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ABSTRACT We have measured gating currents from the squid giant axon using 
solutions that preserve functional K channels and with experimental conditions 
that minimize Na channel contributions to these currents. Two pharmacological 
agents were used to identify a component of  gating current that is associated with 
K channels. Low concentrations of  internal Zn ~+ that considerably slow K channel 
ionic currents with no effect on Na channel currents altered the component of  
gating current associated with K channels. At low concentrations (10-50 #M) the 
small, organic, dipolar molecule phloretin has several reported specific effects on 
K channels: it reduces K channel conductance, shifts the relationship between 
channel conductance and membrane voltage (Vm) to more positive potentials, and 
reduces the voltage dependence of the conductance-Vm relation. The K channel 
gating charge movements were altered in an analogous manner by 10 #M phlore- 
tin. We also measured the dominant time constants of the K channel ionic and 
gating currents. These time constants were similar over part of the accessible volt- 
age range, but at potentials between - 4 0  and 0 mV the gating current time con- 
stants were two to three times faster than the corresponding ionic current values. 
These features of K channel function can be reproduced by a simple kinetic model 
in which the channel is considered to consist of  two, two-state, nonidentical sub- 
units. 

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

One of  the goals of  the study of  ion channels is to provide a detailed description of  
the relationship between the structure and the function o f  these membrane pro- 
teins. Such a description for the delayed rectifier K channel is inhibited by the lack 
of  a specific channel ligand that would aid in its biochemical characterization and 
eventual cloning. Without these types of  information, work is often centered on 
direct measurement of  channel function and mathematical modeling to infer molec- 
ular details. 

One obvious function of  the voltage-gated K channel is to provide the efflux of  
ions from the cell to aid in action potential repolarization. Consequently, the mea- 
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surement of  K channel ionic currents have been much studied. Hodgkin and Hux- 
ley (1952a) described some of  the properties of  these currents and developed a 
mathematical model (Hodgkin and Huxley, 1952b) for the channel that could be 
interpreted in molecular terms. 

Hodgkin and Huxley (1952b) also predicted that the movement of  the charged or 
dipolar parts of  the ionic channels should give rise to gating currents. The charac- 
terization of  ion channel gating currents is a valuable addition to our  understanding 
of  channel function. For example, measurements of  Na channel gating currents 
have been of  great importance in suggesting molecular models for Na channel gat- 
ing (Armstrong and Bezanilla, 1977). 

GiUy and Armstrong (1980) reported a component  of  squid axon gating current  
that was lost in parallel with the loss of  functional K channels that occurs upon 
exposing axons to K-free internal and external solutions (Chandler and Meres, 
1970). Bezanilla et al. (1982) and White and Bezanilla (1985) described methods for 
reducing Na channel gating currents to improve resolution of  the K channel com- 
ponent. They identified a component  of  gating current  with kinetics quite similar to 
those of  K channel ionic currents. These gating currents are altered by conditioning 
hyperpolarization in a manner  analogous to that of  K channel ionic currents (Cole 
and Moore, 1960). Consequently, these currents were identified as arising from K 
channels. The data obtained by White and Bezanilla (1985) place important con- 
straints on possible models of  K channels. They described a model in which the 
channel was considered to exist in 16 linearly coupled conformations, one of  which 
was conducting. 

The methods used by Bezanilla et al. (1982) and White and Bezanilla (1985) 
included the use of  K-free solutions, thus raising the concern that some component  
of  K channel gating current  might be lost under  such conditions. We report  here 
the measurement of  gating currents with solutions that preserve functional K chan- 
nels. We used pharmacological methods to provide further  support  for the identifi- 
cation of  a component  of  gating current  that can be associated with K channels. We 
have confirmed the basic observations o f  White and Bezanilla (1985) but find that 
the kinetics of  the ionic and gating currents are not the same at all potentials. We 
also present a simple alternative to the 16-state model of  these authors. In this 
model the channel is viewed as consisting of  two, two-state independent, nonidenti- 
cal subunits. 

METHODS 

Biological Preparation 

The data in this report were obtained with giant axons from the squid Loligo pealei at the 
Marine Biological Laboratory, Woods Hole, MA. 

Voltage Clamp and Internal Perflusion 

The axons used in this study were internally perfused and voltage clamped with techniques 
that have been previously described in detail (Begenisich and Lynch, 1974; Busath and Bege- 
nisich, 1982). Removal of the axoplasm was facilitated by 400-500/zgfml of the proteolytic 
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enzyme ficin (Tasaki et al., 1965). Improvements to the electronics allowed essentially com- 
plete compensation for the measured series resistance. With these improvements the capacity 
charging current was complete always within 6 ~s and often in less than 5 ~s. All voltages have 
been corrected for the measured junction potential between the internal 0.56 M KC1 elec- 
trode and the internal solutions used. External potentials were measured with an agar-filled, 
saturated KCI electrode. Most of gating current measurements were made at 20~ A few 
early experiments were done at room temperature, which was 21 to 23~ 

Membrane currents were sampled with a 12-bit analog/digital converter and membrane 
voltage pulses were generated by a 12-bit digital/analog converter. Both of  these units are 
part of  the Scientific Data Acquisition System (Scientific Associates, Inc., Rochester, NY) con- 
trolled by an IBM PC/XT computer. The currents were filtered before sampling by a four- 
pole low-pass Bessel filter at 30 (for ionic currents) or 20 kHz (for g-4ting currents). Before 
filtering, the membrane current was "blanked" for, usually, 20 ~ during each membrane 
voltage transition. This was done for two reasons: (a) This procedure avoided saturation of  
the various operational amplifiers by the large capacity current transient. (b) Since Na chan- 
nel gating currents are much faster than K channel gating currents, this procedure tends to 
eliminate much of any residual Na channel gating current. I f  the current is not blanked, then 
the filtering tends to distort the fast Na channel gating current and increases the difficulty of  
separating it from K channel gating current. 

A P/4 procedure (Bezanilla and Armstrong, 1977) was used to remove linear leakage and 
capacitative currents. Unless otherwise noted, gating currents were obtained with a holding 
potential of  - 6 2  mV and the subtracting (P/4) pulses were made from a potential of  - 1 0 2  
mV. The recorded gating currents were averages of  32 sweeps. Most recorded ionic currents 
were the average of two to four sweeps using a - P / 4  procedure from the holding poten- 
tial. 

Solutions 

Several different external solutions were used in the experiments reported here. These 
include artificial sea water (ASV0 that contained (in millimolar): 440 NaCI, 10 CaClz, and 50 
MgClz; 50 K ASW: 390 NaCI, 50 KCI, 10 CaCI~, 50 MgCI~; and Tris NOs ASW: 416 TrisNO3, 
24 "Iris base, and 50 Ca(NO~)2. ASW and 50 K ASW were buffered to pH 7.4 with 10 mM 
HEPES and had an osmolarity of 960-970 mosmol. The "Iris NOs solution had a pH of  7.0 
and contained either 10 or  50 mM CsNOs (called 10 Cs "Iris NO5 ASW and 50 Cs "Iris NOs 
ASW, respectively) and sucrose to maintain an osmolarity of 970-980 mosmol. The standard 
internal solutions (SIS) were K SIS: 270 K glutamate, 50 KF, 15 I~HPOo and 390 glycine; 
and Cs SIS: 270 Cs glutamate, 50 CsF, 360 glycine, and 10 HEPES. These solutions had pH 
values of 7.4 and osmolarities of  970-980 mosmol. 

The measurement of K channel gating current requires the elimination of  Na and K chan- 
nel ionic currents. This was accomplished using Na- and K-free internal and external solu- 
tions, usually Tris NOs ASW with 1 #M tetrodotoxin (TIX) to block Na channel ionic current 
and Cs SIS. The use of  NO~ follows the work of  White and Bezanilla (1985), who showed that 
this anion reduces Na channel gating and ionic current with little or  no effect on K channel 
ionic current. Further reduction of  Na channel gating current was made by using 200 #M 
dibucaine (Gilly and Armstrong, 1980) and a relatively depolarized holding potential (White 
and Bezanilla, 1985). 

It is well known that K channel conductance is irreversibly lost during perfusion with K- 
free solutions (Chandler and Meves, 1970). Indeed, Gilly and Armstrong (1980) exploited 
this result to measure a component of  gating current that was lost after K-free perfusion. The 
loss of K channel conductance is much slower in K-free media if the K ions are replaced by 
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Cs +. This is true for both internal (Chandler and Meves, 1970) and external solutions (Almers 
and Armstrong, 1980). For these reasons we used Cs SIS and Cs-containing external solu- 
tions. The data of Fig. 1 demonstrate the excellent survival of K channels with these solu- 
tions. 

One disadvantage of the use of internal Cs is that this cation has a very small but finite 
permeability through K channels (Chandler and Meves, 1965). Consequently, this limits the 
accessible voltage range to potentials below ~ + 2 5  mV. A very small amount of this ionic 
current can be seen in Fig. 2 at the largest depolarization. However, because of its small size 
and slow kinetics (compared with the gating current) this ionic current interfered with gating 
current measurements only at membrane potentials above + 10 mV (see Results). This ionic 
current can be eliminated by 1 mM of the K channel blockers 3,4-diaminopyridine (DAP) or 
4-aminopyridine (4-AP). These compounds were used in some experiments but most of the 
data were obtained without them. 

Except where noted, K channel ionic currents were recorded with 50 K ASW (with 1 #M 
TTX) and K SIS. The elevated external K concentration reduces (but does not eliminate) the 
effects of the accumulation of K + in the periaxonal space surrounding the giant axon 
(Frankenhaeuser and Hodgkin, 1956; Adelman et al., 1973). 

Data Analysis 

A quantitative measure of the kinetics of K channel ionic and gating currents was obtained by 
fitting an exponential function of time to the data. The algorithm used for these nonlinear 
fits was "simplex" (Caceci and Cacheris, 1984). 

One of the useful parameters for analyzing ion channels is the fraction of open channels 
( f ,~) .  This parameter cannot be uniquely determined from macroscopic ionic current, and 
the accumulation of K + in the periaxonal space further complicates its determination. How- 
ever, an estimate o f f , ~  can be made and several methods have been used for this purpose. 
Gilly and Armstrong (1982) used relative conductance corrected for K + accumulation but did 
not allow for the voltage dependence of the open channel current-voltage relation. White and 
Bezanilla (1985) also used the Gilly and Armstrong (1982) method but applied a correction 
term for the open channel current-voltage relation. This requires the tedious procedure of 
determining an instantaneous current-voltage relation for each test pulse used. 

We have chosen an alternative procedure that is easier to use and yields results quite simi- 
lar to those of White and BezaniUa (1985). This procedure is based on the technique of Noble 
and Tsien (1969) for measuring the steady-state activation curve for K channels in cardiac 
Purkinje fibers. A series of membrane depolarizations is given for a duration sufficient to 
open all available channels at that potential. The magnitude of the current (often called the 
"tail" current) immediately after repolarization to the holding potential is measured. The 
magnitude of this current is directly proportional to the number of channels opened by the 
activating pulse. Consequently, the determination of the instantaneous current-voltage rela- 
tion is not necessary. 

Unfortunately, the magnitude of the tail current will be altered by K + accumulation in the 
periaxonal space. If the concentration of K + is known, the tail current can be appropriately 
corrected. With the elevated external K + concentration in our experiments, the tail current at 
the holding potential (usually - 6 3  mV for ionic current experiments) is inward. We com- 
puted an estimate for the K + concentration by using the steady-state current during the pulse 
and the magnitude of the tail current by the method described in Conner and Stevens (1971). 
Then, since we know the internal K + concentration, we can estimate the external K + concen- 
tration. If it is assumed that the inward tail current is directly proportional to the K § concen- 
tration (Wagoner and Oxford, 1987), it is easy to correct for accumulation. The tail current is 
determined by fitting an exponential function of time and using this fit to extrapolate the 
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current back to the time of  repolarization, The data of Fig. 7 were obtained with this 
method. 

Two other parameters of interest are the charge moved during the depolarizing test pulses 
(the "ON" charge) and after repolarization to the holding potential (the "oFF" charge). White 
and Bezanilla (1985) showed that the ON charge can be computed either from a fit of  a single 
exponential of  time to the K channel gating current or a direct integration of  the current 
record. We have used the former method in these experiments. Likewise, the OFF charge 
movements were computed from the fitted exponential functions. 

RESULTS 

The  data shown in Fig. 1 illustrate one  o f  the advantages (see Methods) o f  using 
Cs-containing internal and external solutions: the preservat ion o f  functional  K 
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FIGURE 1. K channel ionic and gating currents. (.Left panel) K channel ionic currents before 
(upper) and after (lower) recording the gating currents in the right panel. The external solu- 
tion was 50 K ASW (with 1 #M TIX) and the internal solution was K SIS. The holding poten- 
tial was - 6 3  mV. The currents shown are those from depolarizations to - 4 3 ,  - 3 3 ,  - 2 3 ,  
- 1 3 ,  and - 3  mV. The temperature was 15~ (Right panel) Currents recorded in 50 Cs Tris 
NOs ASW and Cs SIS. The holding potential was - 6 2  mV. Currents from 32 depolarizations 
to - 3 2 ,  - 2 2 ,  - 1 2 ,  and - 2  mV were averaged. The temperature was 20~ Calibration: 0.5 
mA/cm * (left panel), 15 ~tA/cm ~ (right panel), 0.5 ms (both). 

channels. The  u p p e r  left panel o f  this figure shows K channel  ionic currents  u n d e r  
condit ions that are appropr ia te  for  these currents.  These condit ions include a tem- 
pera ture  o f  15~ and internal and external solutions conta in ing K. 

The  currents  shown are f rom depolarizations to - 4 3 ,  - 3 3 ,  - 2 3 ,  - 1 3 ,  and - 3  
mV. In  the r ight-hand panel are currents  r ecorded  with condit ions designed to elim- 
inate ionic currents  and to p roduce  an enhancement  o f  K channel  gating currents  
over  Na channel  gating currents  as described in Methods.  The  solutions used are 
given in the figure legend. The  tempera ture  for  these records  was 20~ After  
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record ing  the gating currents,  the tempera ture  was reduced  back to 15"C, the K- 
containing ionic solutions were re int roduced,  and the K channel  ionic currents  o f  
the lower left hand  panel were obtained. The  K channels dear ly  survive the perfu-  
sion with K-free media quite well. 

Gating cur ren t  records f rom ano ther  axon are shown (points) in Fig. 2 a long with 
the results o f  fits o f  exponential  functions to the data (solid lines). These functions 
were fitted to the currents  after  the test depolarizations (oN's) and after  repolariza- 
tion back to the holding potential (OFF'S). The data range used for  the fits began 
shortly after  the voltage change  (where the solid lines begin) and ended  as marked 
by the arrows. As observed by White and Bezanilla (1985), the single exponential  fits 
are reasonably good  representat ions  o f  the data except  for  a small, very fast compo-  
nent  that  is due  to residual Na channel  gating current .  

- 2  mV 

- 1 2  mV 

-22 rnV i ~  

,.. 

FIGURE 2. Exponential fits to the 
gating currents. Gating currents 
measured at the indicated potentials 
from a holding potential of  - 6 2  mV. 
Fits of  an exponential function of 
time are superimposed (solid line) on 
the data (dots). The fits were done 
using data beginning several data 
points after the change in voltage 
and ending at the arrows as illus- 
trated. The time constants obtained 
from the fits to the data at -32 ,  
- 2 2 ,  - 1 2 ,  and - 2  mV are 0.34, 
0.45, 0.39, and 0.36 ms. The time 
constants from fits to the OFF cur- 
rents at the holding potential are 
0.26, 0.29, 0.27, and 0.29 ms. A fast 
phase, noticeable during the ON tran- 
sients, is probably residual Na chan- 
nel gating current. The temperature 
was 20"C and there was an average of  
32 sweeps. Calibration: 15 #A/cm ~, 
1.0 ms. 

The ON time constants, ron, obta ined f rom the fits at voltages o f  - 32, - 22, - 12, 
- 2  mV are 0.34, 0.45, 0.39, 0.36 ms, respectively. The OF~ time constants,  r ~ ,  
obtained f rom the cur rent  after depolarizations to these potentials are 0.26, 0.29, 
0.27, 0.29 ms. The fact that  the rofr values show no consistent change with the size o f  
the preceding depolarizat ion is consistent with the lack o f  a significant contr ibut ion 
o f  ionic cur ren t  to these records.  

One  o f  the disadvantages o f  the use o f  Cs-containing solutions is the finite perme-  
ability o f  this cat ion th rough  K channels (see Methods). Some ionic cur ren t  can be 
seen in the record  o f  Fig. 2 obtained at - 2  mV. This cur ren t  was negligible at 
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potentials below + 10 mV and, therefore, did not contaminate the gating currents at 
these potentials. This issue was specifically addressed by recording gating currents 
from three axons with and without 1 mM 4-AP in the external solution. The ratio of  
the ON gating current time constants in 4-AP to the values without 4-AP at poten- 
tials o f - 4 2 ,  - 2 2 ,  - 2 ,  and +18  mV were 1.0 _+ 0.11 (SEM), 0.98 • 0.10, 1.03 • 
0.13, and 1.04 • 0.17, respectively. The ratio of  the ON charge moved at these same 
potentials was 1.03 • 0.14, 0.97 • 0.02, 1.04 • 0.05, and 1.34 • 0.03, respectively. 
These data demonstrate no significant effect of  K channel ionic current on the 
determination o f  gating current time constants. The only effect was the expected 
underestimate (of ~30%) of  ON gating charge at the largest depolarizations. OFF 
charge movements from these depolarizations determined at the holding potential 
of  - 6 2  mV were not affected because there is no K channel ionic current at this 
potential. 

To justify calling these currents gating currents, it is important to demonstrate 
that they are due to intramembranous charge movements and are not, for example, 
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o ~6o 260 460 
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FmtmE 3. Charge moved 
during ON and OFF transitions. 
The amount of charge moved 
during repolarization to the 
holding potential of - 62  is 
plotted as a function of charge 
moved during previous depo- 
larizations to -42,  -22,  - 2 ,  
and + 18 mV. The values of 
charge movement were ob- 
tained from exponential fits to 
the data as described in Meth- 
ods. Data from six axons: two 

with 60 Ca, 10 Cs Tris NOs ASW; two with 50 Ca, 10 Cs Tris NOs ASW; one with 10 Ca, 50 
Mg, 10 Cs Tris NO s ASW; and one with 50 Ca, 50 Cs Tris NO s ASW. The internal solution 
was Cs SIS with 200 ~M dibucaine. The solid line represents a perfect equality of ON/Off 
charge movement. The test pulse duration was either 2.5 or 4 ms. The temperature was 20- 
23"C. 

ionic currents. I f  these currents result from the movements of  membrane-bound 
charges, then the amount of  charge moved after repolarization to the holding 
potential, QorF, should equal the amount  of  charge moved during the preceding test 
depolarization, QoN. A test for the equivalence of  Q, oFr and Q~N is illustrated in Fig. 
3. 

In this figure QoFF values from six axons are plotted as a function of  QoN. Test 
depolarizations of  2.5 and 4 ms to - 42, - 22, - 2, and + 18 mV were used to obtain 
these data. The solid line represents a perfect equality between the ON and OFF 
charge movements. There is no systematic deviation of  the data from this line of  
exact equality, which demonstrates that these currents do indeed arise from the 
movements o f  intramembranous charges. 
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Identification of the Gating Currents with K Channels 

One of  the observations that indicates that most o f  the gating currents of  Figs. 1 
and 2 arise f rom K channel and not Na channel charge movements are the relatively 
slow kinetics of  these currents. Armstrong and Bezanilla (1977) described two 
phases of  Na channel gating current.  The slow component  has a time constant o f  
~0.3-0 .5  ms at 8~ and is approximately five times slower than the fast Na channel 
gating current  component .  Estimates of  the Na channel gating current  time con- 
stant at the warmer  (20-23~ temperatures used here can be made using a 0o0 
value of  3. Such calculations yield values of  ~20 and 100 t~ for the fast and slow 
phases, respectively. The time constants obtained in the present  study are generally 
between 200 and 600 ~s, much slower than those expected f rom Na channel gating 

c o n t r o l  Zn ++ r e c o v e r y  

_ _  

~ , , _ . _ _ _  + 1 3  m V  

' , , .  " ~ ,  . _ " , . _  - 2 7  mV 

~ " ,  ~ - 4 7  m V  

Fmty~ 4. Effects of internal Zn on ionic currents and Na channel gating currents. (Upper 
panel) Ionic currents before, during, and after exposure to 3 mM ZnCI2 in K SIS. Currents 
during depolarizations from - 4 8  to 72 mV in 20-mV steps from a holding potential of - 6 8  
mV. The external solution was 50 K ASW. The temperature was 15~ (Lower panel) Na chan- 
nel gating currents before, during, and after 3 mM ZnC12 in Cs SIS. Currents recorded at 
voltages of -47 ,  -27 ,  - 7, and + 13 mV from a holding potential of - 6 7  inV. The external 
solution was ASW with 10 mM Cs and 1 aM TIX. Calibration: 4 mA/cm ~ (upper panel), 40 
wA/cm ~ 0ower panel), 1.0 ms (both). 

currents. Furthermore,  Na channel gating currents are reduced ("immobilized") by 
test pulses of  a few ms in duration (at 8~ The currents described here do not 
immobilize, as demonstrated by the equality of  the Qorv and 0,0, values illustrated in 
Fig. 3. 

It  is also possible to distinguish between Na and K channel gating currents with 
pharmacological methods. Begenisich and Lynch (1974) showed that low concentra- 
tions of  internal Zn ~+ specifically affect K channels. This finding is illustrated in the 
upper  panel o f  Fig. 4. Shown are Na and K channel ionic currents before,  during, 
and after internal perfusion of  the axon with 3 mM ZnCI~ in K SIS. (Because of  the 
interaction of  Zn ~+ with F-  and glutamate, the computed  concentration of Zn 2+ is 
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quite low, ~40 nM; Sill6n, 1964). The K channel ionic currents are substantially 
slowed with little or  no change in the Na channel current.  

Begenisich and Lynch (1974) also showed that higher concentrations o f  internal 
Zn 2+ do affect Na channel ionic current.  Indeed, Bezanilla and Armstrong (1974) 
used the sensitivity of  their measured displacement currents to high concentrations 
of  internal Zn to argue for  the association of  these currents with Na channels. The 
lower panel o f  Fig. 4 demonstrates that the same low concentration (3 mM) of  Zn 
that specifically altered K channel ionic current  has a negligible effect on gating 
currents obtained under  conditions designed to emphasize contributions f rom Na 
channels (i.e., a lower tempera ture  of  15"C and the absence of  dibucaine and NO; ) .  
These gating current  records were obtained f rom the same axon that produced the 

/ conf ro l  

I 

F Zn++" 

-- / ' ~ r e c o v e r y  ~"~---------~"-- 

FIGURE 5. Effects of internal Zn on K channel gating currents. K channel gating currents 
from two different axons (left panel and right panel) at - 2  mV are shown before, during, 
and after treatment with 3 mM Zn in Cs SIS. The holding potential was - 6 2  mV. (Leflpanel) 
Axon SQDXG, 50 Ca, 10 Cs Tris NOs ASW (1 ~tM TI'X and 200 ~M dibucaine), with a 
temperature of 21"C. (Right Panel) Axon SQDBV, 50 Ca, 50 Cs Tris NOs ASW with 1 uM 
TTX and 200 #M dibucaine in the internal Cs SIS solution; the temperature was 20~ Cali- 
bration: 25/~A/cm ~, 1.0 ms. 

ionic currents in the uppe r  panel. Under  these conditions the gating currents have 
much faster kinetics than those seen in Figs. 1 and 2 in spite o f  the colder tempera-  
ture, which is consistent with their origination f rom Na channels. 

In contrast to the lack of  significant effect o f  internal Zn ~+ on Na channel ionic 
and gating currents, the results presented in Fig. 5 show that gating currents mea- 
sured with conditions designed to enhance contributions f rom K channels (as in 
Figs. 1 and 2) are sensitive to low concentrations o f  this divalent cation. The left and 
right panels o f  this figure show gating current  f rom two different axons with similar 
solutions. Current  records elicited by depolarizations to - 2  mV are illustrated 
before,  during, and after perfusion with the same internal Zn concentration used in 
the experiment of  Fig. 4. There  is a significant effect on the magnitude of  the gating 
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current  in both axons. In addition, the faster sampling rate used in the right panel 
reveals that Zn ~+ seems to induce (or enhance) a rising phase in the gating current. 
A more detailed analysis of  the actions of  internal Zn 2+ on these currents will be the 
subject of  a future publication. For now, the significant effect of  Zn 2+ on these 
gating currents supports the view that they arise from K channels. 

Another pharmacological compound known to specifically affect K channels is 
the small, organic, dipolar (at near neutral pH) molecule phloretin. A concentration 
of  phloretin of  10/zM has a negligible effect on Na channels but  has several effects 
on K channels (Strichartz et al., 1980; G. S. Oxford,  personal communication). 
These workers found that the maximum K channel conductance is reduced 
by ~30%, the conductance-voltage relation is shifted toward more depolarized 
potentials by - 3 0  mV and the steepness is reduced, and the ionic current  kinetics 
are slowed by more than a factor of  two. All these effects are reversible, though 
slowly and not always completely. 

These actions of  phloretin on K channel ionic currents suggest that this com- 
pound should also alter K channel gating currents. This is indeed the case, as the 
results in Fig. 6 illustrate. The top panel of  this figure shows the amount of  charge 
movement at several membrane potentials in the absence (open circles) and in the 
presence (filled circles) of  10 gM phloretin. The lines in this figure are from fits of  a 
function derived from the Boltzmann relation (see Eq. 6) to the data. The fits yield 
estimates for the maximum charge movement and for the midpoint and steepness of  
the distribution. This concentration of  phloretin reduced the maximum charge 
movement by 23%, shifted the midpoint of  the distribution by 13 mV in the depo- 
larizing direction, and substantially reduced the steepness. The bottom panel shows 
that the kinetics of  the gating current  were also affected by phloretin. Illustrated 
here is ton at several membrane potentials. Phloretin increased the to, values at most 
potentials by as much as a factor of  1.8. These actions of  phloretin are quite similar 
to those on K channel ionic currents and support  the notion that these gating cur- 
rents arise from K channels. 

The shift of  the midpoint of  the Q-Vm relation was much smaller than the 
reported shift of  the K channel conductance-V,, relation (Strichartz et al., 1980). 
This is only one of  several treatments that produced larger effects on K channel 
ionic currents than on K channel gating currents (Spires and Begenisich, 
1985, 1987). 

Steady-State and Kinetic Properties of K Channel Ionic and Gating Currents 

The upper  panel of  Fig. 7 shows a comparison of  K channel charge movement and 
the fraction of  open channels. Shown are normalized charge movements, Q~, from 
five axons. In most cases ON and OFF charge movements were averaged. The method 
of  obtaining these relative charge movements is described in the figure legend. The 
average fraction of  open channels from three of  these axons (obtained as described 
in Methods) is also shown. The lines represent fits of  a Boltzmann relation (Eq. 6) to 
these data. The most noticeable feature of  these data is the large separation between 
the midpoints of  these two distributions, which is similar to the observation of  White 
and Bezanilla (1985). 
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A compar ison  o f  the ionic and gating cur ren t  kinetics is presented  in the lower 
panel o f  this figure. The kinetics o f  the ionic currents  were obta ined by fitting single 
exponential  functions o f  time to the late par t  o f  the cur ren t  records  (from - 5 0  
to ~90% o f  the max imum value). I n  agreement  with White and  Bezanilla (1985) we 
found  a single exponential  funct ion to be an excellent fit to this par t  o f  the data. 
The  time constants  f rom these fits, 1" K, are plot ted as the o p e n  symbols. The  gating 
cur ren t  time constants,  Tg, are shown as filled circles. The  ionic cur ren t  time con- 
stant value near  - 6 0  mV is f rom fits to the tail currents;  the gating cur ren t  time 

,,.-, 600- control FIGURE 6. Effects of  phlore- 
5 0 0 -  ~, G tin on K channel gating cur- 

~ rents. (upper panel) Charge 
,~o 4oo- ~ moved as a function of voltage 
-o -33 mv , ~  before (O) and during (o) appli- 
tO 300- ~ ~ ~ ~  
o > / .. . . . . . . . . . .-- cation of  l0 #M phloretin in 
E 200- Cs SIS. The charge moved was 
tO obtained from exponential fits 

100- to the data as described in 
o 
' -  Methods. Control: each data 

0 -60 -40 -20 0 2'0 4"0 point represents the average of 
the oN and o~F charge move- 
ment. The solid line is a best-fit 
Boltzmann function with a 
maximum charge movement of 

0.4. 516 e - /#m ~ and a midpoint 
�9 ~ � 9  phtoret in (marked by the arrow) of - 3 3  

0.3. / ~ c o n t ~ r o l  ~ mV. Phloretin: as for control ~" j - O  data, the solid line is the best- 
fit Boltzmann function with a 

0.2. O maximum of 300 e-//zm 2 and a 
t- midpoint of  - 2 0  inV. (Lower I 2 ~ - o  

0.1 panel) Effects of  phloretin on 
time constants. Time constants 
for on gating currents at sev- 

0.0 -60 -40 -20 0 2"0 4"0 era] voltages are shown before 
Vm (mV) (o) and during (�9 exposure to 

phloretin. External solution: 
50 Ca and 10 Cs Tris NO s ASW (1 #M TTX). Internal solution: Cs SIS with 200 ttM dibucaine 
and 1 mM 3,4-DAP. Temperature was 22~ The solid lines are cubic spline functions used 
only for connecting the data points. 

constant  at this potential  is the mean  o f  the Zofr values. The data o f  this figure show 
that the ionic cur ren t  and gat ing cur ren t  time constants are the same at the most  
negative potentials bu t  diverge substantially at more  positive voltages. These values 
approach  each o ther  again at the largest depolarizations. 

The aqueous  solutions used for  de termining the ionic cur ren t  data o f  Fig. 7 were 
chosen  to optimize the accurate measurement  o f  the ionic currents  (as described in 
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FmURE 7. Steady-state and 
1.0 ~ kinetic properties of  gating 

t ) 3/ and ionic currents. (upper 

0.8 / e fop, n panel) Relative charge move- "~ ment (O) and fraction of open 
O 0.6 channels (o) as functions of  

~_ membrane voltage. The aver- 
~. 0.4~ ~ _ _  age values of  the ON and OFF 

o ~ . ~  /0/  O Oral charge movements from five 
0.2 axons are plotted. The average 

fraction of open channels 
0.0 "~ (obtained as described in 

-75 -50 -25 0 2"5 SO 7'5 100 125 Methods) is from three axons. 
Vm (mV)  Charge movements from these 

three axons are included in the 
charge movement data. Stan- 

0.8. dard error bars are included if 
they are larger than the sym- 

"~'E 0.6. ~ / ~ . ~ g ~ ~  ~'~0~ % bols. The ionic currents from 
,_~ which the fraction of open 

channels was computed were 
o measured with 50 K ASW and "~ 0.4. 
" K SIS. Three external solu- 
o o ~ O  tions were used in the gating 
E �9 0.2. �9 current experiments: two 

axons used 60 Ca (0 Mg), 10 
0.0 Cs Tris NOa ASW; two were in 

-80 -60 -~t0 -20 0 2'0 4'0 50 Ca (0 Mg 0, 10 Cs Tris NO s 
Vm (mV) ASW; and one with 10 Ca (50 

Mg), 0 Cs Tris NOs ASW. Cs 
SIS was the internal solution in all five experiments. As described in the text, the charge- 
voltage relation of each axon was fit by a Boltzmann function and the charge movement 
relative to the maximum from the fit was computed. No difference was found with these 
three solutions. The midpoints of  the fitted Boltzmann functions are: -36 .4 ,  -40 .6 ,  -39.2 ,  
-41 .4 ,  and -35 .4  mV. The q values of  Eq. 6 are 2.2, 2.3, 2.0, 1.8, and 2.7. The solid lines 
are the best-fit Boltzmann functions to these average values. The VI/2 value for the charge 
movement data is -38 .4  mV, the q value is 2.2. For the fraction of open channels these 
parameters were found to be - 7 . 0  mV and 1.6. (Lower panel) Ionic and gating current kinet- 
ics. Time constants from fits to the ionic current (O) and gating current (�9 for the axons of 
the upper panel are plotted as functions of  test potential. The data points at - - 6 2  mV are 
from ionic current tails and OFF gating currents. Standard error bars are included if larger 
than the symbols. The solid lines are cubic spline functions and are used only for connecting 
the data points. 

Methods).  Consequendy ,  the ionic and  gat ing cu r ren t  measu remen t s  were  made  
with different  solutions. T o  show that  the differences in the measured  kinetics did 
not  arise f rom the differences in the solutions, rx  and  ton were measured  f r o m  the 
same axon and with the same external  solution. In  addi t ion the rx  values were mea-  
sured  bo th  be fo re  and  af ter  obta in ing  the gat ing cu r ren t  data. As seen in Fig. 8 
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(upper  panel), there is excellent agreement  between the ri~ values before  and  after  
measur ing  the gating currents ,  and these values are almost twice the r ~  values. 

Several o ther  compar isons  o f  r and r with a variety o f  external solutions were 
made.  These compar isons  are  presented  in the lower panel o f  Fig. 8 as the ratio, 
r~ / r  s at several membrane  potentials. Over  most  o f  the voltage range the ionic cur- 
rents are substantially (1.5 to almost 3 times) slower than the gating currents .  An  
except ion to this occurs  at the most  negative voltage shown where ionic cur ren t  tail 
time constant  and  ro~ values are comparable .  There  is also the suggestion (seen 
more  clearly in the lower panel o f  Fig. 7 and the u p p e r  panel o f  Fig. 8) that  the ratio 
may tend closer to unity at positive potentials. 
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FIGURE 8. Paired compari- 
son of  ionic arid g a t i n g  c u r r e n t  

time constants. (Upper pan,/) 
Time constant of  ionic current, 
r K, before (O) and after (A) 
measuring gating current time 
constant, rg (e). All measure- 
ments were made with the 
same external solution: 50 Ca, 
0 Cs, "Iris NO s ASW. Ionic 
currents obtained with K SIS, 
gating currents with Cs SIS. 
The temperature was 23~ 
The solid lines are cubic spline 
functions and are used only 
for connecting the data points. 
(Lm0o" pan,l) Ratios of  r K and 
rg from 4 axons in which iden- 
tical or very similar external 
solutions were used for ionic 
and gating currents. This first 
solution listed in the legend is 
that used when measuring 
ionic current, the solution 
listed after the " / "  is that used 
for gating current measure- 
ment. The one point at - 6 3  
mV is from the ionic current 

tail and the gating current OFF time constant at that potential. The temperatures were the 
same for both ionic and gating current measurements and were between 20 and 23"C. The 
solid line is a second order polynomial fit to these data. 

D I S C U S S I O N  

The results presented in this repor t  demons t ra te  that gat ing currents  can be 
recorded  in K-free solutions and yet preserve K channel  function. We showed that 
the gat ing currents  r ecorded  u n d e r  condit ions designed to minimize contr ibut ions  
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f rom Na channel currents have pharmacological properties consistent with K but  
not Na channels. We have also analyzed the kinetics of  the K channel ionic and 
gating currents. We found that the ionic current  and gating current  time constants 
were similar over some range of  membrane  potentials but  were a factor of  two or 
more  different at other  potentials. 

Comparison with Previous Results 

Gilly and Armstrong (1980) were the first to repor t  a component  of  squid axon 
gating current  that seemed to be associated with K channels. They exploited the loss 
of  functional K channels that occurs upon exposing axons to K-free internal and 
external solutions. Bezanilla et al. (1982) and White and Bezanilla (1985) described 
methods for reducing Na channel gating currents to improve resolution of  the K 
channel component .  Their  methods included the use of  K-free solutions, thus rais- 
ing the concern that some component  of  K channel gating current  might be lost 
under  such conditions. 

We have improved on the methods of  these investigators by using solutions that 
preserve K channel function and by electronically eliminating the fastest part  of  Na 
channel gating current  f rom our  records. Most of  our  results are in agreement  with 
those of  White and Bezanilla (1985). We have used pharmacological methods to 
confirm their identification of  a significant component  of  the gating currents as due 
to the gating of  K channels. In agreement  with White and Bezanilla (1985), we 
found a large separation of  the Q~vVm and fop~,-V~ relations. While these authors 
repor ted a difference of  - 4 0  mV between these relations, our  data show a 30-mV 
displacement. Considering the difficulty in determining fops, values and the differ- 
ences in our  methods for so doing, this difference is probably not significant. 

Our  comparison of  the ionic and gating current  time constants is somewhat dif- 
ferent f rom those presented by White and BezaniUa (1985). These investigators 
found that the time constants were quite similar over membrane  voltages 
f rom ~ - 1 0 0  to - 5 0  mV and f rom ~0 to +50  inV. At potentials near - 6 0  mV, our  
data are in complete agreement  with these results, and we agree that the time con- 
stants tend to be similar (but not identical) at potentials between 0 and 40 inV. We 
found, however, that the gating current  kinetics are substantially faster than the 
ionic current  kinetics in the potential range between - 4 0  and 0 inV. Since White 
and Bezanilla (1985) did not repor t  values for time constants in this voltage range, 
our  data are not contradictory, but  rather supplement their results. 

A Qualitative Model 

Models of  the kinetics of  K channels have usually been of  two general types: (a) 
those based on the Hodgkin and Huxley (1952b) model, which considers the chan- 
nel to be formed of  some number  of  independent  and identical subunits, and (b) 
those that consider the channel to exist in several coupled conformational states. 
Since 1952, there have been many observations of  K channel behavior that are 
inconsistent with the Hodgkin and Huxley model (see, for example, Cole and 
Moore, 1960; Palti et al., 1976; White and Bezanilla, 1985). White and Bezanilla 
(1985) found it necessary to include 15 sequentially coupled closed states and one 
open (conducting) state of  the K channel to qualitatively account for their measured 
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K channel ionic and gating currents. The single observation that necessitated so 
many closed states was the large separation between the Q~rVm andfop~n-Vm relations 
(see Fig. 7, upper  panel). We have found that a much simpler model can reproduce 
this and most other  observations of  K channel function. 

We consider the K channel to be composed of  two independent,  but  not identical, 
subunits. These subunits can each exist in two conformations, labeled 1 and 2 for 
one subunit and A and B for the other. The transitions between the conformations 
are governed by voltage-dependent rate constants: 

~x 2 

A ,  , B  
& 

The rate constants a l  and a9 control the transition f rom state 1 to 2 and f rom A to 
B, respectively./51 and/~2 are the reverse rate constants for the 2 ---* 1 and B ---* A 
transitions. 

In this model a channel can conduct only if the subunits are in the 2 and B states. 
For a population of  such channels the fraction of  open channels is given by: 

fop,,,, = P2"PB, (1) 

where P~ and PB are the probabilities of  the subunits being in states 2 and B, respec- 
tively. 

The time dependence of  these probabilities has the simple form: 

p2(t ) ffi e ~  _ ( e~  _ eO) exp (--t/Tl~) 

PB(t) ffi P ~  - (P~ - P~) exp ( - t / r ~ )  (2) 

where p~s and P~ denote the steady-state probabilities and p0 and pO represent  the 
initial values. The time constants are functions of  the rate constants: 

T I 2  = 1/(oq +/31 ) r ~  = l/(ot 2 + ~2 ) (3) 

The steady-state values of  the probabilities are also functions of  the rate constants: 

P~' = 1/(1 + 15,la,)  P~  ffi 1/(1 + 1621a~) (4) 

That  is, these probabilities depend only on the ratios of  the forward and backward 
rate constants. 

I f  the voltage dependence of  the rate constants is assumed to derive f rom a move- 
ment  of  charge when the subunits change conformation,  the Boltzmann equation 
can be used to provide the following expressions for the ratio of  rate constants: 

B , / a ,  = exp {-  [q,~(Vm -- VI2)F/RT]}  

B2/a~ = exp { -  [q.B(Vm - V . D F / R T ] }  (5) 

where q~ and q.a are the amount  of  charge moved in the 1 ~ 2 and A .--. B transi- 
tions, respectively. V= is the membrane  potential and VI~ and VxB are the midpoints 
of  the charge distribution. Combining Eqs. 4 and 5 yields the following expressions 
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for the voltage dependence of  the steady-state probabilities: 

P~ = 1/(1 + exp {-[q]~(Vm - V]~)F/RT]b 
e~ = 1/(1 + exp { - [ q ~ ( V m -  V~m)F/RT]}) (6) 

The gating current  can be derived from these equations and is the sum of  the gating 
currents from each of  the two subunits: 

/g (7) 
I~ ~ ffi (q~/r ,~)(P7 - P ~  exp ( - t / r , 2 )  

I ~  = (q~ITAB)(P~ -- POrt) exp (--t/rAn) (8) 

The integral of  the gating current  is the charge moved. The steady-state amount of  
charge movement is a function of  voltage and depends on the steady-state probabil- 
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FxGtn~ 9. Steady-state model parameters. Relative charge movement and fraction of open 
channels are plotted as functions of membrane voltage. See text for details. Charge moved 
for the A *-~ B and 1 ~ 2 transitions are 1.5 and 3 electronic charges, respectively, with 
midpoints of - 5  and -45  inV. 

ities P~' and P~. The normalized steady-state charge movement, Q~, is given by: 

Q,~, = (q~,P~ + q~P'~)/(q]2 + qa~) (9) 

Computations from this simple model are illustrated in Figs. 9 and 10. The spe- 
cific model parameters used are given in the figure legends. Fig. 9 shows that this 
model can reproduce the observed large displacement between the Q~-Vm andfop~,,- 
Vm relations. This difference results from the 40 mV separation of  the charge distri- 
butions from the two model subunits. Consequently, the charge movement at neg- 
ative potentials is due mostly to the 1 ~-~ 2 transition and the charge moved at 
potentials near 0 mV has a large contribution from the A ~ B transition. Since the 
channel is open only if these subunits are in the 2 and the B states, the fo~.~ curve 
reflects the fact that the probability of  being in the B state is high only at relatively 
positive potentials. 

The results of  computations of  the time course o f fo~ ,  (Eqs. 1 and 2) at several 
potentials are illustrated in Fig. 10 A. The ionic currents would have a similar 



SPIRES AND BEGENISICH K Channel Gating Currents 279 

appearance  bu t  would need  to be  scaled for  the appropr ia te  o p e n  channel  current -  
Vm relation. As described in the figure legend, the time constants  fo r  the 1 ~ 2 
transit ion were chosen to be those o f  the measured  gat ing cur ren t  time constants  o f  
Fig. 7 (lower panel). Similarly, the time constants  fo r  the A +-* B subunit  were 
chosen to match  those o f  the ionic cur ren t  time constants  o f  Fig. 7. 
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FI(;ut~ 10. Ionic and gating current properties of  the model. (A) Time course of  fraction 
of  open channels at several voltages. The voltage dependence of  the fraction of  channels 
open in steady state is as described in the text (and as shown in Fig. 9). The time constants for 
T~2 and TAS were obtained from the data in the lower panel of  Fig. 7. (B) Conditioning hyper- 
polarization induced delay in the opening of  channels. The computations for the solid line 
were done with a holding potential of  - 6 0  inV. The rest pulse voltage is - 2 0  mV. The 
dashed line represents computations from a holding potential of  - 1 2 0  inV. (C) The two 
components of  the gating current at - 2 0  mV. The dotted line illustrates the gating current 
for the 1 *-* 2 transition, while the dashed line illustrates the gating current for the A 4--" B 
transition. The solid line is the total gating current. (D) Gating current time course at several 
potentials. Steady-state model parameters are as described in the text (and Fig. 9) and are the 
same as for parts A above. Time constants are from data in the lower panel of  Fig. 7 and are 
the same as those in part A above. The record for each depolarization has been shifted verti- 
cally for clarity. 

O n e  o f  the impor tan t  propert ies  o f  K channels  is the delay in the time course  o f  
the ionic cur ren t  af ter  a condi t ioning hyperpolar izat ion (Cole and Moore,  1960). 
Fig. 10 B shows that  this simple model  exhibits this type o f  behavior.  The  model  
parameters  are the same as those used for  the computa t ions  o f  Figs. 9 and  10 A. 

This simple model  predicts two tempora l  componen t s  o f  the gating current ,  
which may, at first, appear  contradic tory  to  the quality o f  single exponential  fits to  
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the gating currents. The results presented in Fig. 10 C illustrate that there is, in fact, 
no contradiction. As shown in this figure, the dominant contribution to the total 
gating current (solid line) is the contribution from the 1 ,--, 2 transition (dotted 
line). Gating current  from the A ~-, B transition (dashed line) makes a rather small 
contribution because, as Eq. 8 illustrates, the gating current  magnitude involves 
both the amount of  charge moved and the kinetics of  the movement. The A ,--, B 
transition involves half the amount  of  charge of  the 1 ~ 2 transition and has kinet- 
ics almost a factor of  two slower. This results in a weighting factor (see Eq. 8) of  
almost a factor of  four for gating currents from the 1 ,---, 2 subunit. This smaller, 
slower component  would be difficult to resolve experimentally. 

Fig. 10 D shows the computed gating currents at several potentials. As described 
for Fig. 10 C, the model Zl~ values were chosen as the ~'g values of  Fig. 7 (lower 
panel) and ~'~ as ~'K- These currents are generally similar to the measured gating 
currents of  Figs. 1, 2, and 4 (left panel). 

The independent nature of  the two subunits allows the possibility that drugs or 
chemical reagents might alter K channel gating and ionic currents in different ways 
or to different degrees. Perhaps this explains the phloretin data in Results and the 
results of some amino acid reagents (Spires and Begenisich, 1985, 1987). A quanti- 
tative analysis of  this suggestion is beyond the scope of  this report  and is the subject 
of  ongoing investigations. 

In summary, this simple, two-independent-subunits model for K channels repro- 
duces qualitatively many of  the important observations of  K channel function. It 
exhibits the observed large separation between charge movement and the fraction 
of  open channels (Fig. 7, upper  panel, and Fig. 9). It predicts a delay of  the ionic 
current  due to conditioning hyperpolarization seen in K channels (Cole and Moore, 
1960; Fig. 10 B). This simple model also can account for the difference between the 
measured ionic and gating current  time constants (Fig. 7, lower panel, and Fig. 8). 
This difference occurs because the gating currents are dominated by steps in the 
channel conformational change process that involve large amounts of  charge move- 
ments with fast kinetics (Eq. 8 and Fig. 10 C). 

Limitations of the Simple Model 

The model described above can qualitatively account for all the observations in this 
report  and other observed features of  K channel function. It does this as well as the 
model described in White and Bezanilla (1985), but  without the complexity inherent 
in the 16 conformational states of  that model. However, there are several deficien- 
cies of  this simple model. The most important of  these is that White and Bezanilla 
(1985) observed that, under  suitable conditions, the K channel gating current  exhib- 
its a rising phase. We have also observed this behavior under  similar conditions and 
after treatment with internal Zn ~+ as shown in Fig. 5 (right panel). The simple model 
does not exhibit a rising phase. Also, the model Q~rVm relation (Fig. 9) at potentials 
between - -  20 and 0 mV is not in quantitative agreement with the measured data in 
Fig. 7 (upper panel). Finally, the sigrnoid time course of  K channel ionic current,  
especially after conditioning hyperpolarization, is much larger than can be repro- 
duced by this simple model. 

These limitations of  the present model can be overcome by a relatively simple 



SPIRES AND BEGENISICH K Channel Gating Currents 281 

extension of  the model: adding a third state to the 1, 2 subunit, so that it has states 
1, 2, and 3. The channel would now be open only if this subunit were in the 3 state 
and the A,B subunit in the B state. To produce a rising phase in the gating current,  
charge moved in the new 1 ~ 2 transition would be smaller and slower than charge 
moved in the 2 ~ 3 transition. I f  the voltage over which the charge for  these tran- 
sitions is distributed includes both negative potentials (say, a midpoint near  - 4 5  
or - 5 0  mV for the 1 *--, 2 transition) and relatively positive voltages (say, - 2 5  for  
the 2 ~ 3 transition), then the large separation between Q~l and fop~n will be pre- 
served and would more  closely reproduce the data. This modification will also pro- 
duce a more sigmoid time course of  the ionic current  due to the time delay added 
by the 1 +-- 2 transition. Since the 1 *-~ 2 transition would occur at relatively nega- 
tive potentials, the magnitude of  the Cole-Moore shift would be increased. 

We do not yet have sufficient data on gating current  OFF time constants and ionic 
current  tails to include these in the simple model. Not  only will such data be neces- 
sary for making the model more complete, but they also represent  tests for the ade- 
quacy of  this model. 

The simple model presented here and the suggested extension make a particular 
prediction concerning the channel time constants that is shared by all models with 
independent  subunits. For the simple model, three channel time constants are 
expected with the following values: r12, rAB, and (r12 + rAa)/(rAarl~). That  is, the fast- 
est time constant is the reciprocal sum of  the other  two. I t  is difficult to test this 
prediction with K channel gating currents because of  the noise associated with mea- 
suring these relatively small currents and the way in which the amount  and kinetics 
of  charge movement  weight the amplitude terms (Eq. 8). I t  may be possible to test 
this prediction with ionic currents if two problems can be resolved, The first is to 
prevent distortion of  the ionic channel currents by K § accumulation in the periax- 
onal space. Our  use of  external solutions with an elevated concentration of  K § 
reduces, but  does not eliminate, the effects o f  accumulation. The second problem is 
the general difficulty of  resolving several exponential components  in data that con- 
tain noise. This problem is exacerbated by the presence of  many components  with 
similar time constants. 

Little is known of  the biochemical propert ies of  K channels. In particular it is not 
known whether these proteins consist o f  one large polypeptide like the eel Na chan- 
nel or  if they are made up of  several subunits like acetylcholine receptor  channels. 
However, the recent discovery (Timpe et al., 1987) that a single (small) mRNA spe- 
cies is sufficient to allow functional expression of  the inactivating A-type K channel 
suggests that this type of  K channel may be a multimeric protein. Perhaps this result 
and the success of  our  subunit model in reproducing K channel function will stimu- 
late the design of  experiments to fur ther  test the applicability of  this model. 
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