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A B S T R A C T  Inactivation o f  K § channels responsible for  delayed rectification in 
rat  type II  alveolar epithelial cells was studied in Ringer, 160 mM K-Ringer, and 
20 mM Ca-Ringer. Inactivation is slower and less complete  when the extracellular 
K + concentra t ion is increased from 4.5 to 160 mM. Inactivation is faster and more  
complete  when the extracellular  Ca ~+ concentra t ion is increased from 2 to 20 mM. 
Several observations suggest that inactivation is s tate-dependent .  In  each o f  these 
solutions depolar izat ion to potentials near  threshold results in slow and partial  
inactivation, whereas depolarizat ion to potentials at which the K + conductance,  gK, 
is fully activated results in maximal inactivation, suggesting that open channels 
inactivate more  readily than closed channels. The time constant  of  current  inacti- 
vation dur ing  depolar iz ing pulses is clearly vol tage-dependent  only at potentials 
where activation is incomplete,  a result consistent with coupling of  inactivation to 
activation. Addit ional  evidence for  s ta te-dependent  inactivation includes cumula- 
tive inactivation and nonmonotonic  recovery f rom inactivation. A model  like that 
p roposed  by C.M. Armst rong  (1969.J.  Gen. Physiol. 54: 553-575)  for K + channel 
block by internal quaternary ammonium ions accounts for  most o f  these proper-  
ties. The fundamental  assumptions are: (a) inactivation is strictly coupled to activa- 
t ion (channels must  open  before  inactivating, and recovery from inactivation 
requires passage through the open state); (b) the rate of  inactivation is voltage- 
independent .  Experimental  data suppor t  this coupled model  over models in which 
inactivation o f  closed channels is more  rapid  than that of  open channels (e.g., 
Aldrich, R.W. 1981. Biophys. J. 36:519-532).  No inactivation results f rom 
repea ted  depolar iz ing pulses that are too br ief  to open K § channels. Inactivation is 
p ropor t iona l  to the total time that channels are open dur ing  both a depolar izing 
pulse and the tail cur rent  upon  repolarization; repolar izing to more  negative 
potentials at which the tail cur rent  decays faster results in less inactivation. Impli-  
cations o f  the coupled model  are discussed, as well as additional states needed  to 
explain some details o f  inactivation kinetics. 

I N T R O D U C T I O N  

The  K § channels  respons ib le  for  de layed  rec t i f ica t ion  in exci table  cells have long  
been  known to inact ivate slowly u n d e r  ma in t a ined  depo la r iza t ion ,  and  to  r ecover  
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from inactivation upon hyperpolarization, in node of  Ranvier (Frankenhaeuser and 
Waltman, 1959; Lfittgau, 1960), squid axons (Moore, 1959; Ehrenstein and Gilbert, 
1966), eel electroplaques (Bennet and Grundfest,  1966), Purkinje fibers (Hall et al., 
1963); neurons from Onchidium (Hagiwara et al., 1961), puffer fish (Nakajima and 
Kusano, 1966), Aplysia (Alving, 1969), Helix (Neher and Lux, 1971; Magura et al., 
1971 ), Anisodoris and A rchidoris (Conner and Stevens, 197 la); and in skeletal muscle 
from frog (Nakajima et al., 1962; Adrian et al., 1966, 1970b), snake (Heistracher 
and Hunt,  1969a), rat (Duval and Leoty, 1978), and crab (Mounier, 1979). Regard- 
less of  how many distinct subtypes of  K + channels are represented in these prepara- 
tions, inactivation appears to be a common feature of  depolarization-activated K + 
channels. By analogy with the Hodgkin-Huxley (1952) model for sodium channel 
gating, Frankenhaeuser (1963) described K + channel inactivation as a first-order 
variable which is independent of  activation, thus: 

IK = gKn~k(V - VK), 

where IK is K + current, gK is the maximum available K + conductance, VK is the K + 
reversal potential, and n 2 and k are variables describing the probability that a chan- 
nel is activated and not inactivated, respectively. Since then it has become apparent 
that the kinetics of  inactivation and recovery of  K + currents are complex in a variety 
of  excitable cells (Nakajima and Kusano, 1966; Heistracher and Hunt,  1969b; 
Neher and Lux, 1971; Schwarz and Vogel, 1971; Argibay et al., 1973; Argibay, 
1974; Kostyuk et al., 1975; Heyer and Lux, 1976; Adrian and Rakowski, 1978; 
Aldrich et al., 1979; Dubois, 1981 ; Inoue, 1981 ; Ruben and Thompson, 1984; Cha- 
bala, 1984; Plant, 1986; Maruyama, 1987; Clark et al., 1988; Giles and Imaizumi, 
1988; Kostyuk and Martynyuk, 1988; Clay, 1989) and more recently, also in nonex- 
citable cells (Cahalan et al., 1985; Gallin and Sheehy, 1985; Maruyama, 1987; 
Grissmer and Cahalan, 1989; Lucero and Pappone, 1989), suggesting additional 
states. In some preparations multiple kinetic components may reflect the presence 
of  more than one K + channel type in the same cell (e.g., Stanfield, 1970; Duval and 
Leoty, 1978; Dubois, 1981; Quandt, 1988; Hoshi and Aldrich, 1988). 

Several phenomena have been described which indicate that inactivation is not 
independent of  activation, i.e., that the rates of  inactivation of  open and closed 
channels are different (Neher and Lux, 1971; Argibay et al., 1973; Argibay and 
Hutter,  1973; Argibay, 1974; Heyer  and Lux, 1976; Eckert and Lux, 1977; Aldrich 
et al., 1979; Beam and Donaldson, 1983; DeCoursey et al., 1984; Clark et al., 1988). 
Among these, cumulative inactivation and nonmonotonic recovery from inactivation 
(which are described more completely in Results) can be modeled by assuming that 
closed channels inactivate faster than open channels (Aldrich, 1981). Inactivation of  
K + currents in rat type II alveolar epithelial cells is described here. Although two 
types of  K + channels have been described, in most alveolar epithelial cells the behav- 
ior of  the gK is consistent with the predominance of  a single type of  K + channel 
(l)eCoursey et al., 1988). In alveolar epithelial cells, closed K + channels appear to 
inactivate more slowly than open channels or not at all, and open channel inactiva- 
tion appears to be relatively independent of  voltage. Therefore,  a model is explored 
which incorporates two fundamental assumptions: (a) closed channels do not inacti- 
vate, and (b) the rate of  inactivation of  open channels is independent of  voltage. This 
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simple model can predict the general features of  K § channel inactivation, including 
cumulative inactivation and nonmonotonic  recovery kinetics. 

The applicability of  the proposed model is extended by use of  two interventions 
which alter inactivation kinetics of  some K + channels: increased extracellular K + 

concentration, [K+]0, and increased extracellular Ca ~§ concentration, [Ca~§ Inac- 
tivation kinetics are modified by extraceUular permeant  cations (Lfittgau, 1961; 
Plant, 1986; Grissmer and Cahalan, 1989), and inactivation is diminished (i.e., inac- 
tivation is slower and / o r  recovery is enhanced) by elevated [K§ in some prepara-  
tions (Ruben and Thompson,  1984; Kostyuk and Martynyuk, 1988; Martynyuk and 
Teslenko, 1988; Grissmer and Cahalan, 1989) excluding squid (Inoue, 1981; Clay, 
1989). Increased [Ca~+] 0 speeds inactivation of  K + currents in node of  Ranvier 
(Lfittgau, 1960) and in lymphocytes (DeCoursey et al., 1985; Grissmer and Cahalan, 
1989) but not in squid (Inoue, 1981), in addition to shifting activation to more pos- 
itive potentials (Frankenhaeuser and Hodgkin, 1957). These two actions of  Ca 2§ 
appear  to be independent,  since different polyvalent cations, all o f  which shift acti- 
vation to more  positive potentials, have qualitatively different effects on the inacti- 
vation rate, some increasing and some decreasing the inactivation time constant 
(DeCoursey et al., 1985). The effects o f  elevated [K+]0 and [Ca~§ 0 on inactivation of  
type II  cell K + currents are shown to be generally compatible with the coupled 
model. 

METHODS 

Type H Cell Isolation 

Methods for isolation and purification of type II cells are adapted from those of Simon et ai. 
(1986) as described previously (DeCoursey et al., 1988), with several modifications. The lav- 
age solution, which was used to remove nonadherent macrophages, contained divalent-free 
Hank's balanced salt solution (Gibco Laboratories, Grand Island, NY) and 2% penicillin- 
streptomycin solution (Gibco Laboratories). The digestive enzyme solution, used to dissociate 
individual alveolar epithelial cells, contained 12.6 U/ml porcine pancreatic elastase (Sigma 
Chemical Co., St. Louis, MO), 25 #g/ml trypsin, (Sigma Chemical Co.), 20 mM HEPES, Dul- 
becco's modified Eagle's media (D-MEM, Gibco Laboratories). The solution instilled to arrest 
enzymatic activity contained 0.5 mg/rni soybean trypsin inhibitor (Sigma Chemical Co.), 60 
#g/ml DNAase (Sigma Chemical Co.), fetal bovine serum (Gibco Laboratories), 2% penicillin- 
streptomycin solution (Gibco Laboratories), and D-MEM. The lectin solution which subse- 
quently agglutinated residual macrophages (Simon et al., 1986) contained 50 #g/ml Griffonia 
simplicifolia lectin (Sigma Chemical Co.), 10% fetal bovine serum, and 2% penicillin-strepto- 
mycin solution. Cells were studied up to ~4 wk after isolation. 

Recording Techniques 

Conventional gigohm seal recording techniques as reported previously (DeCoursey et al., 
1988) were used. Pipettes were made from 0010, KG-12, or EG-6 glass (Garner Glass Co., 
Claremont, CA), coated with Sylgard 184 (Dow Coming Corp., Midland, MI), and fire-pol- 
ished to tip resistances measured in Ringer's solution of 1.5--4 MFI. Pipette (internal) and bath 
(external) solutions are listed in Table I. Data were corrected for junction potentials, V~t, as 
described in Table I, calculated assuming mobilities and activity coefficients from Robinson 
and Stokes (1965), Van~,sek (1987), or Landolt-B6rnstein (1960). Since all pipette solutions 
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conta in  11 mM EGTA, it is unlikely tha t  inactivation was con tamina t ed  by vo l tage-dependent  
block by heavy metal  ions leached f rom the  p ipet te  glass (Cota and  Armstong,  1988). Exper-  
iments  were generally done  at 19-22"C,  with ba th  t empera tu re  cont ro l led  us ing Pelt ier  
devices and  cont inuously  mon i to r ed  by a small thin-fi lm p la t inum resistance t empera tu re  
de tec to r  (RTD) e lement  (Omega Engineer ing,  Stamford,  CT). 

Af ter  the  whole-cell conf igura t ion  was established, the  relative ampl i tudes  of  the  leak and  
K § conduc tances  were de te rmined .  Cells with large leak cur ren t s  were not  fu r the r  studied. 
T he  max imum K § conduc tance  seemed to be  larger  in this study than  the average value o f  1.6 
nS r epo r t ed  previously (DeCoursey et  al., 1988). This increase may reflect improvements  in 
the  cell isolation and  purif icat ion techniques,  o r  use o f  larger  cells and  cells cu l tu red  for  
longer  times. Since we previously f o u n d  two dist inct  types of  voltage-gated K + channels  in rat  
type I1 cells, the  p r e d o m i n a n t  type o f  K + channe l  in each cell was de te rmined .  The  vast 
majori ty o f  cells had  type n o r  delayed rectifier-type K § channels.  As was found  previously, 

T A B L E  I 

Composition of Solutions 

lntracellular (pipette) solutions 

K § Ca ~§ Mg ~+ CI- F - CHsSO~ EGTA HEPES V#, 

mM mV 
KF 162 1 2 6 140 0 11 10 9.0 
KF + KCI 162 ! 2 76 70 0 11 10 6.7 
KCH~SOs + KF 162 1 2 6 40 100 11 10 4.6 
KCH.~SOs 162 1 2 6 0 140 11 10 10.5 

ExtraceUular (bath) solutions 

N a  + K + C a  ~+ M g  2+ C I -  H E P E S  Vj,, 

mM raV 

Ringer 160 4.5 2 1 170.5 5 0 
K-Ringer 0 160 2 1 170.5 10 4.6 
20 Ca-Ringer 140 4.5 20 1 186.5 5 - 2.2 

Vj,, is the junction potential calculated for the pipette solution/Ringer interface or the interface between the 
bath electrode with its Ringer-agar bridge and the bath soludon when changed from Ringer. The value for the 
pipette solution less that for the bath solution was subtracted from the nominal potential; e.g., for KF + KCI 
and K-Ringer, the correction would be 6.7 - 4.6 - 2.1 mV. The pH of all solutions was adjusted with the 
hydroxide of the predominant cation to 7.2 for internal solutions and 7.4 for external solutions. 

only a small f ract ion had  type I K § channels ,  a l though  the  f requency o f  cells with type l chan-  
nels seemed lower in the  p resen t  exper iments .  Classification o f  a cell as having type n chan-  
nels was based on  (a) accumula t ion  o f  inactivation d u r i n g  repeti t ive b r i e f  depolarizat ions,  (b) 
slow tail cu r r en t  kinetics, and  (c) activation at  relatively negative potentials,  compared  with 
type l; tentat ive classification o f  a cell as having type l channe ls  was conf i rmed  by test ing its 
sensitivity to externally appl ied t e t r ae thy lammonium which blocks type l K § channels  at sub- 
mill imolar concen t ra t ions  (DeCoursey et al., 1987, 1988). All data  descr ibed he re  are derived 
f rom type II cells j u d g e d  to have type n K + channels .  

K + cu r ren t s  were cor rec ted  for  leak cu r r en t  es t imated by l inear  ext rapola t ion  of  the  time- 
i n d e p e n d e n t  c u r r e n t  at  sub th resho ld  potentials.  In  many cells an  addi t ional  slowly activating 
conduc tance  which reversed nea r  0 mV was observed at positive potentials,  typically above 
+ 20 to + 4 0  mV. W h e n  present ,  this conduc tance  con tamina ted  the t ime course  of  inactiva- 
t ion, and  restr ic ted the  voltage range  over  which reliable data  could  be  obta ined.  The  series 
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resistance compensation was adjusted (typically ~50% compensation could be used) at the 
start of  each experiment and periodically thereafter. In a cell with unusually large currents, 
such as the one in Fig. 1, the largest error  due to residual uncompensated series resistance 
would be <10 mV, assuming a high-resistance pipette and a doubling of  pipette resistance 
after achieving whole-cell configuration. 

R E S U L T S  

The  resul ts  will be  p r e s e n t e d  in fou r  main  parts .  First ,  effects o f  e levated  [K+]0 and  
[Ca2+]0 on  K + channe l  inact ivat ion in type II  a lveolar  epi thel ia l  cells a re  descr ibed .  

B 

~ .  , . . . . .  i |  ]r'-- 

160 K 

800  ms 

2 0  C a  

FIGURE 1. Whole-cell cur- 
rents in a type II cell with unu- 
sually large currents bathed in 
Ringer (A), K-Ringer (B), or  
20 Ca-Ringer (C). In A, the 
cell was held at - 9 0  mV and 
4-s pulses to - 5 0  through 
+20 mV were given in incre- 
ments of  10 mV with an inter- 
val of  40 s between pulses. In 
B the cell was held at - 8 5  mV 
and pulsed to - 4 5  through 
+ 35 mV in 10-mV increments, 
with a 30-s interval between 
pulses. In C the cell was held at 
- 9 2  mV and 3-s pulses were 
applied to - 4 2  through +28 
mV in 10-mV increments with 
a 40-s interval. The calibration 
bars in B also apply to A and C, 
with the time calibration 800 
ms for C only. The family in A 
was recorded after 2.5 h in 
whole-cell configuration, B 
after 1.5 h, and C after 2 h. 
Currents are shown without 
leak correction. Pipette solu- 
tion KCHsSOs + KF, 21~ 
cell no. 531. 

T h e n  a mode l  o f  channe l  ga t ing  and  its app l ica t ion  to the  da ta  a re  in t roduced .  Var- 
ious fea tures  o f  the  da ta  which suggest  coup l ing  o f  act ivat ion and  inact ivat ion are  
discussed.  Finally, several  e x p e r i m e n t s  des igned  to d i scr imina te  be tween  two classes 

o f  c o u p l e d  mode l s  a re  descr ibed .  

Effects of  [K+]o and [Ca 2 +]o on K + Current Inactivation 

Fig. 1 i l lustrates  some o f  the  effects o f  [K+]0 and  [Ca~+]0 on  K + channel  inact ivat ion 
in a ra t  type I I  cell: d u r i n g  long  depo la r i z ing  pulses  in Ringer  (A), 160 mM K- 
R inge r  (K-Ringer)  (B), o r  20 mM Ca-Ringe r  (20 Ca-Ringer)  (C), the  K + c u r r e n t  rises 
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rapidly and then declines slowly, with an approximately  exponential  time course.  In  
some experiments,  a single exponential  does no t  provide a very good  fit to the decay 
o f  K § currents,  but  the deviation f rom a single exponential  was not  resolved into a 
consistent pattern.  Time constants  f rom the exper iment  in Fig. 1 are plot ted in Fig. 
2 A for  all three external solutions. In  each solution the rate o f  inactivation is slow at 
potentials.just above the threshold for  activating the K § conductance ,  gx, and faster 
at more  positive potentials. The  time constant  o f  inactivation, r, is at most  only 
weakly vol tage-dependent  at potentials at which the gx is more  completely activated. 
Inactivation is slower in K-Ringer than in Ringer; r in the positive potential  range 
averaged 320 ms in Ringer  and 500 ms in K-Ringer in this cell. Increasing [Ca2+]0 

A B 

2000 2000 

1000 

50O 

200 

~~_~. ~ lOOO ~I Model 

160 K 

-40 -20 0 20 40 60 -40 -20 0 20 40 60 
Voltage (mV) Voltage (mV) 

FIGURE 2. (A) Inactivation time constants obtained by fitting the currents in Fig. 1 to a 
single exponential (I, K-Ringer; r Ringer; A, 20 Ca-Ringer). (B) Time constants of inactiva- 
tion calculated with the model assuming voltage-independent rate constants for the O r I 
transition. The inactivation rate constants (h and j) used in the calculation were derived from 
the experiment in Fig. 1: for K-Ringer h = 1.6 s-l andj  = 0.4 s -l, for Ringer h = 3.13 s-1 and 
j = 0.2 S - l ,  and for 20 Ca-Ringer h = 4.45 s -1 andj  = 0.0909 s-k The surface charge effects 
of  20 Ca-Ringer were modeled by shifting the voltage dependence of K + channel activation 
kinetics by 10 mV to more positive potentials. The time constants were obtained by running 
the model, and then fitting the time course of  decay of  the open-state probability with a single 
exponential. 

f rom 2 to 20 mM (Fig. 1 C and Fig. 2 A, -)  speeds inactivation, with r limiting at 
positive potentials to 220 ms. 

Ano the r  effect o f  elevated [K+]0 illustrated in Fig. 1 is that inactivation in K-Rin- 
ger  is less complete  than in Ringer. Inactivation in Ringer  was substantially com- 
plete at potentials where gK was fully activated; the K + currents  decayed to - 6 %  o f  
their peak value. Inactivation in K-Ringer p roceeded  to a steady-state level o f  - 2 0 %  
o f  the peak ampli tude o f  the current .  In most  experiments,  the rate and complete-  
ness o f  inactivation increased with time after  establishing the whole-cell configura- 
tion, as has been  described for  lymphocyte  K + currents  (Fukushima et al., 1984; 
Cahalan et al., 1985; Deutsch et al., 1986). However ,  inactivation remained incom- 
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plete in K-Ringer, even in experiments lasting several hours. Measurements of  the 
tail currents after  repolarization in Fig. 1 B confirm that the currents at the end of  
the 4-s pulses in K-Ringer reflect K + current.  After long pulses to potentials at 
which gK is fully activated, the tail amplitude at - 8 0  mV was - 1 . 0 - 1 . 2  nA. The tail 
current  elicited by a brief  depolarizing pulse in this cell had an amplitude of  6.0 nA, 
st) - 2 0 %  of  the gK remained activated (and not inactivated) after the pulses in Fig. 1 
B. Inactivation in K-Ringer was incomplete even in cells held at 0 mV, since tail 
currents could be elicited by hyperpolarizing pulses. That inactivation is incomplete 
even in Ringer is apparent  when Ringer is replaced with 20 Ca-Ringer, which 
reduces the residual noninactivating current  levels close to leak current. Residential 
noninactivating current  both  in Ringer and in 20 Ca-Ringer can be blocked by sev- 
eral K § channel blockers (Jacobs, E. R., and T. E. DeCoursey, manuscript  in prep- 
aration). 

T A B L E  I I  

Inactivation and Recovery Rate Constants at 20"C 

Bath r R(l~/lr~,k) h j 

5 - I  

Ringer  (21) 369 + 204 0.051 • 0.031 3.4 • 2.0 0.16 • 0.11 

K-Ringer (10) 736* • 567 0.22 t • 0.13 1.5: • 1.1 0.36 ~ • 0.26 

20 Ca-Ringer  (9) 198" • 57 0.021: • 0.013 5.3* • 1.5 0.11 • 0.07 

Means • SD are given for the number  of  cells in parentheses. For  each cell, r was mea- 

sured at several potentials by fitting the current  decay with a single exponential .  The 

parameter  R is the ratio of  steady-state K + current  (measured at the end of long depolar- 
izing pulses) to the peak current  at that  potential. Pulse durat ion was fixed according to 

the inactivation kinetics in a given experiment ,  and was typically 1.6--4 s in Ringer, 4 - 1 0  s 
in K-Ringer, and  1-2  s in 20 Ca-Ringer. Values of  h a n d j  were calculated for each cur- 

rent  record from r and R as described in the text. The values for each of  the four param- 

eters in the table were averaged for each cell, because all four  parameters  appear  to be 

voltage-independent at potentials at which the gK was fully activated, usually ~0 mV to 
+ 5 0  mV. The average ratio o f t ( 0  m l 0 / r ( + 4 0  mV) is 1.12 in Ringer, 1.07 in K-Ringer, 

and 1.11 in 20 Ca-Ringer. Values for f ,  h, a n d j  from a few calls studied at >I*C away 

from 20"C were corrected to 20~ assuming a Qo0 of  4.0 obtained in preliminary measure- 
ments a round 20"C. The Ringer data were collected on average 35 rain after  whole-cell 

configurat ion was established, the K-Ringer data at  76 min, and the 20 Ca-Ringer data at  

75 min. *P < 0.05 vs. Ringer. :P < 0.01 vs. Ringer. 

The effects of  [K+]0 and [Ca~+]0 on inactivation kinetics are summarized in Table 
II. The time constant, r, o f  the decay of  current  during depolarizing pulses which 
fully activate gK is highly variable f rom cell to cell, averaging 369 ms in Ringer with a 
range of  104-757 ms. Some of  this variability results f rom the progressive decrease 
in r with time in the whole-cell configuration, which can be a twofold change over 
the course of  a long experiment.  However, in some cells inactivation was unusually 
slow throughout  the experiment  and in others it was fast at all times, so there seems 
to be a substantial contribution of  cell-to-cell variability. In K-Ringer r is also quite 
variable, with a range of  227-2,210 ms. When studied in a given cell, however, r is 
consistently larger in K-Ringer than in Ringer, by an average of  about  twofold. 20 
Ca-Ringer consistently reduces r to an average of  about  half o f  its value in Ringer. 
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The completeness of  inactivation was quantified by taking the ratio, R, of  the 
steady-state current,  I , ,  to the peak current,  /peak, during long depolarizing pulses 
(up to 8 s). Mean values of  parameter  R in a number  of  cells are plotted in Fig. 3 A. 
In all three solutions, R is large in the voltage region in which the gK is only partially 
activated, and decreases to a practically constant value at potentials where the gK is 
fully activated. It  appears  that R is independent of  potential at positive potentials 
where the gK is fully activated. However, it cannot be ruled out that R may depend 
weakly on potential. In many cells the appearance of  a slowly activating conductance 
at large positive potentials limited the voltage range over which this parameter  could 
be estimated, and R was especially subject to errors in Ringer and 20 Ca-Ringer 
where it is numerically small and dependent  on accurate leak subtraction. Inactiva- 
tion is less complete in K-Ringer compared  with Ringer, the mean noninactivated 
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I s s / [  peak 0.6 

1 0.4 160 K 

0.2 

~ r  

:, , , 
-40 -20 0 20 40 -40 

Potential (mV) 

1 ss/I peak 
-0.6 

0.4 

t T " 
-20 0 

Potential (mV) 

Model  

160 K 

Ringer 
r ,r 

20 Ca 
I I 

20 40 

FIGURE 3. (A) Mean values of R, the steady-state noninactivating K + current (I,~) as a frac- 
tion of peak current ( I ~ )  at each potential, in K-Ringer (I, n = 6-9), Ringer (0, n = 7-10), 
and 20 Ca-Ringer (A, n = 4-8). Steady-state current was measured at the end of pulses rang- 
ing from 1 to 8 s depending on the inactivation 1" in each cell and each solution. (B) Calcu- 
lated values for the noninactivating component, R, from the simulations described in Fig. 2 B. 
This parameter was derived from model currents in the same way as it was derived from real 
data, as the ratio of the steady-state current at each potential to the peak current, during the 
calculated response to depolarizing voltage steps. 

component  increasing f rom 5% to 22% (Table II). Increasing [Ca~+]0 to 20 mM 
decreases R to barely measurable levels, averaging 0.02. Measured values of  r and R 
were used to derive apparent  rate constants o f  inactivation, h, and recovery, j, as will 
be described in the next section. 

The pronounced lessening of  K + channel inactivation in elevated [K+]0 is obvious 
when brief  depolarizing pulses are applied repetitively. Currents in Ringer during 
successive 100-ms pulses to +20  mV repeated at 1 Hz decrease progressively by 
>50% as inactivation accumulates. In K-Ringer a similar pulse train results in only 
slight inactivation, averaging <20%, and in some cells negligible inactivation accu- 
mulates. In 20 Ca-Ringer accumulation o f  inactivation is more pronounced than in 
Ringer, with an average decrease of  85%. 
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The Model 

In the section immediately following this one, experimental evidence will be pre- 
sented which suggests that (a) activation and inactivation are not independent,  (b) 
inactivaton of  closed channels is sufficiently slow to be neglected, and (c) the rate at 
which open channels inactivate is relatively independent  of  membrane  potential. 
The simplest possible coupled model which incorporates these observations is there- 
fore considered in order  to explore the implications of  such a model and to deter- 
mine the extent to which this model can describe the data: 

h 
Cl-4- " 0 -  "L 

J 

In this model inactivation is "coupled"  to activation, i.e., the inactivated state, I, (or 
states, see Discussion) can be accessed only f rom the open state, O, and recovery 
f rom inactivation must occur via the open state. This model is analogous to Arm- 
strong's (1969) model for  block of  K + channels by internal quaternary ammonium 
ions. 

The probability of  occupancy of  the various states was calculated numerically as a 
function of  time, based on initial conditions and the rates of  entry or  exit f rom each 
state. The total probability of  occupancy o f  all states was set at unity; for  example, 
an occupancy value of  0.3 means that 30% of  all channels are in that state. The time 
increment of  the calculation was usually O. 1-1 ms, depending on the rate constants 
at the voltages in the calculation. Calculations were usually started f rom a "holding 
potential" o f  - 8 0  mV at which all channels are in the deepest closed state, C~ (see 
below). For voltage pulses in the calculation all rate constants were determined f rom 
empirically estimated continuous functions of  membrane  potential, which are 
described below. Currents  were calculated simply as the product  o f  the open prob- 
ability and (V - VK), without any assumed open-channel current  rectification. 

Activation.The voltage dependence of  K + channel opening and closing kinetics 
for  the calculations are based on the Hodgkin-Huxley (1952) n 4 model, with its four 
independent  gating "particles." Several more  complex models have been proposed 
which provide a more  accurate description of  K § channel gating behavior (Cole and 
Moore, 1960; Gilly and Armstrong, 1982; White and Bezanilla, 1985), but for  the 
present  purposes an approximate  predictor  o f  the time-course of  open and closed 
channel states is all that is required. In addition, the Hodgkin-Huxley model facili- 
tates extraction of  rate constants f rom experimental  data and expression of  these 
rate constants as continuous functions of  voltage. The voltage-dependence of  the 
forward and backward rate constants, ct and /3 respectively, were built into the 
model and not fur ther  adjusted for each simulation, except where noted. K + chan- 
nel activation kinetics are described by: 

4 a  3 a  2 a  a 

CI  - " C 2 ~ C  ~ . �9 C 4 -  " O ,  
0 20 30 40 

where C1 �9 �9 �9 C4 are four  nonconducting (closed) states, O is the conducting (open) 
state. The voltage-dependence o f  ot and/3 for all calculations except those simulating 
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20 Ca-Ringer, is given by: 

V +  25 
a = 8.6 (1) 

B ffi 1.5 exp ~-~ 

where V is the potential in millivolts and the rate constants are in units of  s -1. To 
simulate the surface potential screening effect o f  20 Ca-Ringer, the voltage depen- 
dencies of  a and/3 were simply shifted by 10 mV to more  positive potentials. The 
values for the parameters  in these equations were adjusted so that the calculated 
voltage dependence of  (a +/3)-~ approximated the time constant r ,  measured in 
several type II  cells over a wide voltage range at 20-21~ For this purpose, values 
of  r ,  were obtained by fitting K + currents during depolarizing voltage pulses to: 
1K(t) = A [1 - exp ( - t / r , )]  4, and by fitting tail currents following a large depolariz- 
ing prepulse to: IK(t) = A exp ( -4 t / r , ) ,  with adjustable parameters  amplitude (A) 
and r,. It  is assumed that gK is negligibly small at the holding potential of  ~ - 9 0  mV 
from which the depolarizing pulses were given, and that gK was saturated during the 
large depolarizing pulse which preceded the tail currents. It  seemed preferable to 
establish one (albeit arbitrary) set of  gating parameters  (i.e., Eqs. 1 and 2) to be used 
in all calculations, ra ther  than to adjust all the parameters  for each cell; this decision 
results in slight differences in the voltage dependence of  calculated channel gating 
when compared  with data f rom any given experiment.  Since transitions between 
inactivated and closed channels are not allowed in the model, transitions between 
closed states and even the number  of  closed states are not critical to the calcula- 
tions, and the occupancy of  the four  nonconducting closed states is lumped: C = 
C1_4 = C~ + C 2 + C 3 + C4. The model generates reasonable voltage and time depen- 
dencies of  occupancy of  open,  O, and combined closed, Cx_4, states. 

Inactivation. At potentials at which the gK is maximally activated, the O *-~ I 
relaxation can be considered in isolation, because the C ~-~ O equilibrium is maxi- 
mally displaced towards state O. In this potential range the observed time constant 
o f  current  decay, r, reduces to 1/(h + j), and the noninactivating component ,  R, is 
approximately j / (h + j). The rate constants h and j can therefore be calculated for 
each current  record: h ~- (1 - R)/r  a n d j  ~ R/r. Values for h a n d j  estimated in this 
way for currents at various potentials in a number  of  cells are summarized in Table 
II. When the voltage range is restricted to that at which the gK is fully activated, r 
and R, and therefore also h and j ,  are independent  of  voltage, within the resolution 
of the data, in all three external solutions. Since R is small and hard to determine in 
Ringer and especially 20 Ca-Ringer, the values obtained f o r j  are only approximate.  
The validity of  the extraction of  h a n d j  was tested since several simplifying assump- 
tions are involved. Model currents were generated using parameter  values typical of  
Ringer, K-Ringer, and 20 Ca-Ringer; r and R were measured; and h and j were 
extracted as they were f rom real data. The resulting values of  the two rate constants 
were in reasonable agreement  with the original ones. 
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The results summarized in Table I I  indicate that increasing [K+]o to 160 mM 
decreases the inactivation rate h and increases the recovery rate j ,  both factors lead- 
ing to a larger residual noninactivating component ,  R. Elevated [Ca2+]o increases h, 
but  without significantly r educ ing j  compared  with values in Ringer, resulting in a 
smaller residual component .  The rate constants in Table I I  are clearly model-depen- 
dent. Preliminary data, as well as data in the literature (references given in the 
Introduction),  suggest that recovery f rom inactivation often occurs with at least two 
components ,  so that modeling recovery using a single rate constant is an oversim- 
plification. More complete models with two inactivated states are considered in the 
Discussion. 

Evidence That Inactivation Is Coupled to Activation 

The inactivation rate is voltage-independent. In a sequential (i.e., coupled) reac- 
tion scheme in which the first step equilibrates much faster than the second, the 
slower observed time constant will be slowed when the first step considered in isola- 
tion does not proceed to completion (Bernasconi, 1976). Thus, in a coupled model 
even if the rate of  inactivation were completely voltage-independent, the observed 
time constant o f  inactivation would vary, decreasing at more positive potentials in 
the voltage range in which gK is only partly activated. Fig. 2 A shows that in type I I  
cells this pat tern is observed for inactivation in Ringer, 20 Ca-Ringer, and K-Ringer. 
Fig. 2 B illustrates the voltage dependence of  r in the coupled model, with voltage- 
independent  rate constants o f  inactivation, h and j .  The voltage dependence of  r 
predicted by the model is quite similar to that observed in all three solutions. 

Inactivation is slow at potentials where K + channels are closed. The  rate of  inactiva- 
tion of  open channels could be estimated directly f rom the decay of  current  at pos- 
itive potentials where the g~ was fully activated. The rate of  inactivation at potentials 
near  the threshold for activation of  gK was studied by applying a prepulse of  varying 
duration followed by a constant depolarizing test pulse. Fig. 4 illustrates this type of  
experiment  both in Ringer (A) and in K-Ringer (B). In the lower panel o f  Fig. 4 A 
the test pulse after an 8-s prepulse to - 4 0  mV elicits a current  indistinguishable 
f rom that without a prepulse. Inactivation at - 4 0  mV is thus either very slow or 
negligible. A prepulse to - 3 0  mV (second panel) causes a slow and partial inactiva- 
tion of  the gK, as evidenced by the decreased amplitude of  the current  during the 
test pulse to 0 inV. The inactivation caused by prepulses to - 2 0  mV is faster and 
more  complete (top panel). The  prepulses to - 30 and - 20 mV elicit slowly inactivat- 
ing outward currents which can be fit approximately with single exponentials of  760 
and 670 ms, respectively. When r is estimated f rom the envelope of  test currents fit 
to a single exponential,  r is somewhat larger, being 1.8 and 1.0 s for - 3 0  and - 2 0  
mV, respectively. At - 2 0  mV the envelope is bet ter  fitted by the sum of  two expo- 
nentials, with time constants 400 ms and 2.4 s. These results suggest at least one 
additional inactivated or open state must exist, consistent with results in a variety of  
cell types mentioned in the Introduction. 

Fig. 4 B illustrates analogous measurements  in the same cell in K-Ringer, with 
similar results. An 8-s prepulse to - 4 5  mV elicits neither detectable K + current  
during the prepulse nor  inactivation judged  by the test pulses to +25  mV. More 
positive prepulses elicit inactivating inward K + current  during the prepulse, and the 
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test pulse envelopes reveal slow and  partial inactivation at - 3 5  mV and  faster and  

more  complete  inactivation at - 25 inV. Est imated f rom the decay of  prepulse  cur- 
rents,  z is 1.0 s and  340 ms at - 3 5  and  - 2 5  mV, respectively, estimates of  z f rom 
the test pulse envelope be ing  1.2 s and  580 ms. The  enveIope for the - 2 5 - m V  enve- 
lope is be t te r  fitted by two componen t s ,  with t ime constants  230 ms and  2.8 s. This 
type of  exper iment  indicates that inactivation of  closed channels  at subthreshold  

A B 

L  ,nQer ,60K 

- 2 0  mV [ 
-25  mV 

-30 mV 

- 4 0  mV 
2 s  

- - r lw  -1 - - r -  r-- I 
- 35  mV 

FIGURE 4. Slow onset of inactivation near the threshold for gK activation in Ringer (A) and 
in K-Ringer (B). In A, the cell was held for >1 min at - 100 mV, then a prepuise was applied 
to the indicated potential, immediately followed by a test pulse 500 ms long to 0 mV, to 
determine the extent of inactivation during the prepulse. Detectable inactivation occurs only 
at prepuise potentials at which the gK is activated, as can be seen from the outward currents 
at - 3 0  mV and at - 2 0  mV during the prepuises. In each figure a test pulse without a pre- 
pulse is shown (i.e., with a 0-s prepulse duration) to show the control test current amplitude. 
Calibrations apply to both A and B. (B) An analogous experiment in the same cell in K- 
Ringer. Here the cell was held at - 9 5  mV and the test pulses are 1 s long to +25 mV. Note 
the inward current during the prepulses to - 3 5  and - 2 5  inV. The measurements in A were 
made 30-60 min after whole-cell configuration was established, those in B were made after 
120-140 rain. The faster inactivation in K-Ringer compared with Ringer reflects in part the 
more positive test potential, and in part the progressive increase in the rate of inactivation 
seen in most cells (see text); r measured in Ringer after 90 min was half of its value when the 
measurements in A were made. Pipette solution KCH3SOs + KF, 21.8~ cell no. 536. 

potentials  is quite slow or  negligible compared  with the rate of  inactivation of  open  
channels  at more  positive potentials.  Similar exper iments  on  skeletal muscle led 
Argibay et al. (1973) to the same conclusion.  

Substantial inactivation occurs only at potentials where channels open. Exper iments  
such as the one  in Fig. 4 indicate that closed channels  inactivate slowly, if at all, at 



DECOuRSEY Stat, e-depolde~ Inactivation of  K + Currents 629 

subthreshold potentials. Extremely slow inactivation might not have been resolved, 
however. Therefore,  the voltage dependence of  steady-state inactivation was esti- 
mated by holding the membrane at various potentials for at least 1 min and then 
giving a brief test pulse to a fixed potential. Fig. 5 illustrates the results of  this type 
of  measurement in Ringer (A), K-Ringer (B), and 20 Ca-Ringer (C). The test pulse 
current  amplitude after 1-min prepulses is shown for each solution ( . ) ,  all normal- 
ized to the test current  elicited directly from the holding potential - 9 0  inV. For 
comparison the normalized peak K § conductance during depolarizing steps without 
prepulses is shown (0). In all three solutions, the holding potential had no effect on 
the test current  (11) at potentials > ~ 5 - 1 0  mV negative to the threshold for activat- 
ing detectable K § currents. It was necessary to hold the cell for at least 1-2 min at 
~ -  90 mV to allow for recovery from a holding potential which caused inactivation 
before proceeding with another  holding potential, because recovery from inactiva- 
tion was extremely slow at just  subthreshold potentials ( - 6 0  to - 4 0  mV, data not 
shown), as has been described elsewhere (Heistracher and Hunt,  1969b; Argibay, 
1974; Ruben and Thompson, 1984; Cahalan et al., 1985). In other  experiments 
partial inactivation was detected with long prepuises (5-12 min) to subthreshold 
potentials at which K + current  could not be detected. Since significant inactivation 
could be demonstrated only within - 1 0 - 1 5  mV of  potentials at which the gK was 
clearly activated, it is not clear whether closed channels can inactivate slowly, or  
whether some channels open and inactivate without giving rise to detectable macro- 
scopic currents. 

There appears to be a smaller noninactivating component  in the data in Fig. 5 
where 1-min prepulses were used than was observed with shorter pulses (e.g., Fig. 
1). In K-Ringer the noninactivating component  after l-rain prepulses was 0.07 of  
the total, compared with 0.17 estimated in the same cell with 8-s pulses. These 
results may reflect the presence of  an additional, slower inactivation process, but 
this point was not pursued. 

The curves through the squares in Fig. 5 show the best-fitting Boltzmann (see 
legend) for the steady-state inactivation data. The voltage dependence of  steady- 
state inactivation, measured in this way, is quite steep, with slope factors, kj, o f  2 .2-  
6.0 mV in the three solutions. Average values for slope factors in experiments done 
as described in Fig. 5 are Ringer 3.5 _+ 0.4 mV (mean _+ SE, n = 6), K-Ringer 4.6 + 
0.5 mV (n = 4), and 20 Ca-Ringer 4.3 + 0.6 mV (n = 3). The mean midpoint, Vj, in 
these experiments was - 3 5  + 3 mV (mean +_ SD) for Ringer, - 3 1  + 3 mV for 
K-Ringer, and - 3 1  _+ 4 mV 20 Ca-Ringer. If  inactivation is essentially voltage-inde- 
pendent  and strictly coupled to activation, then the steepness of  its voltage depen- 
dence should be related to that of  activation. We previously reported an average 
slope factor for activation of  the gK in rat type II cells, fitted with a simple Boltz- 
mann, of  5.5 mV (DeCoursey et al., 1988). As measured in Fig. 5, inactivation has a 
steeper voltage-dependence than does activation. Peak open probability (0) and the 
probability that a channel is not inactivated (11) are plotted in Fig. 5 D for model 
"data"  using typical Ringer parameters (Fig. 2 B, /egend). The voltage dependence 
of  activation in model data derived from the peak gK-voltage relation, as are exper- 
imental data, has a slope factor of  4.8 mV. Steady-state inactivation in the model has 
a steeper voltage dependence,  with a slope factor of  1.9 mV. The relationship 
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FIGURE 5. Steady-state inactivation compared with activation in a type II cell bathed in 
Ringer (A), K-Ringer (B), or  20 Ca-Ringer (C). In each part, the voltage dependence of acti- 
vation (r was determined as the peak chord K + conductance normalized to the maximum 
value at positive potentials, without any correction for instantaneous rectification. The volt- 
age dependence of  steady-state inactivation (11) was measured by holding the cell for > 1 min 
at - - 9 0  mV, changing the holding potential to the value on the abscissae for 1 min, and 
then applying a single brief  test pulse to - + 10 mV. The peak current  dur ing  each test pulse 
was normalized to that for a test pulse from a holding potential of  - - 9 0  mV. For the K- 
Ringer data, after each 1-min prepulse a brief  depolarizing pulse to + 35 mV was immediately 
followed by a test pulse to - 8 5  mV, and the peak of  the inward tail current  at - 8 5  mV was 
measured. The curves through the squares show the best-fit (by nonl inear  least-squares) of a 
Boltzmann to the data: 

I,~t(V)/I,~ . . . .  = 1/{1 + exp [ ( V -  Vj)/kj]}, 

where the maximum test current  Its.,.=, the potential at which half the channels are inacti- 
vated Vj, and the slope factor kj were allowed to vary. Any noninactivating component  was 
ignored except for the K-Ringer data, which were fitted to: 

Ite,t(V)/Itest,max = (1 - Ite,t.min)/{1 + exp  [ ( V -  Vj)/kj]} + It~t.min, 

where /tat.nan is the fitted min imum value of  the test current,  and was 0.07 of the value of 
/~ . . . .  . Fitted parameter  values in Ringer are Vj -33  mV and kj 4.6 mV, in K-Ringer Vj-32 
mV and kj 4.4 mV, and in 20 Ca-Ringer ~ - 32 mV and kj 3.4 inV. All data were recorded at 
20.6-21.1 *C, with KCHsSOs + KF in the pipette, cell no. 538, with the Ringer data collected 
20-40  rain after establishing whole-cell configuration, the K-Ringer data at 45-65  min, and 
the 20 Ca-Ringer data at 100-130 min. The lack of  a clear depolarizing shift in the 20 Ca- 
Ringer data compared with Ringer data probably indicates that a small hyperpolarizing volt- 
age shift occurred in the time between the two sets of  measurements,  presumably like that 
reported in various other  preparations (Marty and Neher, 1983; Fernandez et al., 1984; 
Cahalan et al., 1985); when the voltage dependence of  g~ activation was compared in mea- 
surements close together in time, activation was always shifted in the positive direction by 20 
Ca-Ringer. (D) Analogous model-generated "data" with typical Ringer parameters, T = 300 
ms and R = 0.06; r peak open probability without normalization; It, probability that chan- 
nels are not  inactivated in the steady state. Parameters obtained by fitting to the equation 
described in B are ~ - 3 8 . 5  mV, kj 1.91 mV, and Imi,/Im~, 0.064. At the end of a calculated 
50-s pulse to - 4 5  mV, the open probability is 0.00084 and still slowly rising and the proba- 
bility that a channel  is inactivated is 0.013, illustrating how long times at just-threshold poten- 
tials amplify the O --* I transition. 
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be tween  the  s teepness  o f  the  vol tage  d e p e n d e n c e  o f  ac t ivat ion and  inact ivat ion o f  
the  g~ in type I I  cells is thus genera l ly  compa t ib l e  with a strictly c o u p l e d  mechan i sm 
o f  the  fo rm given in the  model .  

Cumulative inactivation and nonmonotonic recovery from inactivation. A pecu l i a r  
f ea tu re  o f  de layed  rec t i f ie r  inact ivat ion in some  cells, t e r m e d  "cumula t ive  inactiva- 
t ion"  by Aldr ich  et  al. (1979), is that  the  peak  c u r r e n t  d u r i n g  the second  o f  two 
ident ical  depo la r i z ing  pulses  can be  smal ler  than  the  c u r r e n t  at  the  end  o f  the  first 
pulse.  This  p h e n o m e n o n  has been  r e p o r t e d  for  K § cu r r en t s  in snail n e u r o n s  (Neher  
and  Lux,  1971; Aldr ich  et  al., 1979), ra t  skeletal  muscle  (Beam and  Dona ldson ,  
1983), h u m a n  T lymphocytes  (DeCoursey  et  al., 1984), " g u l f "  squid  giant  axons  

w i t ' ~  r 

120 ms 

r [ v 

Model 

FIGURE 6. (A) Cumulative inactiva- 
tion and apparently nonmonotonic 
recovery from inactivation, illus- 
trated in a cell bathed in 20 Ca- 
Ringer (in which r was faster and 
cumulative inactivation was more 
pronounced than in Ringer). Super- 
imposed are currents recorded when 
from a holding potential of  - 9 2  mV 
the potential was stepped to + 8 mV 
for 50 ms, then to - 5 2  mV for vari- 
ous times, then again to + 8 mV for 
50 ms. The cell was allowed to 
recover at - 9 2  mV for >60 s 
between measurements. In this 
experiment the interpulse potential 
of  - 5 2  mV was about 15-20 mV 

negative to the "threshold" at which macroscopic currents were first detectable. The lighter 
trace shows the current recorded when the cell was stepped directly to - 5 2  mV, and after 
450 ms to +8 inV. This shows that inactivation of  closed channels at - 5 2  mV does not 
account for the diminution of current during the second pulse. Note that the time course of  
the deepening of  inactivation parallels that of the tail current. Pipette solution KCH3SO3 + 
KF, 20.4"C, cell no. 508. (B) Model currents for the pulse protocol in A. Based on r and R 
measured in this experiment, 180 ms and 0.037, respectively, h was set at 5.35 s - l  a n d j  at 
0.206 s -~. In order  that the model tail current decay with about the same time course as that 
observed directly at - 5 2  mV in A,/3 was set to 3 s -~, otherwise standard parameters were 
used. 

( H o r r i g a n  et  al., 1987), and  rabb i t  a tr ial  cells (Clark et  al., 1988). Fig. 6 A i l lustrates 
cumula t ive  inact ivat ion in a type II  cell. Depo la r i z ing  pulse  pai rs  were  app l i ed  with 
var ious  intervals  be tween  the  two pulses. The  cell m e m b r a n e  was he ld  at  - 5 2  mV 
be tween  the pulses,  and  was a l lowed to recover  for  at  least  1 min at - 9 2  mV be fo re  
each  pa i r  was appl ied .  The  cu r r en t s  d u r i n g  the first pulse  o f  each  pa i r  a re  super im-  
posed  in the  figure.  F o r  each  o f  the  intervals  shown, 1 0 - 4 0 0  ms, the  peak  c u r r e n t  
d u r i n g  the second  pulse  is smal ler  than  the c u r r e n t  at the  end  o f  the  first pulse,  i.e., 
t he re  was cumula t ive  inact ivat ion.  The  l ighter  curve shows the test  c u r r e n t  when the 
po ten t ia l  was s t e p p e d  d i rec t ly  to  - 5 2  mV for  450 ms and  then  a single test pulse  
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was applied. This test current  is not detectably different from that without a pre- 
pulse, showing that closed channel inactivation at - 5 2  mV is negligible for the 
durations of  the interpulse intervals used. 

Recovery from inactivation has been reported to proceed after an initial delay in 
some preparations (Heistracher and Hunt,  1969b; Adrian et al., 1970a; Argibay and 
Hutter,  1973; Argibay, 1974; Clay, 1989). I f  recovery is studied when only a frac- 
tion of  channels are inactivated, nonmonotonic "recovery" kinetics can sometimes 
be observed, which gives the appearance that inactivation progresses after the end 
of  the first pulse (Neher and Lux, 1971; Eckert and Lux, 1977; Aldrich et al., 
1979). Fig. 6A illustrates this phenomenon in type II cells. The decrease in the 
amplitude of  the second pulse in each pair is greater as the interval is made longer; 
the time course of  this deepening of  inactivation mirrors that of  the tail current. For 
much longer intervals, the current  during the second pulse eventually approaches 
that of  the first pulse, reflecting slow recovery; the currents during the first pulse 
essentially superimpose, indicating that recovery was practically complete during the 
1-min interval between pulse pairs. In the same experiment, apparently nonmono- 
tonic recovery was also clearly detected when the cell was held at - 7 2  mV between 
pulses. The time course of  the initial deepening of  inactivation was faster, again 
mirroring that of  the tail current, and the amount of  deepening was less. 

The experiment in Fig. 6 A was simulated using the coupled model, as shown in 
Fig. 6 B. Cumulative inactivation and nonmonotonic recovery kinetics are both pre- 
dicted by the model, and generally resemble the phenomena observed experimen- 
tally. The time course of  nonmonotonic recovery follows that of  the tail current. 
The depth of  cumulative inactivation is greater in the model, as in actual data, when 
the cell is held at more positive potentials between pulses. According to the present 
model, this occurs because channels close more slowly at positive potentials, allow- 
ing more time for open channels to inactivate during the tail current. 

Cumulative inactivation is not detectable in K-Ringer, where inactivation is slow (r 
is large). In Ringer, cumulative inactivation is harder  to demonstrate in cells with 
unusually large r, and is more profound when the membrane is repolarized to more 
positive potentials where r ~  is slower. Finally, cumulative inactivation is enhanced 
in 20 Ca-Ringer, where r is smaller than in Ringer. Although these data could be 
explained by other  models, the simplest interpretation seems to be that (a) cumula- 
tive inactivation depends on the relative rates of  K + channel inactivation and closing 
(i.e., approximately h compared with 4/3), and that (b) open K + channels inactivate at 
all potentials, so that inactivation is enhanced by any intervention which increases 
the time channels spend in the open state. 

Distinction between the Models 

Aldrich (1981) showed that the phenomena of  cumulative inactivation and appar- 
ently nonmonotonic recovery from inactivation can be explained by the following 
four-state model: 

Ii ........ C ..... O- "I~ 

Zr R A Za (Aldrich's nomenclature) 

in which inactivation is state-dependent, and upon depolarization closed channels 
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inactivate (C --* ll) faster than do open channels (O --* I2). In preliminary simulations 
this model was applied to type I I  cell K + currents by adjusting the rate constants to 
reflect the kinetics observed. The model provided a good description of  most o f  the 
data, including cumulative inactivation and apparently nonmonotonic  recovery 
f rom inactivation. However, additional data such as Figs. 2 -5  suggest that alterna- 
tive models must be considered in which C --~ Ii is slower than O ~ I~. The extreme 
form of  this adjustment, in which transitions between C and I are forbidden, can 
account for most o f  the observed behavior. 

In both models, the early phase o f  the recovery time course, during which inacti- 
vation appears  to deepen (Fig. 6), follows the time course o f  the tail current.  In the 
Aldrich model nonmonotonic  recovery results f rom "protec t ion"  of  the channels 
which are still open f rom undergoing the rapid C --* 11 transition during a subse- 
quent  depolarization. In the present  model the deepening of  inactivation is due to 
those channels which are still open during the tail current  continuing to inactivate. 
The continued inactivation during the tail current  occurs because the inactivation 
rate is strictly state-dependent,  but  not very voltage-dependent.  Although both the 
Aldrich model and the present  coupled model can account for cumulative inactiva- 
tion and nonmonotonic  recovery f rom inactivation, the two models can be distin- 
guished because they make different predictions which can be tested experimen- 
tally. 

Do some closed channels inactivate rapidly? Cumulative inactivation can be mod- 
eled by assuming that closed channels inactivate rapidly on depolarization (Aldrich, 
1981) so that a significant fraction of  channels inactivate before the peak current  is 
attained. Although Fig. 4 indicates that at subthreshold potentials closed channels 
inactivate quite slowly, if at all, it could be that at more positive potentials closed 
channels might inactivate much more  rapidly. Fig. 7 illustrates an experiment  to test 
this idea. As indicated schematically in the inset, a cell in Ringer was held at - 9 0  
mV for >60 s, then 50 brief  5-ms pulses to - 1 0  mV were applied at ~3 Hz, imme- 
diately followed by an 80-ms pulse also to - 1 0  mV. The current  elicited by this 
80-ms pulse (trace I) was indistinguishable f rom that during a single 80-ms pulse 
after  >60-s rest at - 9 0  mV (lighter curve). The  5-ms pulses in the train were short 
enough, as indicated by the vertical bars, that only a few channels opened. Since 
recovery f rom inactivation in Ringer is extremely slow, the lack of  any accumulation 
of  inactivation in this experiment  suggests that negligible closed channel inactivation 
occurred at - 10 mV. The currents in Fig. 7 labeled 2 and 3 were elicited by second 
and third 80-ms pulses to - 1 0  mV, following the first post-train pulse after the 
same interval as between pulses in the train. These currents are clearly smaller than 
the first one, indicating that significant inactivation can accumulate for pulses to this 
potential, - 1 0  mV, at this frequency. This experiment  does not support  the idea 
that significant numbers  of  closed channels inactivate rapidly upon depolarization. 
Whether  closed channels might inactivate slowly during large depolarizations is hard 
to evaluate since most channels rapidly open,  so that open channel inactivation pre- 
dominates. 

In order  to carry out similar experiments at more positive potentials where K + 
channels open more rapidly, it was necessary to apply shorter  pulses in the trains to 
avoid open channel inactivation. In two cells bathed in 20 Ca-Ringer, no inactiva- 
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t ion was detected after  50 pulses to + 10 mV each 1 .7-2 .0  ms long, but  3-ms pulses 
were long enough  to partially activate the gK and  depress the post-train test cur ren t  
by 35%. A train o f  50 pulses 1.4 ms long to + 3 0  mV did not  affect the test current ,  
which was clearly reduced  by a train o f  2-ms pulses. These experiments  provide no 
evidence for  a rapid C ~ I transition. 

Open K + channels inactivate during tail currents. Anothe r  type o f  exper iment  
which helps to discriminate between the two models is illustrated in Fig. 8 A. Identi-  
cal pulse pairs were applied in a cell ba thed  in 20 Ca-Ringer.  Dur ing  the interval 
between pulses, the m e m b r a n e  was held at ei ther  - 8 9  o r  - 4 9  mV (dark and  light 
lines, respectively). Cumulat ive inactivation is observed in bo th  cases, as the cur ren t  
dur ing  the second pulse does not  reach the level at the end o f  the first pulse. How- 
ever, the fraction o f  channels  inactivated is greater  when the m e m b r a n e  was held at 
- 4 9  mV between pulses. In  the Aldrich model,  cumulative inactivation occurs  
because a significant fract ion o f  channels are inactivated dur ing  each depolarizing 
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FIGURE 7. Closed channels do not 
inactivate rapidly during depolariza- 
tion. The current shown with the 
lighter line was recorded during an 
80-ms pulse to - 10 mV after > |  min 
of  rest at - 9 0  inV. After >1 min at 
- 9 0  mV, a train of pulses to - 1 0  
mV was applied at - 3  Hz. After 50 
pulses 5 ms in duration (indicated by 
vertical lines), the pulse duration was 
changed to 80 ms, with the currents 
during the next three pulses shown. 
The first of  the longer pulses is indis- 
tinguishable from the control 

recorded without a conditioning train, indicating that the 5-ms pulses did not result in detect- 
able accumulation of  inactivation. Inactivation does accumulate during tile longer pulses, 
applied at the same frequency, ruling out the possibility that the pulse rate was too slow to 
allow accumulation of  inactivation. Bath is Ringer, pipette KCHsSO3, 21.1 ~ cell no. 501. 

pulse via the C ---- Ix pathway, and recover  only slowly in the interval. Since the test 
pulse ampli tude was not  changed,  there should be no  effect o f  the interpulse poten-  
tial, as long as the interval is long enough  to allow all open  channels to close, i.e., as 
long as the tail cur ren t  decays completely. The  coupled  model,  on  the o ther  hand, 
predicts that  the degree  o f  inactivation will be greater  when the cell is held at a more  
positive potential  between test pulses, because the tail cur ren t  will decay more  
slowly, allowing more  time for  open  channels to inactivate. Fig. 8 B illustrates that 
the enhancement  o f  inactivation with - 4 9  mV interpulse potential  is not  due  to 
closed channels inactivating at - 4 9  mV. Pulses to - 4 9  o r  - 1 2 9  mV (light and dark 
lines, respectively) o f  the same dura t ion  as the interpulse interval in Fig. 8 A had no 
effect on  the subsequent  test current .  

Fig. 8 C shows currents  calculated using the coupled  model  for  the exper iment  in 
Fig. 8 A. The degree  o f  cumulative inactivation in the model  is comparable  with that 
observed in the experiment .  The  ratio o f  peak cur ren t  dur ing  the second pulse to 
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FIGURE 8. An exper iment  illustrating the progression o f  inactivation dur ing tail currents. 
(A) A cell in 20 Ca-Ringer  was held at - 8 9  mV and two pulses to + 11 mV, each 30 ms long, 
were applied separated by an interval o f  300 ms. Two pairs o f  pulses are superimposed, with 
the potential  held at - 89 mV in the interpulse interval in one  (darker line), and at - 49 mV in 
the o ther  (lighter line). The  tail current  is much slower at - 49 mV than at - 89 mV (which is 
jus t  negative to the reversal potential and hence the tail is hard to see). The second test pulse 
to + 11 mV is labeled with the potential o f  the interval. There  was deeper  cumulative inacti- 
vation when the membrane  was held at - 4 9  mV than at - 8 9  mV between pulses, indicating 
that K § channels cont inue to inactivate dur ing the tail current  (see text). The  cell was allowed 
to recover  at least 1 min at - 8 9  mV between pulses. Pipette solution KF + KC1, 20.6~ cell 
no. 470. (B) The possibility that enhanced cumulative inactivation is due to closed channels 
inactivating at - 4 9  mV is ruled out  by repeat ing the protocol  in A omitt ing the first pulse. 
The potential was stepped to ei ther - 49 or  - 129 mV (at which potential the tails are even 
faster than at - 8 9  mV) for B00 ms, the same durat ion as the interpulse interval in A. The 
subsequent  test pulse to + 11 mV elicits super impomble  currents,  indicating that there was 
negligible inactivation o f  closed channels dur ing this durat ion pulse. Not  shown: no effect on 
the test current  was detected for prepulse potentials over  the range - 1 2 9  to - 4 9  mV in 
20-mV increments.  Calibration bars apply to both A and B. (C) Currents  calculated with the 
coupled model  using the same voltage pulse protocol  as in A. As in A, the dark line indicates 
the currents  when the potential dur ing the interval was - 8 9  mV, the lighter line - 4 9  mV. 
The rate constants o f  inactivation were derived f rom r and R measured in this cell, 250 ms 
and 0.02, respectively. The currents  are in arbitrary units, and the timebase is identical to that 
in D. (D) Time course o f  probabilities o f  occupancy of  the open state and the inactivated state 
for the calculated currents  in C. The open probability rapidly rises dur ing the simulated pulse 
to + 11 mV, and declines after  repolarization, but  the closing rate at - 4 9  mV (lighter lines) is 
smaller (i.e., slower) than at - 8 0  mV (darker line). The  occupancy of  the inactivated state 
(labeled 1) is identical dur ing the depolarizing pulse, and continues to increase dur ing the tail 
current.  Since channels stay open longer  at - 4 9  mV than at - 8 0  mV, more channels inacti- 
vate, reducing the fraction o f  channels available to open dur ing the second depolarizing 
pulse. 
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that of  the first pulse is 0.88 (data) and 0.89 (model) when the interpulse potential 
was - 8 9  mV and 0.75 (data) and 0.79 (model) when the interpulse potential was 
- 4 9  inV. The way in which inactivation is enhanced during tail currents at more 
positive potentials is illustrated in Fig. 8 D. The occupancies of  the open and inacti- 
vated states during the calculated currents in Fig. 8 C are shown. Some channels 
inactivate during the first depolarizing pulse, but open channels continue to inacti- 
vate during the tail current.  This progressive inactivation is much more pronounced 
during the tail current  at - 4 9  mV (lighter lines), about  doubling the fraction of  
channels inactivated by the start of  the second pulse. 

An alternative explanation of  the experiment  in Fig. 8 might be that it reflects a 
rapid transition f rom a shallow closed state to an inactivated state. When the mem- 
brane is held at more positive potentials in the interval between the two pulses, 
many channels might not return to the deepest closed state (C~ in the present 
model), but might occupy "shallow" closed states adjacent to or  near  the open state 
(e.g., Ca or C4). When the second pulse is applied, the initial conditions would then 
differ in that K + channels might be distributed among various closed states differ- 
ently. The experiment  in Fig. 9 A does not support  this explanation. Here  pulse 
trains were given in which K + channels were opened and then allowed to close at 
different rates by repolarizing to different potentials. As shown in Fig. 9, in~et, each 
element of  the train consisted of  a br ief  "prepulse"  to + 10 mV which activates gK 
followed immediately by a 200-ms "postpulse" to a potential at which most channels 
close. The inactivation which accumulated as a result of  a given pulse structure was 
evaluated by the peak test K + current  during the 20th pulse of  the train. More inac- 
tivation accumulated when the postpulse potential was more positive, where chan- 
nels close more slowly ( - 6 0  mV compared  with - 1 1 0  mV). Since the membrane  
was held at - 9 0  mV between pulses in the train, each depolarizing prepulse in all 
trains was given f rom the same potential. I f  transitions between closed and open 
states reach equilibrium during the ~800 ms at - 9 0  mV between pulses, then the 
dependence of  accumulation of  inactivation on the postpulse potential reflects 
enhancement  of  inactivation during the tail current.  

Fig. 9 also addresses a different interpretation of  Fig. 8: namely that the effect of  
interpulse potential on the subsequent test current  might reflect voltage-depen- 
dence of  the rate of  recovery from the closed inactivated state Zr. In this interpreta- 
tion, the test current  after 300 ms at - 8 9  mV reflects nearly complete recovery 
f rom Zr, while much less recovery occurred at - 4 9  mV. In the experiment in Fig. 9, 
however, the membrane  was held at - 9 0  mV for ~800 ms after all postpulses. I f  
recovery f rom Zr were rapid at - 9 0  mV, then the postpulse potential should have 
had little effect on the accumulation of  inactivation, in contrast to what was actually 
observed. 

It has been assumed that the rate of  inactivation is voltage-independent in calcu- 
lations using the coupled model. I f  this is true, then the degree to which inactivation 
accumulates in pulse trains like those in Fig. 9 A should be relatable directly to the 
total time that channels are open, rather than potential. This idea is tested in the 
graph in Fig. 9 B, in which the current  elicited by the 20th pulse of  the train is 
plotted as a function of  the integral over time of  the estimated open channel prob- 
ability throughout  both prepulse and postpulse ("cumulative open time," see 
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legend) .  W h e n  the pos tpu l se  po ten t ia l  ( labeled) is m o r e  posit ive,  the  tail c u r r e n t  is 
s lower and  m o r e  inact ivat ion accumula tes ,  that  is, the  c u r r e n t  d u r i n g  the 20th  pulse  

is smaller .  W h e n  the  p repu l se  to + 10 mV is s h o r t e n e d  f rom 30 (&) to 10 ms (V), less 
inact ivat ion accumula tes  fo r  a given pos tpu lse  potent ia l .  Also with sho r t e r  p repu l ses  
(V) the  ex ten t  o f  a ccumula t ed  inact ivat ion d e p e n d s  m o r e  s t rongly  u p o n  pos tpu lse  
poten t ia l ,  s ince a g r ea t e r  f rac t ion  o f  the  total  inact ivat ion takes place  d u r i n g  the tail 
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FIGURE 9. Accumulation of  inacti- 
vation during pulse trains depends 
on the length of  time channels are 
open, not on potential. (A) Pulse 
trains consisting of  a 30-ms depolar- 
izing prepulse to + 10 mV followed 
by 200-ms postpulses to different 
potentials at which most channels 
close, were applied at 1 Hz. Currents 
elicited by the first and twentieth 
pulses are superimposed for trains in 
which the membrane was held at 
- 6 0  mV (dark lines) or - 1 1 0  mV 
(lighter lines) during the postpulse. 
The currents during the first pre- 
pulse in each train superimpose, but 
the tail current is slower at - 6 0  mV 
and the degree to which inactivation 
accumulates is greater, as can be seen 
by the twentieth pulses (labeled with 
the postpulse potential). (B) The 
peak current during the twentieth 
prepulse to +10 mV is plotted 
against the "cumulative open time" 
of  K + channels during both the 

brief depolarization and the tail current. "Cumulative open time" in arbitrary units was 
determined by integrating the current during the first pulse to + 10 mV of  each train, and 
adding the integral of  the tail current (baseline subtracted) after scaling for the difference in 
driving force, estimated as the ratio of  the current at the end of  the depolarizing pulse to the 
instantaneous current at the start of  the tail current. The depolarizing prepulse was 30 (A) or 
10 ms long (v). The postpulse potentials are given near each data point. The square on the 
ordinates shows the average peak current during the first prepulse to + 10 mV of each train. 
Ringer solution in the bath, pipette solution KCHsSOs, 21.7"C, cell no. 440. 

cu r ren t .  However ,  when  pulse  p ro toco l s  giving rise to similar  cumula t ive  o p e n  t imes 
are  c o m p a r e d ,  the  d e g r e e  o f  inact ivat ion is s imilar  regard less  o f  p r epu l se  d u r a t i o n  
o r  pos tpu l se  potent ia l .  These  da ta  only indi rec t ly  ref lect  the  ra te  o f  o p e n  channel  
inact ivat ion,  bu t  to a first a p p r o x i m a t i o n  they indicate  that  over  a wide vol tage 
range  the l ike l ihood o f  a K § channe l  inact ivat ing d e p e n d s  closely u p o n  whe the r  the  
channe l  is o p e n  and  no t  on  m e m b r a n e  potent ia l .  
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D I S C U S S I O N  

Inactivation Mechanisms in Other Cells 

Inactivation appears to be a common feature of  K + currents in a variety of  prepara- 
tions, as discussed in the Introduction. Inactivation also appears to vary widely when 
quantitative comparisons are made. The extent to which conclusions reached about 
inactivation of  K + currents in type II cells might also apply to K + currents in other 
cells can ultimately be answered only by studying each K + channel type in every 
preparation. Nevertheless, K + currents in a number  of  preparations share at least 
some of  the following characteristics with those in type II cells: (a) r is practically 
voltage-independent when gK is fully activated, (b) recovery is much slower than 
onset of  inactivation, (c) increased [Ca2+]o enhances inactivation, (d) increased [K+]o 
diminishes inactivation, (e) cumulative inactivation and delayed or nonmonotonic 
recovery kinetics can be seen, ( f )  steady-state inactivation is significant only at 
potentials at which gK is activated. The inactivation mechanism of  squid delayed rec- 
tifier channels differs in being unaffected by increased [K+]o (Clay, 1989) or  [Ca2+]o 
(Inoue, 1981), and in having rapid recovery kinetics at negative potentials (Chabala, 
1984). The inactivation of  A-currents differs in that r has a bell-shaped voltage 
dependence with recovery roughly as rapid as onset of  inactivation (Conner and 
Stevens, 1971b; Neher, 1971; Strong, 1984). O f  the above characteristics of  inacti- 
vation, several (specifically a, b, d, and f )  also apply to the block of  K + channels by 
internal quaternary ammonium ions (Armstrong, 1969, 1971 ; Armstrong and Hille, 
1972); the model proposed by Armstrong (1969) to describe this block has been 
applied in this paper to K + channel inactivation. 

There are some similarities between inactivation of  sodium channels and inactiva- 
tion of  K + channels. Details of  macroscopic Na § current  kinetics have been cited as 
evidence for coupling of  inactivation to activation (e.g., Hoyt, 1963; Goldman and 
Schauf, 1972; Bezanilla and Armstrong, 1977; reviewed by Goldman, ! 976; Meves, 
1978; but  cf. Bean, 1981). It has been suggested that most of  the voltage depen- 
dence of  inactivation arises from coupling to activation (Armstrong and Bezanilla, 
1977). Single-channel measurements indicate that inactivation of  open sodium 
channels is relatively voltage-independent, and that the decay of  macroscopic cur- 
rents derives most of  its voltage dependence from coupling to activation (Aldrich et 
al., 1983; but cf. Vandenberg and Horn,  1984), although sodium channels can inac- 
tivate without first opening (Horn et al., 1981; Horn  and Vandenberg, 1984). 

Other Models 

Argibay (1974) considered several forms of  coupled models for inactivation of  K + 
currents in skeletal muscle. Two models of  K + channel gating based upon single- 
channel measurements have been proposed, in which inactivated or "absorbing" 
states are reached from closed states only through the open state or states (Standen 
et al., 1985; Hoshi and Aldrich, 1988). These models are generally compatible with 
the present one. 

Recently Clark et al. (1988) presented evidence for a rapid component  of  inacti- 
vation during the rising phase of  K + currents in rabbit atrial cells. Pulse pairs were 
applied in which the duration of  the first pulse was varied with a constant interval 
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between pulses. Inactivation determined from the peak o f  the second pulse revealed 
a rapid phase which was faster than the overt inactivation of  open channels seen 
with a single depolarizing pulse. This phenomenon was shown to be compatible with 
the Aldrich model (1981) in which closed channels inactivate faster than do open 
channels. However, simulations of  their experiment show that this phenomenon can 
also occur with the coupled model (data not shown). In the present model the rapid 
early phase of  inactivation is due to the progression of  inactivation of  open channels 
during the interval between pulses, which for short pulses contributes substantially 
to the inactivation estimated by the second test pulse. As found by Clark et al. 
(1988), the coupled model with no C --* I transitions allowed predicts an initial 
delay, but this lasts only until most channels open. 

Implications of the Coupled Model 

Inactivation of  delayed recifier K § currents in rat alveolar type II cells in Ringer, 
K-Ringer, and 20 Ca-Ringer exhibits several behaviors which suggest that (a) inacti- 
vation and activation are coupled, (b) inactivation of  closed channels takes place 
slowly, if at all, and (c) open channels inactivate relatively rapidly at all potentials, 
even at potentials negative to those at which K + channels open, and at which there is 
no detectable steady-state inactivation. These features were incorporated into a sim- 
ple model with only one inactivated state. Both inactivation and recovery rate con- 
stants were made completely voltage-independent. Because K + currents inactivate 
during depolarization and recover upon hyperpolarization, the idea that inactiva- 
tion is completely voltage-independent seems counterintuitive. Therefore  various 
calculations were done with the model to see how well a model with these con- 
straints could reproduce the main features of  the data. Several general conclusions 
can be drawn: 

(a) The coupled model, with voltage-independent inactivation, predicts that the 
observed time constant of  current  decay during depolarizing steps will be practically 
constant at positive potentials, but will be much slower at potentials where the gK is 
only partially activated. If  p is the steady-state probability of  activation at a given 
potential, then T is given by 1/(hp + j ) ,  making the assumption that (a + 4/3) >> h , j  
(Bernasconi, 1976). Thus where p --~ 1, r ~ 1/(h + j )  and mainly reflects h, since h > 

j. But at more negative potentials as p --~ O, r -- .  1 / j  and s incej  is small, T is large. 
This prediction compares well with the observed data in type II cells for all three 
external solutions studied (Fig. 2). Similarly, in many other  preparations r (in some 
cases, the faster component  where more than one is present) is strongly voltage- 
dependent  only at potentials at which the gK is incompletely activated, and practi- 
cally voltage-independent at potentials at which the gK is fully activated (Schwarz 
and Vogel, 1971; Argibay, 1974; Aldrich et al., 1979; Inoue, 1981; Ypey and Cla- 
pham, 1984; Cahalan et al., 1985; Gallin and Sheehy, 1985; Deutsch et al., 1986; 
Maruyama, 1987; DeCoursey et al., 1987; Clark et al., 1988; Martynyuk and Tes- 
lenko, 1988; Grissmer and Cahalan, 1989). 

(b) By the same reasoning, at potentials negative to those at which the gK is acti- 
vated, recovery from inactivation is predicted by the model to be quite slow. Slow 
recovery from inactivation, in comparison with the more rapid onset of  inactivation 
during depolarizing pulses (where most channels open) has been recognized in 
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many preparations, and is one of  the distinguishing characteristics of  "delayed rec- 
tifier" K § channel inactivation (e.g., Heistracher and Hunt,  1969b; Argibay, 1974; 
Kostyuk et al., 1975; Adrian and Rakowski, 1978; Aldrich et al., 1979; Ruben and 
Thompson, 1984; Ypey and Clapham, 1984; Fukushima et al., 1984; Cahalan et al., 
1985; Gallin and Sheehy, 1985; Maruyama, 1987). This type of  behavior is implicit 
in the coupled model with voltage-independent rate constants governing inactiva- 
tion, given that h > j.  

(c) If  h and j are both completely voltage-independent, then the estimate of  j 
from r and R measured during depolarizing pulses should allow prediction of  the 
rate of  recovery from inactivation at negative potentials. Table II shows t h a t j  was 
significantly greater in K-Ringer than in Ringer, so recovery at negative potentials 
(~ l / j )  would be expected to be more rapid in K-Ringer. This requirement is quali- 
tatively consistent with the facilitation of  recovery by increased [K§ (Ruben and 
Thompson, 1984; Kostyuk and Martynyuk, 1988; Martynyuk and Teslenko, 1988); 
however, recovery time constants appear to be more strongly voltage-dependent 
than given by the model. That recovery in many preparations has a multiexponential 
time course indicates that more complex models will be required. Ruben and 
Thompson (1984) concluded that elevated [K+]o increased the fraction of  the gK 
which recovered via the more rapid of  two components of  recovery. 

(d) An obvious implication of  the model is that K § channels Should be inactivated 
in the steady-state only at potentials at which they have a finite probability of  open- 
ing. The data in Figs. 4 and 5 suggest that if direct C ~ I transitions take place, the 
rate of  this process is very slow compared with O --~ I at more positive potentials. 
Because the C --~ I transition occurs only to a small extent at potentials negative to 
those which open channels, it is hard to characterize. It is also possible that the slow 
and partial inactivation detected at subthreshold potentials in some experiments 
may instead reflect C --~ O ~ I transitions which occur too infrequently to be 
observable as macroscopic current. 

(e) In a strictly coupled model, inactivated channels must return to closed states 
through the open state. This requirement would result in a slow "tail" current  upon 
repolarization from a pulse which inactivated most of  the gK- Such a current  was not 
found by Argibay (1974), who concluded that an electrically silent I ~ C transition 
must be allowed. However, the amplitude of  such a current  would be extremely 
small. Using the coupled model and "typical" parameters for K-Ringer (r = 450 ms 
and R = 0.28), where the more rapid recovery rate and the larger driving force 
compared with Ringer create more favorable conditions for observing such a "tall" 
of  recovery from inactivation, the amplitude of  the tail ranges from 0.0015 at - 1 2 0  
mV to 0.012 at - 4 0  mV, expressed as a fraction of  the total gK. The time course 
would essentially follow l / j ,  which is the slowest rate constant in the model. In a few 
type II cells in K-Ringer a small slow inward tail component  was seen (e.g., Fig. 4 B) 
but in other  cells no such component  could be detected. 

( f )  The voltage independence of  inactivation assumed in the coupled model 
implies that some channels will inactivate during tail currents. Since the rate of  inac- 
tivation, h, is smaller in K-Ringer than in Ringer, tail currents should decay more 
slowly, since fewer channels will inactivate. Qualitatively compatible with this predic- 
tion, tail currents in several preparations decay more slowly as [K+]o is increased 
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(Swenson and Armstrong,  1981; Cahalan et al., 1985; Matteson and Swenson, 
1986). This phenomenon  has been interpreted as evidence that K + channels cannot 
close when occupied by a permeant  ion (Swenson and Armstrong, 1981). The extent 
to which inactivation would accelerate tail currents depends on the relative rates of  
channel closing and inactivation (4fl and h in the present model). For example, in 
the model (assuming voltage-independent h) with r 300 ms and R 0.06, the tail cur- 
rent  time constant at - 5 0  mV is 20% slower (63.3 vs. 52.8 ms) if inactivation is 
removed by setting h to 0, but  only 3% slower (9.26 vs. 9.00 ms) at - 100 mV where 
the closing rate is faster. Since elevated [K+]o slows ~'~a by about  the same propor-  
tion over a wide range of  voltage within which r ~  varies substantially (Cahalan et al., 
1985; Matteson and Swenson, 1986), it seems likely that the mechanism of  the slow- 
ing is not via an effect on inactivation. 

Implications of the Coupled Model for Experimental Measurements 

It  is common practice to estimate the total number  of  K + channels in a preparat ion 
by dividing the maximum observable gx by the unitary conductance. The result will 
always be a substantial underestimate in the Aldrich model, because a significant 
fraction of  channels inactivate directly f rom the closed state during a depolarizing 
pulse. The coupled model predicts that observable K + currents will more closely 
reflect the total number  of  K + channels present, subject to the constraint that 
applies to either model: during large depolarizations the open probability may 
approach a limit less than unity. 

The meaning of  "steady-state inactivation" in the coupled model is complicated 
because the C ~ I equilibrium and the O ~ I equilibrium may have (and apparently 
do have) very different voltage-dependencies. Closed channels inactivate at most 
only slowly and at relatively positive potentials; open channels inactivate relatively 
rapidly over a wide voltage range. Radically different "steady-state" inactivation- 
voltage relationships will result f rom different experimental protocols. 

Limits of the Model 

The model presented clearly represents an oversimplification in several respects. 
For example, slow C ---" I transitions may take place, and have been repor ted  in 
other  preparat ions (Fukushima et al., 1984; Deutsch et al., 1986). In human T lym- 
phocytes inactivation can be demonstrated only 5 -8  mV negative to the threshold 
for gx activation when 4-s prepulses are used, but up to 25 mV negative to threshold 
when >2-min prepulses are used (Deutsch et al., 1986). Since in type I I  cells any 
C ~ I transitions occur in a voltage range near  that of  activation, and are quite slow, 
this transition has been neglected in the model. In many preparations including the 
present one, the onset and recovery f rom inactivation under  certain conditions are 
best described by at least two exponentials (references cited in Introduction). Thus, 
a more complete model would likely need at least two inactivated states or  an addi- 
tional open state. Simply adding one or  more pathways between C, and I would not 
generate an additional time constant o f  relaxation, because these would be parallel 
pathways (Bernasconi, 1976). 

The main proper ty  of  inactivation of  the gx which is not generally predicted by 
the simple coupled model is that the relaxation of  the inactivation mechanism at 
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potentials negative to those at which K + channels open is voltage-dependent, 
becoming faster at more negative potentials (Heistracher and Hunt,  1969b; Argibay, 
1974; Adrian and Rakowski, 1978; Ruben and Thompson, 1984; Chabala, 1984; 
Cahalan et al., 1985; Clay, 1989). In the present study, the apparent rate constants 
of  inactivation and recovery, h and j, were both practically voltage-independent 
when estimated at positive potentials, and Fig. 9 does not support strong voltage 
dependence of  h even at quite negative potentials. In the simple model, coupling of  
recovery with deactivation results in some acceleration of  the recovery time constant 
at more negative potentials, but not to the extent reported. It may be possible to 
reconcile the relative voltage independence of  the onset of  inactivation with the 
voltage dependence of  recovery by an additional inactivated state as proposed 
above, e.g.: 

h h' 
C~_4. " 0 -  " I s ~ l 2 . 

j j' 

Another model, similar to models proposed for sodium channel inactivation (Arm- 
strong and Bezanilla, 1977) and skeletal muscle charge movement (Brum et al., 
1988), suggested to me by Eduardo Rios, which might enable a more complete 
description of  the data is: 

C I _  3 . 

I1  " �9 / 2  

lr 1[ 
�9 C4.  " 0  

Here transitions shown vertically are voltage-independent, while horizontal transi- 
tions, including those between the two inactivated states, I, and /2, are voltage- 
dependent. This model preserves the voltage independence of  both rate constants 
determining the overt inactivation of  currents during depolarization, but could 
result in voltage-dependent recovery kinetics. The present results indicate that C4 --" 
I l must be much slower than O ~ 12. Further experiments are needed to discrimi- 
nate between these more complex models and to characterize the kinetics and volt- 
age dependence of  transitions between the inactivated states. 
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