earance of the fast tail current (Fig. 9) in symmetrical 135% _ _ . A
P (Fig. 9) y current like those given experimentally in Fig. B to

mM Naj,, has an amplitude threefold greater than the _ .
amplitude of the slow component. This was used as a guidilustrate modeling of the two components of the tail. The

to determine the relative rates 9f versus the irreversible Simulated test pulse applied after an 8-s repolarization pe-

C,l to C4l transition, which was assigned a rate of 0.0003"0d gives a brief outward current, followed .by a fast tail
ms . This allowed simulation of the recovery of test pulse COmponent that reflects channels deactivating from open

current amplitudes in symmetrical 135 mM Nas shown States to normal closesfates. This is followed by a slow Na
in Fig. 12 A (compare with Fig. 2). Time constants of 0.9 tail that reflects channels left inCreentering the R state and

and 3.7 s measured experimentally (Fig. 2) fitted the recovconducting Na before they deactivate again to closed inacti-

ery time course of modeled currents (Fig.BR2 The model vated states (4I).
also illustrates the accelerating inactivation rate of test pulse The multiple phases of test pulse current reactivation in
currents after longer repolarization times, caused by increasew Nai were simply modeled by slowing the rate of fast

A B

1.0
0.9 -
0.8

0.7 A

L L some ol

Itest/lcont

Interpulse Interval (ms)

C 1.0 -

0.9 1
0.8 1
0.7 1
0.6

ltest/lcont

0.5 1
0.4 1

k 0.3
0.2 '

0 200 400 600 800 1000 4000 6000 8000 10000 12000

Interpulse Interval (ms)

FIGURE 12 Model simulations of Naionic currents and recovery from inactivatioA) (Model simulation of ionic current recovery after an inactivating

test pulse £80 mV, 400 ms), in the presence of symmetrical 135 mMJNRepolarization times were 300 ms, 500 ms, 700 ms, 1s,25s,45s, 65, 8,

and 10 s, and test pulse durations were 0.3-2 s. The inset shows a single ionic current trace during a 20-ms depolarization, after an 8-s rppotadization

(B) Peak level of test pulse outward current relative to peak level of prepulse current as a function of the length of the repolarizing pulses. Points were
obtained from the simulations illustrated in Fig. A1The smooth line through the points represents a double-exponential curve with time constants of 0.9
and 3.7 s that were obtained from the experimental data illustrated in Elg(@ Model simulation of ionic currents with a protocol identical to that in

A, but in the presence of 5 mM Nja (D) Peak level of test pulse current relative to peak level of prepulse current as a function of the length of the
repolarizing pulses. Points were obtained from the simulations illustrated in Fi@. LLihes through points do not represent any function.
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recovery ') by fivefold (Figs. 10 and 12C andD). This  small concentrations of K were used to demonstrate
produced qualitative agreement with the experimentally obehanges in inward tail currents during the onset of C-type
tained test pulse currents (Fig. 3), which increased with verynactivation. We have reproduced this experiment in Kv1.5;
short repolarizations and then decreased in amplitude abpresentative data are shown in Fig. 13. Here inclusion of
intermediate intervals, followed by a slow increase corres mMm K;* with 135 mM NMG" slowed the onset of C-type
sponding to the classical slow recovery from inactivation.jnactivation significantly. For very short depolarizations,
To achieve a more accurate simulation, the commitmengmgajl inward N4 tails are seen. For longer depolarizations,
step was sped up slightly to remove channels more quickly,jis pecome larger and then smaller again. The recovery
from the Gl Stfitf to the ¢ Statf' This rate was changed f,y, inactivation was so slow in this experiment (cf. Figs.
from 0.0003 ms™ to 0.0008 ms*, a 2.7-fold change (Fig. 5 44 3) that some cumulative inactivation is present, espe-
1.0)' Therefore, by changing only two rates, the mod.eI CarE:ially after longer depolarizing pulses. Still, as demon-
simultaneously account for the test pulse amplitudes in botgtrated by Kiss et al. (1999), the peak inward ‘Neil

ionic conditions. The data and model then suggest 4-Na . . . )
. . e increases and then decreases again. This points to the oc-
dependent modulation of recovery from inactivation at earlyCu ancy of an extra state in the pathway on the way to a
steps in the deactivation pathway. pancy pa yon Y
relatively lower N& conductance distal inactivated state.
The tail current changes are not caused by changes'in K
Multiple inactivation states within the and K through accumulation and depletion, as omission of

inactivation pathway Na! prevents the observance of any tail currents at all (Fig.

The data on N& current inactivation and the monotonic 13 B)- If we extend our model to include an intermediate
correlation of outward current decay with the decay of fasfligher Na_ conductance state in the inactivation pathway,
inward tail currents obtained in symmetrical 135 mMXa |1, @nd our absorbing state is noy/(Fig. 13C), the model
Na_" solutions did not give any suggestion of the presence ofan adequately predict many features of the tail current
more than one inactivated state at depolarized potentialdehavior as shown (Fig. 13). It is interesting that the tail
(Fig. 1,C andD). In the experiments of Kiss et al. (1999) currents now have a morphology, in experiments and in the

A . 5mMK"./135 mM Na", B smm K",/ 135 mM NMG"

i1nA

I I I

500 ms

300 ms

FIGURE 13 Effect of 5 mM K on inward N4 tail currents. A) Experimental data obtained using pulses of increasing duration fr8tto +60 mV

every 20 s. The pipette contained 135 mM NMG 5 mM K;*. The decrease in outward current for later depolarizations reflects accumulated inactivation
even at such a low pulse ratd)(As in A, except that N& was replaced by NM@G. (C) Modification of the model of N& permeation through Kv1.5
incorporating two states in the inactivation pathway. Rates were 0.003 ansl 0.002 ms* for the O to | and |, to I, transitions, respectively. Rates for

the I, to R transition and the, Ito C,] transition were 0.05 ms' and 0.003 ms?, respectively. All other rates were unchanged from the model in Fig. 10.
Solid and dashed arrows denote, respectively, transitions dominant at posifi0er(V) and negative-{80 mV) potentials. D) Model simulation of data
presented irA, using the scheme presentedGn
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model, that is somewhat different from those observed irCallahan, M. J., and S. J. Korn. 1994. Permeation of feough a delayed

; ; rectifier K* channel in chick dorsal root ganglion neurods.Gen.
the presence of Naalone (Figs. 2 and 11). The slow tails Physiol. 104:747-771.

on repOIarlzatlon. a.nse on the shoulder of th.e dgcaymg fasl'_T)eBiasi, M., Z. Wang, E. Accili, B. Wible, and D. Fedida. 1997. Open
tail current, and it is Onl){ after !Ong .dep0|ar|zat|0n3v Wheh channel block of human heart hKv1.5 by thesubunit hKy31.2.
almost all channels are in the inactivated state, that a sig- Am. J. Physiol. Heart Circ. PhysioR72:H2932-H2941.

nificant rising phase is observed in the slow tail current.Dixon, J. E., and D. McKinnon. 1994. Quantitative analysis of potassium
However, it is important to note that the state R is still channel mMRNA expression in atrial and ventricular muscle of Gits.

ired in th th t d the bi Res.75:252-260.
requirea in the recovery patnway 1o reproauce tne IeXpoboer, D. A., J. M. Cabral, R. A. Pfuetzner, A. L. Kuo, J. M. Gulbis, S. L.

nential decay of early test pulse currents, as shown in Figs. Cohen, B. T. Chait, and R. MacKinnon. 1998. The structure of the
2—4 and modeled in Fig. 1B. potassium channel: molecular basis of Konduction and selectivity.
Science280:69-77.
Fedida, D., N. Maruoka, and S. Lin. 1999. Modulation of slow inactivation
in human cardiac Kv1.5 channels by extra- and intra-cellular permeant
SUMMARY cations.J. Physiol. (Camb.)515:315-329.
We have seen that Kv1.5 channels can show a steady-stdtedida, D., B. Wible, Z. Wang, B. Fermini, F. Faust, S. Nattel, and A. M.
Na* conductance after entering the C-type inactivated state Brown. 1993. Identity of a novel delayed rectifier current from human

’ Naai . heart with a cloned K channel currentCirc. Res.73:210-216.
and that this can generate slow Naail currents with a French, R. J., and J. B. Wells. 1977. Sodium ions as blocking agents and

rising phase and slow decay while recovering from the charge carriers in the potassium channel of the squid giant dx@en.
inactivated state (see above). Our observations indicate thatPhysiol.70:707-724.
on repolarization the inactivated channels undergo transiGrissmer, S., and M. Cahalan. 1989. TEA prevents inactivation while

tion to an intermediate state, R, that has a highef Na gg’_g'gggzgge” K' channels in human T lymphocytegiophys. J.

C_OndUCtance than the maCtIV?‘ted channels to gener_ate tli]-%sketh, J. C., and D. Fedida. 1999. Sequential gating in the human heart
rising phase of the slow Natail and the slowly decaying K* channel, Kv1.5, incorporates Q1 and Q2 charge components.
supernormal test pulse currents. Two entry pathways to the Am. J. Physiol. Heart Circ. Physio274:H1956-H1966.

inactivated state are required to explain the biexponentigfiodgkin, A. L., and A. F. Huxley. 1952. The components of membrane
decay of test pulse currents, and this is achieved through the Sonductance in the giant axon of Loligd. Physiol. (Lond.).116:

: 473496,
C,-O-l' and GJI-R-I pathways. The time course of recovery Hoshi, T., W. N. Zagotta, and R. W. Aldrich. 1991. Two types of inacti-

to normal closed states from closed inactivated states closevation in ShakerK* channels: effects of alterations in the carboxy-
to the open state can be modulated by the concentration of terminal regionNeuron.7:547-556.
extracellular N&. This last feature suggests a general prop-Kavanaugh, M. P., R. S. Hurst, J. Yakel, M. D. Varnum, J. P. Adelman, and

. R. A. North. 1992. Multiple subunits of a voltage-dependent potassium
erty of cations to reQU|ate the recovery rate of khannels channel contribute to the binding site for tetraethylammoniNeuron.

from inactivation. 8:493-497.

Kiss, L., D. Immke, J. LoTurco, and S. J. Korn. 1998. The interaction of
Na" and K" in voltage-gated potassium channels—evidence for cation
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of British Columbia and Yukon and the Medical Research Council of Kiss, L., and S. J. Korn. 1998. Modulation of C-type inactivation by &
Canada to DF. the potassium channel selectivity filtéBiophys. J.74:1840-1849.

Kiss, L., J. LoTurco, and S. J. Korn. 1999. Contribution of the selectivity
filter to inactivation in potassium channeBiophys. J.76:253-263.
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