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Summary. Delayed potassium channels were studied 
in internally perfused neurone somata from land 
snails. Relaxation and fluctuation analysis of this 
class of ion channels revealed Hodgkin-Huxley type 
K channels with an average single channel conduc- 
tance (7K) of 2.40_+0.15 pS. The conductance of open 
channels is independent of voltage and virtually all K 
channels seem to be open at maximum K conduc- 
tance (gK) of the membrane. Voltage dependent time 
constants of activation of gK, calculated from K 
current relaxation and from cut-off frequencies of 
power spectra, are very similar indicating dominant 
first-order kinetics. Ion selectivity of K channels was 
studied by ion substitution in the external medium 
and exhibited the following sequence: 
T I + > K + > R b + > C s + > N H ~ - > L i + > N a  +. The se- 
quence of the alkali cations does not conform to any 
of the sequences predicted by Eisenman's theory. 
However, the data are well accommodated by a new 
theory assuming a single rate-limiting barrier that 
governs ion movement through the channel. 

Molluscan neurones show a complicated pattern of 
outward currents when studied under voltage-clamp 
conditions. At least three time- and voltage-depen- 
dent outward currents, predominantly carried by K § 
ions, have been identified: 1) A transient outward 
current that activates and inactivates at negative 
potentials ("A" current, Connor & Stevens, 1971b; 
Neher, 1971); 2) A delayed outward current that 
behaves kinetically like K currents in squid axon and 
node of R a n v i e r  (Connor & Stevens, 1971a; Meech & 
Standen, 1975; Adams & Gage, 1979); 3) A Ca 2+- 
activated K outward current that superimposes the 
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delayed outward current (Meech & Standen, 1975; 
Heyer & Lux, 1976). This probably also is the current 
identified by Partridge and Stevens (1976) as re- 
sponsible for spike frequency adaptation. 

The various components of outward current can 
be separated either kinetically or by pharmacological 
means (Meech & Standen, 1975; Heyer & Lux, 1976; 
Thompson, 1977). 

Our goal in this study has been to characterize 
one class of K channels in greater detail, those carry- 
ing the delayed outward current, and particularly to 
define the ionic selectivity of these channels. The 
investigations of delayed K channels reported here 
used unidentified neurone somata from land snails 
( H e l i x  roseneri) .  The results show that single-channel 
conductance of this class of K channels is inde- 
pendent of voltage and virtually all channels open at 
peak K conductance. The alkali metal cation selec- 
tivity of these channels cannot be simply explained 
by equilibrium ion exchange selectivity (Eisenman, 
1962; for reviews see  Diamond & Wright, 1969; 
Hille, 1977). However, our experimental results are 
well accommodated by a new selectivity theory de- 
scribed below. 

Materials and Methods 

Preparation 

Circumoesophageal rings of ganglia were quickly dissected from 
land snails (Helix roseneri, Connecticut Valley, Biological Supply 
Company, Southhampton, Mass.). The suboesophageal ganglia 
were pinned dorsal side upward to a layer of Sylgard (Dow 
Corning Corporation) coating an aluminum chamber. The pre- 
parations were exposed for about 15 rain to an isotonic solution 
(external solution 1, Table 1) containing 0.1% trypsin. This facili- 
tated the subsequent removal of the thick and thin connective 
tissue sheets covering the nerve cells, and, later on, the isolation of 
single neurone somata. In control experiments without the ad- 
dition of trypsin we could exclude any effect of the enzyme 
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Table l. Ionic compositions of internal and external perfusion 
solutions (in m~/liter) 

NaC1 KC1 CaC12 MgC12 K- EGTA He- pH 
aspar- pes 
tate 

Internal: 

1 - 5 

2 3 2 

External: 

1 ~ 100 4 
2 b - 110 

110 3 1 7.1 
l l0  3 1 7.1 

2 15 - - 10 7.3 
1 15 - -- 10 7.3 

Normal. b (KC1). 
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suct ion 

treatment on the membrane currents investigated in these experi- 
ments. During the experiments the solutions in the bathing cham- 
ber were cooled to 12-16~ by means of a Peltier device (Cam- 
bion, Cambridge, Mass.). 

Solutions 

The compositions of the salt solutions used for internal and 
external perfusion of the neurones are listed in Table 1. When we 
studied the ion selectivity of potassium channels we replaced KC1 
in external solution 2 (Table 1) by osmotically equivalent amounts 
of the following salts: LiC1, NaC1, RbC1, CsC1, CaC12, MgC12, 
BaClz, SrC12, NH~C1, hydroxylamine-HC1 (pH 6, cf Hille, 1973), 
a mixture of hydrazine- 2HC1 and hydrazine, methylamine. HCI, 
guanidinium- HCI. Since T1C1 is only poorly sotuble in water, an 
isotonic Tl-acetate solution was compared with a corresponding 
K-acetate solution. One mM KC1 was added to these solutions in 
order to stabilize the bath electrode potentials. 

Experimental Set-up 

We followed the original suggestion by Kostyuk, Krishtal and 
Pidoplichko (1975) and Kostyuk and Krishtal (1977) for external 
and internal perfusion of single, isolated snail neurone somata. Our 
design of the perfusion pipette (Fig. 1) is a modification of that 
recently described by Lee, Akaike and Brown (1978). 

The tip of the pipette (Fig. 1) was drawn from glass tubes 
(outer diameter about 1.6 mm, inner diameter about 1.2 ram) with 
a conventional micro-electrode puller. The tip was broken and fire- 
polished (inner diameter 10-22 gin) by means of a microforge 
(Stoelting, Chicago, Ill.). The glass tip was glued with beeswax onto 
the plastic tip (volume 1.8 ml) of an Eppendorf pipette. Inserted 
into the pipette were inlet and outlet polyethylene tubes for 
internal perfusion, an Ag/AgC1 voltage electrode, and a glass tube 
(outer diameter 2 mm) which was covered with rubber membranes 
at both ends. The glass tube was filled with vaseline. It served as 
guidance for a platinum-iridium wire (diameter 0.1 ram) melted 
into a thin polyethylene tube. The plastic-coated platinum wire 
was pushed through tightly fitting holes in the rubber membranes 
and through the vaseline-filled core of the glass tube. This design 
permitted movement of the platinum wire through an air-tight 
guidance. The uncoated tip of the platinum wire was electrolyti- 
cally sharpened to 2-5 pm in a solution of 50 % NaCN and 30 
NaOl-I by applying a.c. between the wire and a carbon rod 
(Wolbarsht, MacNichol & Wagner, 1960). The sharpened tip of the 
platinum wire could be inserted into the cell body and served as 

~-~ glass 

Fig. 1. Schematic representation (not drawn to scale) of the suction 
pipette, voltage-clamp system used in this study. Stippled areas: 
beeswax; c: cell body; Pt: platinum-iridium wire pushed through 
vaseline-filled glass tube (=current-passing electrode; Ag,/AgCI 
wire (~Voltage electrode); V.C.: Voltage clamp amplifier. For 
extensive description see text 

current electrode (see Fig. 1). The top of the plastic pipette was 
closed by melting beeswax around inlet and outlet tubings and 
electrodes. 

The glass tip of the pipette was thinly coated with a glue 
prepared from 60 % liquid paraffin oil and 40 ~o Parafilm (Kostyuk 
& Krishtal, 1977). The glue was evenly distributed over the rim of 
the glass tip by passing a hot air-stream over it. This was an 
essential procedure for obtaining high seal resistances between 
glass tip and cell body and had to be repeated before each ex- 
periment. 

Voltage electrode (Ag/AgC1 wire) and current electrode (plati- 
num-iridium wire) were connected to a standard voltage clamp 
amplifier (Fig. 1). Membrane potential was measured between the 
Ag/AgC1 wire in the pipette and another Ag/AgC1 pellet placed in 
the bathing solution. Current was measured differentially relative 
to virtual ground, with the possibility to partially compensate for 
series resistance. Constant current was injected into the cell 
through a 108~ resistor. A programmable stimulator (Sigworth, 
1979) delivered constant current pulses or command pulses for 
voltage clamp. Pulse pattern and pulse sequence were controlled 
by a computer (PDP 11/34, Digital Equipment Corp., Marlboro, 
Mass.). 

Experimental Procedure 

After removal of the connective tissue sheaths surrounding the 
suboesophageal ganglia, the tissue was extensively washed with 
normal bathing solution (external solution 1, Table 1). Single cells 
were easily seen under a stereomicroscope. All experiments were 
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performed on unidentified cells from the left or right parietal 
ganglia. Cell bodies with diameters between 80 and 150 gm were 
selected for most of our experiments. The suction pipette shown in 
Fig. 1 was mounted on a Leitz micromanipulator and filled with 
internal solution 1 (Table i). Negative pressure was applied by 
means of a glass syringe connected to the outlet tube (Fig. 1) then 
the pipette was advanced toward a cell soma. After aspiration of a 
cell body to the tip of the suction pipette, the soma was discon- 
nected from its axon by slow motion of the micromanipulator. The 
disruption of the axon occurred usually within 500 gm distal to the 
soma. The isolated cell on the tip of the suction pipette was 
transferred through a fluid-filled groove into a neighboring cham- 
ber, where bathing fluids could be rapidly changed. 

The quality of the seal between pipette tip and aspirated cell 
soma was judged by the increment in the voltage displacements 
resulting from hyperpolarizing constant current pulses (5 hA). The 
pipette resistance was about i00 Kf~. When cells were aspirated, 
the resistance initially increased up to 100 Mf~. After disruption of 
the cell membrane in the opening of the tip by suction and/or 
penetration of the platinum electrode, the resistance decreased 
again, and the voltage traces showed single exponential time 
courses with time constants between 10 and 50 msec. In normal 
saline (external solution 1, Table l) the average input resistance 
was 12.7_+1.6 M ~  (meanisE).  This is very similar to the input 
resistance measured in these cells with two intracellular microelec- 
trodes (12.1 • 1.9 Mf~; Meves, 1968). The input resistance dropped 
to 5.4 • 1.0 Mf~ when normal saline was replaced by isotonic KC1 
solution (external solution 2). Series resistance was estimated as 
160• K ~  from instantaneous voltage jumps in response to a 
current step. 

Some evidence for the efficiency of internal perfusion of the 
cell with a similar system has been presented by Lee et al. (1.978). 
Further evidence will be presented in the Results. 

Leak currents and capacity transients were measured at hyper- 
polarizing clamp steps to - 1 4 0  mV and linearly subtracted from 
currents at more positive potentials. Linear leak subtraction was 
justified from currents measured after blockage of time-dependent 
conductances by TTX, cadmium and TEA. Under these conditions 
the current-voltage relation was linear over a wide range of poten- 
tials. 

The cells remained in reasonably stable condition for at least 
one hour after isolation. During this time f,'x decreased on the 
average by 1 t ~  and leakage conductance remained constant. 
Inward currents seem to be more sensitive since they usually 
became smaller and often disappeared within 20 minutes after 
starting the internal perfusion. 

Reversal Potential Determination 

The reversal potential 1/o of the delayed outward current was 
determined in various external cation solutions (see Results), while 
the internal solution (solution 1 in Table 1) was kept constant. V o 
was obtained from instantaneous current-voltage relationships (cf 
Hille, 1973). After the delayed outward current was first activated 
by a constant voltage step of 32 msec duration, the membrane 
potential was rapidly changed to another value where the current 
relaxed to a new steady state (tail currents, see Fig. 3). The second 
voltage step was taken to different levels. The membrane potential 
at which no relaxing tail current could be detected was taken as V o. 
In order to determine Vo as accurately as possible under various 
external conditions, instantaneous current voltage relations were 
repeated several times in the same experiment with two alternating 
isotonic salt solutions (e.g., KC1 and NaC1, or NaCI and LiC1, etc.). 
In useful experiments, V o was usually reproducible within 2-3 mV; 
for a given solution, average values were calculated from the 
multiple determinations of reversal potential. 

A possible artifact in the determination of Vo could result from 
K § accumulation just outside the cell membrane (Hille, 1973; 
Neher & Lux, 1973; Heyer & Lux, 1976). K efflux during the first 
voltage step could cause such K + accumulation. With nonper- 
meant, organic or divalent cations in the external solution (i.e., in 
the nominal absence of external K +) small inward currents could 
occasionally be observed which reversed at potentials negative to 
- 100 mV (s'ee Fig. 10). If external K + accumulation at the outer 
membrane surface is responsible for this poorly reproducible Vo, it 
was at most 1-2 mM as calculated from the Nernst equation 
(assuming that the internal K + concentration remained constant 
with internal perfusion). However, even for the most poorly per- 
meant alkali cation (Na+), the reversal potential was at least 
30 mV more positive than that expected from K + accumulation. 

Fluctuation Analysis 

The method used for recording and analyzing noise from delayed 
potassium channels was simiIar to that described by Begenisich 
and Stevens (1975; see also Neher & Stevens, 1977). All noise 
experiments were performed with identical intracellular and ex- 
tracellular K + concentrations (internal solution 1, external so- 
lution 2, Table 1). Membrane potential was held at - 4 0  mV (hold- 
ing potential). Before and after sampling noise at various mem- 
brane potentials, the activation range of the delayed K § con- 
ductance (i.e., gx(ov)/~x) was explored and the reversal potential V o 
was determined. Potassium current (ix) noise could be measured 
reliably in the potential range between +30 and + 110 mV, cor- 
responding to a gx activation range between 0.5 and 0.95. 

Noise was sampled during voltage clamp steps of 256 or 
512 msec. Clamp pulses were applied every 3 sec. Inactivation of gx 
during such clamps was usually less than 10~.  Possible use- 
dependent effects on i x were avoided by clamping several times to 
the same potential before actual current samples were taken. Mean 
currents were recorded at a gain of 100, while current noise was 
further amplified by a factor of 200. High gain current traces were 
filtered through a 1000 Hz active low pass filter and a 4 Hz gated 
high pass filter. The current traces were fed into a digital computer 
(PDP 11/34) which sampled the currents at a rate of 1024Hz. 
Spectral densities over the frequency range between 4 Hz and 
512 Hz were analyzed by the fast Fourier transform routine (An- 
derson & Stevens, 1973; Neher & Stevens, 1977). The average 
spectra of 30-60 current traces produced a final power spectrum. 
This final spectrum was integrated to yield the variance (a 2) of the 
current fluctuations. In addition to noise spectra obtained in the 
activation range of the potassium conductance at positive mem- 
brane potentials, we also measured current noise at corresponding 
negative membrane potentials. These control spectra, which con- 
tained components of instrumental noise, thermal noise, leakage 
noise, etc., were subtracted from the spectra at corresponding 
positive potentials where gK was activated. The subtracted spectra 
were sometimes smoothed according to the weighting (hanning) 

X,~=(X~ l + 2 X ~ + X , + l ) / 4  

where X,  is the spectral density for the n th frequency band, and )(.  
is the corresponding smoothed value. 

Results 

G e n e r a l  P r o p e r t i e s  o f  D e l a y e d  P o t a s s i u m  C u r r e n t  

F i g .  2 s h o w s  t y p i c a l  c u r r e n t  r e c o r d s  o b t a i n e d  f r o m  

s i n g l e  s n a i l  n e u r o n e s  in  n o r m a l  e x t e r n a l  s o l u t i o n  (a) 
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Fig.2. Current traces measured from two snail neurones at dif- 
ferent sample lengths of 128 msec, (A) and 640 msec (B). Currents 
in (A) were measured in normal external solution, those in (B) in 
KCl-solution; internal solution 1 in both experiments (Table 1). 
Holding potentials VH--40mV; clamp potentials V c indicated on 
right-hand side of current records�9 Cells SK-24 and SK-48; T 
=16~  
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Fig. 3. Current traces recorded from snail neurone during double- 
step voltage clamps. Cell bathed in KC1 solution, internal solution 
1 (Table 1). The first step (32 msec) clamped the membrane poten- 
tial to +160mV (the decrease in current is due to "use de- 
pendence"; see  text ) ,  t h e  second steps to 0, - 3 0  or - 6 0 m V  (A); 
the reversal potential V o is at 0 inV. The current trace at - 60 mV is 
enlarged in (B) and fitted by an exponential with a time constant of 
16msec. Ceil SK-14, T = 1 6 ~  

or KC1 solution (b). The holding potential (Vu) was 
set to - 4 0 m V ,  in order to inactivate the rapid 
outward "A" current (Connor & Stevens, 1971b; 
Neher, 1971; Thompson, 1977). Leak currents and 
capacity transients were linearly subtracted�9 Voltage 
clamp command pulses have been applied in 10 mV 
(Fig. 2a) or 20 mV (Fig. 2b) steps. Fig. 2a shows in- 
ward currents in the voltage range - 3 0  to + 80 mV 
and delayed outward currents at potentials positive 
to - 1 0  mV. Only outward currents which inactivate 
during long clamp steps are seen in Fig. 2b. However, 
inactivation was not always as prominent as in this 
example, particularly at temperatures below 16 ~ 

Fig. 3 depicts current records obtained with a 
pulse pattern different from that in Fig. 2. This cell 
was bathed in isotonic KC1 solution. A first clamp 
step of 32 msec duration depolarized the membrane 
from a holding potential of - 4 0  mV to +160mV 
which fully activated the delayed outward current. A 
second step repolarized the membrane to -60 ,  - 3 0  
or 0 mV. The current trace at the second step was flat 

at the reversal potential (Vo=0 mV), while inward 
current tails were seen at negative potentials and 
outward current tails (not shown) at positive poten- 
tials. Vo at 0 mV was expected with identical internal 
and external K + concentrations. The inward current 
tail at - 6 0  mV is shown at a higher gain in Fig. 3b. 
It could be fitted by a single exponential. Maximal 
tail currents at the beginning of the second clamp 
steps were plotted against the voltage at these steps 
(instantaneous current-voltage relationships, Figs. 4b 
and 5 b). The conditioning outward current at the first 
step decreased somewhat during consecutive depola- 
rizations. This "use-dependence" was corrected for 
and taken into account for plots of instantaneous 
current-voltage relationships. Current patterns simi- 
lar to those shown in Figs. 2 and 3 have been de- 
scribed before for a variety of molluscan neurone 
somata (Connor & Stevens, 1971a; Neher, 1971; 
Kostyuk, Krishtal & Doroshenko, 1975; Thompson, 
1977; Meech, 1978). 

There appears to be one important difference 
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Fig. 4. Kine t ic  pa rame te r s  of de layed  K 
conduc tance  ob ta ined  from a snai l  neurone  
perfused wi th  in te rna l  so lu t ion  2, and  ba thed  in 
normal external solution (Table 1). (A) Relative 
steady-state K conductance (gK(OO)/gK) plotted as 
function of membrane potential V m. (B) 
Instantaneous current-voltage relation; Vo= 
-37 mV. (C) Time constants of K current 
activation plotted against V m. Time constants were 
estimated either by fitting the upper part of 
activating K current traces with exponentials (v) as 
shown in (D) or from deactivating currents. (n; see 
Fig. 3B). The current trace (i) in (D) was measured 
during a clamp step to + 65 mV and fitted by an 
exponential (f) with a time constant of 11.5 msec. 
Cell SK-6, T= 14.5 ~ 

between our outward current traces and those re- 
ported by others. Our outward currents did not show 
a secondary slower creep, and the final relaxation 
could be fitted by an exponential (Fig. 4d). A non- 
exponential creep of outward currents, however, has 
been reported by Meench and Standen (1975), 
Thompson (1977) and others. Correspondingly, these 
authors found a nonexponential decay of tail cur- 
rents. The secondary component of outward current 
has been attributed to a Ca-activated K conductance 
which could be blocked either by injection of EGTA 
into the neurone (see Meech, 1978) or by the addition 
of cobalt to the external solution which inhibits Ca 
inward current (Meech & Standen, 1975; Thompson, 
1977). Our internal perfusion solution always con- 
tained 3 mM EGTA (Table 1) which was apparently 
effective in eliminating the Ca-activated K current, as 
judged from the exponential time course of our out- 
ward and tail currents. Furthermore, N-shaped cur- 
rent-voltage relationships at positive potentials re- 
sulting from Ca-activated K current (Meech & Stan- 
den, 1975; Thompson, 1977) were not seen in our 
experiments (Figs. 4 and 5; see also Meech, 1978). 
Therefore, we were left with only one outward cur- 
rent component, the delayed K outward current pres- 
ent in many nerves and muscles (for review see 
Armstrong, 1975). This outward current was not af- 
fected by cadmium or high magnesium in the exter- 
nal solution which inhibit inward Ca current. 

Fig. 4 shows plots of relative conductances 
(gK(oO)/gK ;Fig. 4a), of instantaneous tail currents 
(Fig. 4b), and of time constants (Fig. 4c) of the de- 
layed potassium current. The data were obtained 
from a cell bathed in NaCl-containing, normal exter- 
nal solution, and perfused with internal solution 2 
(Table l) which contained 3mM NaC1. V o was 
- 3 7  mV. The limiting conductance gK was 0.91 gS 
while steady-state conductance gK(oO) at each mem- 
brane potential (V,,) was calculated from steady-state 
outward current (c f  Fig. 2a) divided by the driving 
force (V m -  Vo). The instantaneous current-voltage re- 
lationship (Fig. 4b) was linear over the voltage range 
- 5 0  to + 150 mV. However, at potentials positive to 
+ 150 mV the cell membrane rectified, i.e., the con- 
ductance decreased. This is most likely due to block- 
age of K channels by outward moving Na ions, 
since rectification occurred positive to the Na 
equilibrium potential (+91 mV). This assumption is 
supported by two other findings: (1) Rectification at 
positive potentials was never seen in the absence of 
internal and external Na + (Fig. 5), and (2) Na ions 
moving through the K channels in the inward direc- 
tion also caused rectification (Fig. 9, Table 4). Block 
of K channels by Na ions in squid giant axons has 
been described by Bezanilla and Armstrong (1972). 

The delay in onset of outward currents at any 
voltage step was variable. It could be quite pro- 
minent as in Fig. 4d, but it became quite short or 
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Fig. 5. (A) Relative K conductance (gK(ao)/gK) and (B) instantaneous current-voltage relationship measured in a cell with identical internal 
and external K + concentrations (internal solution 1, external solution 2, Table 1). The two sets of data in (A) were obtained at the beginning 
([]) and end (v) of a noise experiment; time interval 72 min. During this time gK decreased from 0.89 to 0.76 gS. Cell SK-28, T =  16 ~ 

virtually disappeared when cells began to deteriorate. 
We fitted the upper part of each current trace with an 
exponential and extracted the time constant from this 
fit (Fig. 4d). 

At negative potentials we obtained the time con- 
stants from the exponential decay of tail currents 
(Fig. 3b). A plot of time constants vs. membrane 
potential is depicted in Fig. 4b. 

Fluctuation Analysis of Potassium Channels 

Potassium channel noise, that is current fluctuations 
presumably arising from gating of delayed K chan- 
nels (Stevens, 1972), has been analyzed in different 
nerve preparations by various groups (squid axons: 
Conti, de Felice & Wanke, 1975; Fishman, Moore & 
Poussart, 1975; node of Ranvier: Siebenga, Meyer & 
Verveen, 1973; Begenisich & Stevens, 1975). Howev- 
er, the agreement between the results obtained from 
these groups is poor (Neher & Stevens, 1977). There- 
fore, we made another attempt at defining current 
noise associated with K channel gating in snail neu- 
rone somata. Specifically, we were interested in an- 
swering the following questions: 
1) What is the conductance of a single K channel? 
2) Do K channels have more than one open con- 
ductance state, and is the single-channel conductance 
voltage-dependent? 
3) Does the step from closed to open state behave 
like a voltage-dependent first-order reaction? 

4) What is the fraction of K channels open at peak K 
conductance (gK) of the membrane? 
5) What is the density of K channels per surface area 
of membrane? 

K channel noise has been measured successfully 
in nine cells bathed in isotonic K solutions (internal 
solution 1; external solution 2; Table 1). The acti- 
vation of the K conductance can be expressed as 
fraction, 

F = gK(oo ) /~ .  

and the voltage range over which activation occurred 
was explored at the beginning and at the end of each 
experiment. Both measurements of the activation 
curve usually agreed within a few mV (Fig. 5a). Vo 
was determined by Instantaneous current-voltage re- 
lationships (Fig. 5b). During the course of these ex- 
periments ~:  decreased from an average of 0.96 +_0.18 
(SE) to 0.85 +0.15 btS. 

Current noise spectra were recorded at potentials 
within the activation range of gK. Noise resulting 
from leakage currents at corresponding negative pot- 
entials (see Fig. 8) was subtracted. Corrected K cur- 
rent spectra are shown for two different potentials in 
Fig. 6. Within the accuracy of the measurements, the 
shapes of the spectra could be fitted by single time 
constant curves of the form (see Neher & Stevens, 
1977) 

S(f) = S(O)/(1 + ( f / f  f ) ,  (1) 

where S(f) is the double-sided spectral density of 
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current, S(0) is the zero frequency asymptote of the 
spectral density, f is the frequency of current fluc- 
tuations and fc is the cutoff frequency. In three out of 
nine experiments the fits would have been slightly 
better by using two time constant spectral forms (see 
also Begenisich & Stevens, 1975). This, however, did 
not affect the estimate of the average single-channel 
conductance. 

Integration of the spectra between 4 Hz (fo) and 
512 Hz (fl) yields the variance 0-2 of current fluc- 
tuations, 

f l  
0-2 = S S ( f ) .  df. (2) 

fo 

Table2. Summary of K channel noise analysis 

V m F ?K z z K 
(mV) (pS) (msec) (msec) 

30 0.58• 2.20• 13.3• 15.2• 
50 0.77• 2.32• t l .7•  12.2• 
70 0.86• 2.52• 10.3• 9.9• 
90 0.90• 2.34• 8.6• 7.8• 

110 0.93• 2.70• 6.8• 5.3• 

Vm =membrane potential. 
F =gK(co)/gK. 
yK= single-channel conductance. 
z =time constants calculated from cut-off frequencies of power 
spectra. 
zK = time constants of K current activation. 
Means _+sE. 

Single-channel conductances (VK) were estimated 
from the variance by the equation 

0-2 

~K = ~ K ( v m -  Vo)(1 - F ) '  (3) 

where #K is the mean potassium current, V,, is mem- 
brane potential, V o is the reversal potential, and F is 
the relative steady-state K conductance defined by F 
=gK(oe)/gK. From the spectra in Fig. 6 values for 7K 
andfc of 1.90 pS and 19.5 Hz (Fig. 6a, V,, =90 mV) or 
1.98pS and 17Hz (Fig. 6b, V~=70mV) were ob- 
tained. In other words, yK is almost the same at both 
potentials, while the mean life-time of the channels (z 
=1 /2~s  decreases with further depolarization (8.2 
and 9.4 msec, respectively). Table 2 summarizes the 
results obtained from nine experiments. In the gK 
activation range (F between 0.58 and 0.93) the single- 
channel conductances are not statistically different, 
i.e., 7K is independent of voltage. Moreover, the mean 
life-time of the channels calculated from the cut-off 
frequency ( j  is close to the relaxation time constant 
(~K) obtained from K current measurements 
(Fig. 4c, d). Both time constants show the same volt- 
age dependences. 

These results answer our first three questions: 
1) The conductance of a K channel in the open state 
is 2.40 _+0.15 pS (SE, n=43). This value of 7K is slightly 
less than that reported by Begenisich and Stevens 
(1975) for node of Ranvier (4.09 _+0.27 pS). 
2) The conductance of open channels is independent 
of voltage, a conclusion also reached by Begenisich 
and Stevens (1975). This implies that K channels have 
probably only one open state. 
3) The fit of the spectra by a single time constant 
form VEq. (1)] implies first-order reactions between 
one or more closed states and one open state of the 
channels (Stevens, 1972; Anderson & Stevens, 1973). 
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The rate of these reactions is voltage dependent. The 
similarities between ~ and ZK in Table 2 support the 
assumption of dominant first-order kinetics. 

Maximum K conductance gK can be defined as 

gK = ?K' N ,  (4) 

where N is the effective total number of open K 
channels. From combining Eqs. (3) and (4) and re- 
arranging we obtain 

a2/(pK(Vm -- Vo)) = 7K -- (gK/N) F. (5) 

This is a useful expression as shown in the plots of 
the results from two experiments in Fig. 7. The or- 
dinate is the left-hand side of Eq. (5). To facilitate 
comparison of data from different experiments re- 
lative K conductance F has been plotted on the 
abscissa; the slope of the line fitted to the experimen- 
tal data is g,K/N. Extrapolation of the lines to the 
ordinate (F--0) yields values for 7K [Eq. (5)] of 1.95 
and 2.75 pS, respectively. The filled circles in Fig. 7 
and the spectra in Fig. 6 are data from the same 
experiment. The agreement between the 7K values 
obtained with both analyses (1.95 and 1.90-1.98 pS) is 
satisfactory. Good  agreement between single-channel 
conductances evaluated with both methods was also 
obtained for the second experiment plotted in Fig. 7 
(2.76 and 2.68 pS) as well as for other experiments. 

The plots in Fig. 7 yield another important result. 
They provide an estimate of the fraction of channels 
that are open when K conductance reaches its peak. 
The variance is seen to vanish, that is, the ordinate is 
zero, for F = 1. If the probability of a channel being 
open were less than one at gK(oO)=ffK, the fitted lines 
should extrapolate to a point on the abscissa for 
which F exceeds unity. This observation suggests that 
virtually all K channels are open when K conduc- 
tance is fully activated (gK), and provides an answer 
to our fourth question. 

The density of K channels per gm 2 can be esti- 
mated from knowing gK, 7K, and the membrane 
capacity C m in each experiment. C,, could be ob- 
tained from capacity transients during small voltage- 
clamp steps. Assuming that a membrane capacity of 
1 gF corresponds to a membrane area of 1 cm 2, we 
estimated a density of 7.2 _ 1.6 K channels per gm 2. 

What is the evidence that the current noise we 
have measured does indeed originate from fluc- 
tuations of potassium channels? The main evidence is 
presented in Fig. 8, where the total variance a 2 of 
current noise is plotted against membrane potentials 
V m at which membrane currents have been recorded. 
In this case a 2 is the variance of current noise un- 
corrected for leakage current and measured at poten- 
tials between - 110 and + 110 mV. The results were 
obtained from five cells, four in the absence (open 
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circles) and one in the presence (closed circles) of 
tetraethylammonium ions (TEA). The variance is 
only slightly dependent on voltage over the range 
-110  to - 3 0 m V .  However, in the absence of TEA 
cr 2 rises steeply over the potential range - 1 0  to 
+ 110 mV. This coincides exactly with the activation 
range of gK (Figs. 4a and 5a). More importantly, with 
40 mM TEA present in the external and internal 
solutions (KC1 replaced by TEA C1), there is neither 
an increase in o 2 (Fig. 8) nor in gK (not shown). TEA, 
however, is known to block potassium channels in 
snail neurones (Kostyuk et al., 1975; Meech & Stan- 
den, 1975; Heyer & Lux, 1976) as in other excitable 
membranes (Armstrong, 1975). 

Ion Selectivity of Potassium Channels 

Theory. Our goal here is to relate, at least in a 
provisional way, the reversal potential measurements 
presented in the next section to properties of the 
channel which reflect its molecular structure. To do 
so we must adopt a specific picture of ion per- 
meation: we suppose that an ion moves through the 
channel by hopping over energy barriers separating 
one site from the next (see articles in Stevens and 
Tsien, 1979). After presenting the relation between 
reversal potential and barrier height, we develop a 
theory that links barrier height to physical properties 
of the channel (and water) structure. 

We shall assume, for simplicity, that one position 
within the channel has the highest free energy, and 
that the barrier at this location is enough higher than 
its neighbors to be rate-limiting. In practice, this 
means we assume that selectivity occurs at a region 
whose free energy is several kilocalories per mole 
higher than that anywhere else within the pore. Fur- 
ther, we shall suppose that only single occupancy of 
energy minima near the rate-limiting barrier is possi- 
ble, and that movement in this region of the channel 
must be single file. 

As was first pointed out by Armstrong (Bezanilla 
& Armstrong, 1972) reversal potentials in certain 
simple situations reflect only barrier heights and not 
well depths (see Hille, 1975). For the general case 
with multiple arbitrary well and barrier energies, 
however, this simple situation does hold: reversal 
potential is a complicated function of all wells and 
barriers. If a channel has one barrier that is several 
kilocalories/mole higher than the others, a great sim- 
plification results because the occupancy of the chan- 
nel is approximately that determined by equilibrium 
conditions. For a single rate-limiting barrier, then, it 
can be shown that reversal potential V o is related (for 

monovalent cations) to the barrier height by the 
equation 

- B  k 
RT ~ m ~  - )  

V o = ~ -  In (6) 

~ ml~ exp (~Tk) 

where mok and mlk are the extra- and intracellular 
activities of the ld h ionic species, B k is the height of 
the rate-limiting barrier for the k th species, and R, T 
and F have their usual thermodynamic meanings. 

We now establish the convention that potassium 
is a reference ion, and assign subscript k=0  for this 
species. Parenthetically, we note Eq. (6) may then be 
rewritten in the form of the familiar Goldman- 
Hodgkin-Katz equation (Goldman, 1943; Hodgkin 
& Katz, 1949) 

moo+ ~ mo~P~ 
V = R T  in k*0 (7) 
o f mlo+ ~ ml~P~ 

k~O 

if the permeability ratio Pk is defined by 

ABk 

Pk = exp RT (8) 

with AB~=(B~-Bo). Our standard conditions are to 
exclude all permeant ions other than potassium and 
to have inside and outside potassium activities equal; 
that is, moo=mlo, and mj~=0 for all k+0. In our 
experiments, we replaced the external potassium with 
the test ion. The only permeant species, then, were 
the internal potassium and the external test ion. We 
denote the reversal potential measured in this situa- 
tion as Vk, which is thus related to A B k by 

ABk=--FVk+RTln(m~ 
\mlk/ 

(9) 

Eq. (9) relates, for our physical picture, barrier height 
to the observed reversal potential in the ion sub- 
stitution experiments. 

For ions such as the alkali metals, interactions 
with water and with their surroundings are almost 
entirely electrostatic (see Buckingham, 1957). This 
means that the only qualities of such an ion that 
enter into selectivity are those which influence the 
electric field around the ion; specifically, then, selec- 
tivity must depend upon ion radius and upon its 
valence. Because we shall concern ourselves only with 
monovalent cations, energy barrier height B(X) will 
be considered to depend explicitly only on X, the 
reciprocal of the ion's radius. The dependence of 
barrier height on ion size can be represented as a 



112 H. Reuter and C.F. Stevens: Potassium Channels in Snail Neurones 

power series, where the function B(X) has been ex- 
panded about Xo, the reciprocal radius of a reference 
ion (potassium in our case): 

B (X) = B (Xo) + a~ (X - Xo) + a 2 (X - Xo)2 

+ a 3 (X - Xo) 3 + .... (lO) 

Buckingham's treatment (1957) of hydration en- 
ergies indicates why reciprocal radius is the natural 
variable for this expansion. The number of terms that 
must be retained in this formal description depends 
on how selective the channel under study is. The 
acetylcholine-activated channel, for example, is 
known to be quite unselective and its selectivity 
barrier is well-described by only the first two terms in 
the expansion [Eq. (10)], the constant term and the 
one that depends linearly on reciprocal ion radius X 
(C.A. Lewis and C.F. Stevens, unpublished obser- 
vations). Furthermore, the slightly more selective 
channels that require a quadratic term for their de- 
scription, are those that give precisely the 11 Eisen- 
man (1962) sequences (C.A. Lewis and C.F. Stevens, 
unpublished observations). The power series ex- 
pression is useful, then, because it gives a more 
detailed and quantitative specification than do simple 
selectivity sequences, and it provides - through the 
number of terms required in the expansion - a char- 
acterization of the degree of a channel's selectivity. 

The formal description of barrier height depen- 
dence on ion size, as embodied in Eq. (10), is useful in 
characterizing channel selectivity properties, but is 
potentially most valuable when the coefficients in the 
expansion (a j) can be given a physical interpretation. 
The physical meaning for these coefficients can be 
expressed in terms of a theory based upon a general 
equation for the free energy of charges embedded in a 
dielectric medium. 

The starting point of our development is an equa- 
tion used by Born (1920) that gives the free energy of 
a charged metal sphere in a dielectric medium. 

2~ ~ ~ E(r, cp, 0) 
G(R) =~l ~dr ~ dO~dcp!dqr2sin~o r2 

R 0 0 

(11) 

G(R) is the free energy of an ion of radius R, E(r, qo, O) 
is the radial component of the electric field in the 
dielectric medium surrounding the ion, e is the charge 
on the ion (we restrict consideration here to singly 
charged ions), and r, ~0, 0 are the length of the radius 
vector and angles for spherical coordinates. This 
equation is general and does not assume the dielec- 
tric medium is linear or isotropic or homogeneous. 
The electrostatic contribution to the selectivity en- 
ergy barrier B is given by the difference in the free 
energy of an ion in solution (G~) and the free energy 

at the "worst" point in the channel (Go). B can 
therefore be expressed as 

B(R)=~I ~dr ~ dO dcp dqr 2 sincp r2 (12) 
R 0 0 

where E c is the radial component of the electric field 
around the ion at the selectivity site, and E~ is the 
radial component of the electric field around the 
same ion in solution. This equation neglects any 
"chemical" interactions between the ion and its sur- 
roundings, and also assumes that the energy to create 
a cavity for each ionic species is the same. The radial 
component of an electric field E can be expressed as 
E = D - 4 ~ z P ,  where D is the radial component of the 
dielectric displacement vector, and P is the radial 
component of the polarization vector, that is, the 
dipole moment per unit volume. The D field around 
an ion does not depend on the surrounding medium 
so the difference E c - E  s is equal to the difference 
between the radial components of the corresponding 
polarization vectors Pc and Ps: 

E c-E s=  - 4~z(Pc- P,). (13) 

Eqs. (12) and (13) can be written somewhat more 
compactly by averaging the polarization vectors over 
the surface of a sphere with radius R: 

27r 

f =  ~ dOid~or 2 sin ~0(P~-Ps). (14) 
0 0 

The quantity f gives the average density of di- 
poles on the surface of each spherical shell around 
the ion and depends on distance from the ion R. A 
straightforward calculation reveals that f should ap- 
proach zero like 1/r as r becomes large. Eqs. (12), (13) 
and (14) permit the following simple expression for 
barrier height: 

B(R) = ~ dr jr dq --. (t5) 
R 0 

This equation is further simplified by the change 
of variables x = 1/r and X = I/R: 

x 

B(X) = - j" dx j" d q f  (x, X, q). (16) 
0 0 

Here, f has been indicated to depend explicitly on x, 
X and q. 

Because the electric field around an ion depends 
on distance r from the ionic charge, the polarization 
vector does also. It is therefore clear why f defined 
by Eq. (14), depends on this distance (expressed in Eq. 
(16) by its reciprocal, after the change in variable). 
The quantity f must also depend on q, the charge on 
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Fig .  9. Instantaneous current-voltage 
relationships for two cells bathed (A) in isotonic 
KC1 (e) or RbC1 (o) solutions or (B) in isotonic 
CsC1 (n, n) or NaC1 (o) solutions; internal 
solution 1 (Table 1) in both cells. The two 
current-voltage relations in CsC1 solution were 
obtained before and after the measurement in 
NaC1 solution. Cell SK-16, T= 15 ~ Cell SK-22, 
T=14~  

the central ion, because the polarization vector is the 
response of the dielectric medium to the ion's field, 
and this field increases with q. The dependence of f 
on ion radius can be seen rigorously from a statistical 
mechanical treatment of the polarization vector that 
we will not present here. Qualitatively, however, one 
can see that the polarization vector (and hence f )  
would, at least near the ion surface, depend upon ion 
size; as the ion is made larger, the hydrogen bonded 
structure of water around the ion is disrupted, and 
this altered structure would be expressed in the aver- 
age dipole moment per unit of volume, the polariza- 
tion vector P. 

Eq. (16) permits us to relate the coefficients in the 
power series expansion [Eq. (10)] to physical charac- 
teristics of the channel. A more detailed microscopic 
treatment of these coefficients uses a statistical 
mechanical approach mentioned earlier. The con- 
stant term in Eq. (10) is simply B(X) from Eq. (16) 
evaluated for the reference ion whose size is specified 
by X o. The quantity al is given by 

a 1 = = ~ d q f ( X o ,  Xo, q) 
X=Xo 0 

x�9 ~ (Of(x, X, q)t 
+~dx!dq\-o ~ X  ! X=Xo" (17) 

As can be seen, a 1 has two contributions: The 
first term in Eq. (17) depends on the difference in 
dipole moment at the reference ion surface when the 
ion is in its selectivity location as compared to water. 
This term would indicate the average dipole moment 
of the channel structure in contact with the ion as 
well as that contributed by the surrounding water 
molecules. The second term in Eq. (17) relates to the 
rate at which the dipole moment on each sphere 
around the ion changes as the ionic radius is altered. 
Such dipole moment changes occur by two mecha- 
nisms. The first is through alterations in the local 
electric field which is less intense around larger ions 

and thus produces less dipole arrangement; the sec- 
ond mechanism has to do with the altered structures 
of water necessary to accommodate a larger (or smal- 
ler) ion. Again because the channel protein structure 
is fixed and because this protein imposes constraints 
on the arrangements of water molecules through the 
various hydrogen bonding possibilities, this second 
term may be used as an indication of the "fluidity" of 
the channel and channel water structure as compared 
to free water. The smaller a pore, the more con- 
straints placed on water so the larger this term would 
be. The higher order coefficients (a2, a3, etc.) can also 
be calculated and their physical significance eluci- 
dated, but this analysis rapidly becomes complex 
and will not be further pursued here. 

Experimental Results 

Instantaneous current-voltage relationships were ob- 
tained from an experimental protocol as illustrated in 
Fig. 3. They were measured either in isotonic KC1 
solution (external solution 2, Table 1) or in solutions 
where KC1 had been replaced isosmotically by anoth- 
er salt (see Materials and Methods). Fig. 9a compare 
instantaneous current-voltage relationships measured 
in KC1 (closed circles and RbC1 (open circles) so- 
lutions. There is a 7.1 mV shift of V o towards more 
negative potentials in RbC1 solution. Fig. 9b shows 
results from another cell bathed in CsC1 (squares) and 
NaC1 (circles) solutions. 

The current-voltage relation in NaC1 solution was 
obtained between two runs in CsC1 solution. Clear 
reversal potentials were measured in both solutions, 
but at much more negative potentials than under the 
conditions in Fig. 9a. Moreover, the channels rectify 
in opposite directions in Figs. 9a and b indicating 
partial block of the channels by Na and Cs ions. 
Another example is illustrated in Fig. 10 where iso- 
tonic KC1 (squares) and guanidinium-HC1 (dia- 
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monds) solutions are compared. No clear reversal 
potential could be measured in the organic cation 
solution. Similarly, it was not possible to determine 
reversal potentials with other organic (hydroxyl- 
amine +, hydrazine +, methylamine +) or divalent 
(Ba 2+, Sr 2+, Mg 2+) cations tested in these experi- 
ments. Although outward currents, carried by K + 
ions, were always prominent, no inward current tails 
could be detected at hyperpolarizing clamp steps up 
to - 1 5 0  inV. This implies that potassium channels in 
snail neurones are virtually impermeable to small 
organic cations and divalent cations. Similar results 
were obtained by Hille (1973) in myelinated nerves of 
the frog. 

In addition to the alkali metal cations K +, Rb +, 
Cs +, Na +, Li +, delayed potassium channels are per- 
meable to NH2 and T1 + ions (cf Hille, 1973). Table 3 
summarizes all our results obtained from reversal 
potential measurements with permeable cations. Not 
only did we measure shifts of reversal potentials (Vk) 
by switching between an isotonic KC1 solution and 
another isotonic monovalent cation solution, but we 
also compared poorly permeable cations (Na +, Li +, 
Cs +, NH~) directly with each other. The picture that 
emerged is self-consistent (Table 3). 

Permeability ratios for the k th ion compared to 
potassium were calculated from (see Theory) 

(-ABk 1 
Pk = exp ~ R T - - !  (8) 
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Table3. Summary  of ion selectivity experiments 

k i Vk (mV) n P~ 
(_+ SE) 

Rb K 7.4__1.1 4 0.74 
Cs K 42.6 _+ 6.9 6 0.18 
Li K 59.6 + 5.8 5 0.09 
Na K 69.3 +6.7 5 0.07 
Na Li 6.5 + 1.3 3 0.77 
Li Cs 16.6 _+ 1.8 2 0.52 
Na Cs 19.7 -+4.7 3 0.46 
N H  4 ~ K 48.5 -+4.6 4 0.15 
Li ~ ]'q-H 4 18.4_+8.9 2 0.47 
T1 ~ K -6 .2-+2.0  3 1.29 

The first column k indicates the direction of the solution 
changes (from k to i); V k is the change in reversal potential; n is the 
number  of experiments; Pk is the permeability of the k th compared 
to the i th ion. 

where 

A B k = - F V k + R T l n ( m ~  (9) 
\ m l k  ! 

AB k is the selectivity barrier free energy that the k th 

ion experiences relative to the potassium ion barrier, 
and Mok and Mlk are ion activities of the k TM outside 
and potassium ion inside at 15 ~ (Robinson & Sto- 
kes, 1959). In Fig. 11, AB k is plotted as a function of 
reciprocal ion radii of alkali metal cations. The data 
points were obtained from average experimental val- 
ues listed in Table 3. The theoretical curve has been 
calculated from expansion in Eq. (10) carried out to 
the cubic term and provides an excellent fit to the 
experimental data. 

Permeability ratios calculated from the Goldman- 
Hodgkin-Katz equation (see Hille, 1973) were identi- 
cal to those listed in Table 3. 

Table 3 indicates the following selectivity se- 
quence of the alkali metal cations passing through 
potassium channels in snail neurone membranes: 
K + > R b  § >Cs + >Li  + > N a  +. Fig. 11 shows that this 
sequence is not a simple function of ion radii. Fur- 
thermore, this series does not conform to any of the 
eleven permutations for alkali metal cation selectiv- 
ities suggested by Eisenman (1962; for reviews see 
Diamond & Wright, 1969). 

In addition to alkali metal cations, T1 + and NH~ 
were the only other cations tested in our experiments 
that were measurably permeable. In summary, de- 
layed potassium channels in snail neurones are per- 
meable to the cations T1 § K +, Rb +, Cs +, NH],  Li +, 
Na § in the ratios 1.29 : 1.00: 0.74: 0.18 : 0.15 : 0.09 : 0.07. 
The relative permeabilities for Cs § Li § and Na + are 
somewhat higher than in frog myelinated nerve fibers 
(Hille, 1973) and frog skeletal muscle (Gay & Stan- 
field, 1978). 
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plotted as function of reciprocal cation radii. Barrier-free energy 
(i.e., the difference between free energies of ions in the channel and 
in free solution) of various ions. Experimental points were obtained 
from data in Table 3; the curve fitted to the experimental points is 
interrupted between 1 and 1.3• -1 and calculated from Eq.(10) 
with barrier heights plotted as differences from the potassium 
value, and with the expansion carried out around the potassium 
size (1/radius=0.725/~). Coefficients have values a 1 =-0.573,  a 2 
=40.89 and a3=-57.8 ;  ion sizes are measured in A (Li: 1.351, 
Na: 0.98, K: 0.725, Rb: 0.671, Cs: 0.588) and barrier-free energy in 
kcal/mole 

Table4. Conductance ratios (gin/gout) estimated from inward and 
outward conductances at potentials negative and positive to Vo 

External gln/go.t n 
solution ( _+ sE) 

KC1 1.13 _+0.05 22 
RbCI 1.59 _+0.09 8 
CsCI 0.19 +_0.02 6 
LiC1 0.31 _+0.04 9 
NaC1 0.25 _+0.03 12 
NH4CI 1.02 4-0.01 3 
T1 acetate 1.30_+0.11 4 

From the ratio of the slope of outward con- 
ductance positive to V o and that of inward con- 
ductance negative to V o in experiments similar to 
those in Fig. 9 one obtains empirical rectification 
ratios for permeable cations. While outward con- 
ductance is predominantly or exclusively a K con- 
ductance, inward conductance is governed by the 
cation present in the external solution. From the 
results listed in Table 4 it is clear that very little 
rectification is seen with NH2 or K § in the external 
medium. Inward conductance is slightly larger than 
outward conductance with external T1 + and Rb + 
ions. However, inward conductance is strongly re- 

duced with Cs +, Na + and Li +, at negative potentials 
confirming the tendency of these ions to block potas- 
sium channels (Bezanilla & Armstrong, 1972; Hille, 
1973). 

Discussion 

Our interpretation of the reversal potential measure- 
ments presented here depends strongly on our physi- 
cal picture for ion permeation. Although we feel this 
picture is an entirely plausible one, it is subject to a 
number of uncertainties which we would like to 
emphasize. Chief among these are the possible impor- 
tance of nonelectrostatic factors in determining bar- 
rier height, limitations in the hopping model, and the 
possibility that a single barrier is not rate limiting or 
that the rate-limiting barrier differs for different ions. 

An example of a nonelectrostatic factor that might 
contribute to an ion's barrier height is the energy 
to displace water that is, to create a cavity - at the 
selectivity site: the various ions require different sized 
cavities. The ions that pass through the potassium 
channels we have studied range in diameter from 0.74 
to 1.7 • as compared to a water molecule diameter of 
1.38 A (see Bockris & Reddy, 1973). Thus all of these 
ions approximately fit in the space vacated by a 
single water molecule, and the rearrangement of hy- 
drogen bonds necessary to accommodate the va- 
riations in size should not give rise to energy differ- 
ences that are as large and the electrostatic effects we 
have considered. For example, expanding the ion 
radius from K to Cs would amount to a size change 
of 0.3 ,~, and a linear compression of a surrounding 
water hydrogen bond by this amount would require 
only about 0.1 kcal/mole (obtained fiom H-bond 
stretching frequency N = 160 c m - t ;  Table 1.1 in Joes- 
ten and Schaad, 1974; see also H-bond potential 
function in, for example, Matsuoka, Clementi and 
Yoshimine, 1976). Bending and rotations of hydrogen 
bonds over small distances take very little energy 
(see, for example, Scheiner & Kern, 1977), so the 
displacements necessary to accommodate the various 
permeant ions would seem to require very little en- 
ergy even in the restricted region of the pore. Similar- 
ly, chemical (rather than electrostatic) interactions of 
alkali metal cations with their surroundings should 
contribute little (Noyes, 1962). Nevertheless, these 
nonelectrostatic contributions to barrier height may 
not be completely negligible. 

The theory we have used here is formally identical 
to the hopping model used to treat ionic diffusion in 
crystals (see Stevens & Tsien, 1979). Diffusion within 
the channel, however, is quite different from the 
situation in crystals where the ion moves a few ang- 
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stroms from one lattice site to another. Horn and 
Stevens (1980) have discussed implications of use of 
hopping models when individual ~'hops" are com- 
posite movements, and have considered some other 
potential difficulties with the approach we have 
adopted here. 

The Born equation (11) used as the starting point 
for our theoretical development is rigorous, but is a 
macroscopic equation applied to a microscopic situa- 
tion. Although we shall not present a more detailed 
theory here, a statistical mechanical treatment, simi- 
lar to that used by Dogonadze and Kornyshev (1974), 
provides an appropriate microscopic interpretation 
for our equations. A difficulty with the theoretical 
development that cannot be easily surmounted, how- 
ever, relates to the residence time of an ion at each 
location within the channel. We have carried out an 
electrostatic treatment to calculate the energy barrier, 
and this assumes that all relaxation times in the 
dielectric medium are rapid compared to the re- 
sidence time of an ion in any location. Since these 
residence times are uncertain, so is the validity of 
this assumption. Those relaxation times which are 
longer than ion residence times could be ligitimately 
ignored in an approximate treatment, so the only 
difficulty would be relating quantities such as the 
dielectric constant that appeared in our equations to 
their microscopically defined counterparts. 

We have assumed the existence of a single rate- 
limiting barrier that governs ion movement through 
the channel, but we must emphasize that we have no 
independent evidence for this assumption. Not only is 
it possible that two or more barriers may be com- 
parable in magnitude, but also the position of bar- 
riers might depend on ion radius or other characteris- 
tics. 

As we have stressed here, it is impossible to 
assess, at present, the adequacy of our physical pic- 
ture or the magnitude of errors in our treatment. As 
physiological and structural information about this 
and other channels grows, we should gradually be 
able to evaluate the extent to which our picture is 
realistic, ultimately with detailed molecular dynamic 
studies. In the meantime, we view our conclusions as 
defining the selectivity phenomena we have studied in 
quantitative terms, and in providing a plausible 
physical basis for understanding them. 

Data comparable to those presented here are 
available for the acetylcholine receptor channel of the 
frog neuromuscular junction (C.A. Lewis and C.F. 
Stevens, unpublished observations), and a comparison 
between the properties of the two channels is interest- 
ing. The acetylcholine receptor channel is very non- 
selective (Huang, Catterall & Ehrenstein, 1978) and, 
as would be expected for a not very selective channel, 

selectivity energy barrier height is a linear function of 
reciprocal ion radius; that is, only the linear term in 
Eq. (10) is required to describe this channel's selec- 
tivity. The potassium channel, on the other hand, is 
very selective and excludes all of the organic ions we 
have tested. The first coefficient in the expansion 
displayed in Eq. (10) is 0.34 kcal A/mole for the 
acetylcholine activated channel and -0.57 kcal A/ 
mole for the potassium channel. This difference is 
understandable in terms of dimensions of the pore 
size which must be an aperture of diameter 6 or 7 
for the acetyicholine-activated channel (see dimen- 
sions of permeant species studied by Huang etal., 
1978) and perhaps only 3 or 4~, for the potassium 
channel (Hille, 1973). Recall that the coefficient a 1 in 
Eq. (10) is composed of the two terms that appear in 
Eq. (17): the first term is the fixed dipole density at 
the surface of the reference ion and the second relates 
to the rate at which the dielectric properties of the 
medium around the ion change with ion diameter. 
For an unstructured pore interior, with few con- 
straints placed on water by the protein walls of the 
pore, r?f/~x will contribute little because pore water 
will be about as fluid as bulk water; this is pre- 
sumably the case for the "large" and quite unselec- 
tire acetylcholine receptor channel were the fixed 
dipole term is responsible for selectivity. For the 
more constrained K channel, the first and higher 
derivatives o f f  become important and the sign of a 1 
reverses, although the magnitude is roughly similar. 

The selectivity barrier for the ammonium ion is 
smaller than would be anticipated on the basis of its 
size which is between K and Rb, but closer to Rb. 
Because this ion has tetrahedrally disposed hy- 
drogens which form hydrogen bonds with surround- 
ing molecules, the high permeability of ammonium is 
revealing. In water, the ammonium ion would nor- 
mally form four hydrogen bonds, one with each 
hydrogen, and each with an energy on the order of 10 
kilocalories per mole (Payzant, Cunningham & Keb- 
arle, 1973). If within the pore ammonium ions formed 
fewer than four hydrogen bonds at the selectivity site, 
the energy barrier for them would be expected to be 
at least several kilocalories per mole higher than a 
comparably sized "nonreactive" ion. On the con- 
trary, ammonium is more permeant than a compara- 
bly sized inert ion, So not only must it form about 
four hydrogen bonds, but one or more of these must 
be a little more stable than that normally formed 
with water. Because the energy of the ammonium ion 
within the pore is so close to that in bulk solution, it 
seems most likely that three of the four hydrogens 
formed bonds to water molecules within the channel, 
and that the fourth hydrogen bonds to some group 
on the polypeptide chain, perhaps a carbonyl oxygen, 
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incorporated within the walls of the channel. As 
carbonyl-ammonium hydrogen bonds are somewhat 
stronger than ammonium-water bonds (Scheiner & 
Kern, 1977), the selectivity of ammonium could be 
easily accounted for. If this picture is correct, hy- 
drogen bonds on the channel walls must be available 
for the water molecules arranged at three corners of 
the ammonium ion tetrahedron. 

Thallium, like ammonium, has a selectivity bar- 
rier lower than would be anticipated by its size which 
lies between that of K and Rb, but closer to Rb (Lee, 
1977). This difference must be due to a more favor- 
able interaction energy (as "partial covalency") with 
some constituent of the channel structure than with 
water (Krasne & Eisenman, 1973; Lee, 1977). Again, 
interactions with three water molecules and one more 
reactive group, such as a carbonyl oxygen, could give 
the barrier observed. 

Because all of the permeant ions must experience 
an environment very similar to that in free solution, 
and because it seems that the ammonium ion proba- 
bly interacts with three tetrahedrally arranged water 
molecules, the most plausible picture of ion per- 
meation is one in which every ion passes through the 
narrowest part of the channel associated with a water 
structure much like that in free water. We would view 
the channel protein as providing hydrogen bonding 
sites that permit the permeating species to interact 
with a carbonyl oxygen and simultaneously with 
three tetrahedrally disposed waters which in turn had 
the possibility of hydrogen bonding to protein or 
other waters. Although speculative, this picture is a 
very specific one which we anticipate can be tested as 
more information about channel structure properties 
becomes available. 
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