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A B S T RA C T Ion permeation and conduction were studied using whole-cell recordings of the 
M-current (IM) and delayed rectifier (/DR), two K + currents that differ greatly in kinetics and 
modulation. Currents were recorded from isolated bullfrog sympathetic neurons with 88 mM 
[K+]i and various external cations. Selectivity for extraceUular monovalent cations was as- 
sessed from permeability ratios calculated from reversal potentials and from chord conduc- 
tances for inward current. PRb/PK Was near 1.0 for both channels, and GRb / GK was 0.87 2 0.01 
for /DR but only 0.35 -+ 0.01 for I u (15 mM [Rb+]o or [K+]o). The permeability sequences 
were generally similar for I M and/DR: K+ ~ Rb+ > NH+ > Cs+, with no measurable permeabil- 
ity to Li + or CH3NH ~. However, Na + carried detectable inward current for/DR but not I M. 
Na + also blocked inward K + current for /DR (but not Iu), at an apparent electrical distance 
(g) ~0.4, with extrapolated dissociation constant (KD) ~1 M at 0 inV. Much of the instanta- 
neous rectification of/DR in physiologic ionic conditions resulted from block by Na + . Extra- 
cellular Cs § carried detectable inward current for both channel types, and blocked IM with 
higher affinity (K D = 97 mM at 0 mV for IM, Ko ~0.2 M at 0 mV for/DR), with 8 ~0.9 for both. 
[DR showed several characteristics reflecting a multi-ion pore, including a small anomalous 
mole fraction effect for PRb/PK, concentration-dependent GRb/Gx, and concentration-depen- 
dent apparent KD'S and g's for block by Nao + and Cs +. I M showed no clear evidence of multi- 
ion pore behavior. For IM, a two-barrier one-site model could describe permeation of K § and 
Rb + and block by Cs + , whereas for/DR even a three-barrier, two-site model was not fully ade- 
quate. 

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

Despite the great kinetic and functional diversity of  K + 
channels, the permeation properties of  K + channels 
are generally similar (Hille, 1992). It has long been rec- 
ognized that permeation in K + channels must recon- 
cile two apparently contradictory properties, a high 
rate of  ion conduct ion and yet a high selectivity among 
similar ions. A single-file, multi-ion pore with specific 
binding sites has been the preferred model to explain 
these properties (Hille and Schwartz, 1978). Hallmarks 
of multi-ion pores include flux ratio exponents >1.0 
(Hodgkin and Keynes, 1955), concentration-depen- 
dent  permeability ratios (Perez-Cornejo and Begeni- 
sich, 1994), anomalous mole fraction effects in mix- 
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tures of  permeant  ions (Hagiwara et al., 1977; Wagoner  
and Oxford, 1987; Heginbotham and MacKinnon, 1993), 
and concentrat ion dependence  of  the apparent  voltage 
dependence  of  channel  block (Adelman and French, 
1978; French and Shoukimas, 1985). 

We have studied ion permeation and block using 
whole-cell recordings of  two K + currents of  frog sympa- 
thetic neurons, M-current (IM) and delayed rectifier 
(/DR). These currents differ greatly in properties other  
than permeation. Half activation (171/2) is near - 3 5  mV 
for IM versus 0 mV for IDR, and the activation time con- 
stant at Va/2 is ~10-fold slower for IM than for/DR (Adams 
et al., 1982a). /DR inactivates slowly (seconds), whereas 
I M is completely noninactivating (Adams et al., 1982a), 
which is unusual among voltage-dependent K § cur- 
rents. In addition, several neurotransmitters inhibit IM 
(Jones and Adams, 1987), without detectable effect on 
/DR (Adams et al., 1982b). IM and /DR channels are 
clearly K + selective (Adams et al., 1982a), but their per- 
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m e a t i o n  m e c h a n i s m s  h a v e  n o t  b e e n  d e s c r i b e d  i n  de -  

tail .  

I o n i c  se l ec t iv i ty  f o r  I M a n d / D R  c h a n n e l s  was  e v a l u a t e d  

b y  m e a s u r i n g  r e l a t i v e  p e r m e a b i l i t i e s  a n d  c o n d u c t a n c e s  

f o r  K § R b  § N H ~ ,  Cs § N a  +, Li  +, a n d  C H ~ N H  ~. T h e  

ab i l i t y  o f  e x t r a c e l l u l a r  N a  + a n d  Cs + to  b l o c k  i n w a r d  K + 

c u r r e n t  t h r o u g h  e a c h  c h a n n e l  was  a l so  d e t e r m i n e d .  

B o t h  IM a n d  /DR w e r e  t e s t e d  f o r  a n o m a l o u s  m o l e  f rac -  

t i o n  e f f ec t s  i n  m i x t u r e s  o f  R b  + a n d  K + . B a r r i e r / w e l l  

m o d e l s  u s i n g  E y r i n g  r a t e  t h e o r y  w e r e  d e v e l o p e d .  T h e  

ab i l i ty  to  c o m p a r e  p e r m e a t i o n  p r o p e r t i e s  o f  two K + 

c h a n n e l s  u n d e r  n e a r l y  i d e n t i c a l  c o n d i t i o n s  a l l o w e d  

e a c h  c h a n n e l  to  s e rve  as a n  i n t e r n a l  c o n t r o l  f o r  t h e  

o t h e r .  P r e l i m i n a r y  r e s u l t s  o f  t h i s  p r o j e c t  h a v e  b e e n  re-  

p o r t e d  ( B l o c k  a n d  J o n e s ,  1995) .  

M A T E R I A L S  A N D  M E T H O D S  

Cells and Recording Conditions 

Neurons were isolated as previously described (Kuffier and Sej- 
nowski, 1983; Jones,  1987). Briefly, caudal paravertebral sympa- 
thetic ganglia were dissected from adult  bullfrogs and  enzymati- 
cally dissociated. Isolated neurons  were stored in supplemented  
L15 culture media at 4~ Large spherical neurons  (55.6 _+ 2.3 
pF; range 14-93 pF) were used for recordings. Patch clamp re- 
cordings were made at room temperature  (22-24~ in the 
whole cell configurat ion (Hamill et al., 1981). Electrodes were 
pulled from 7052 or EN-1 glass (Garner  Glass, Claremont,  CA) 
with resistance 1.5-2.5 M~. Series resistances (Rs) in the whole- 
cell configuration, estimated from optimal correction of the ca- 
pacity transient, were 2-4 M~.  Rs compensat ion was 80% for IM 
and >90% for /DR- For 0.4 M ~  of uncompensa ted  series resis- 
tance, the steady-state voltage error  would be 0.4 mV/nA,  and  
the time constant  of the voltage clamp would be 22 p~s for a 55-pF 
cell. Voltages shown in the figures are the voltage commands.  

Currents  were recorded with an Axopatch 200 amplifier, Lab- 
master A-D interface, and  8-pole Bessel low-pass filter, and  stored 
on a personal computer .  The sampling frequency was 1-10 kHz 
for IM with 0.3-3 kHz analogue filtering, and  10 kHz for/DR with 
3-kHz analogue filtering, pClamp software (Clampex, Axon In- 
struments,  Foster City, CA) was used for data acquisition. 

Solutions 

The standard intracellular solution was (mM): 60 KC1, 8 KOH, 10 
K~EGTA, 4 MgC12, 2.5 N-methyl-D-glucamine (NMG)-HEPES, 0.3 
Li2-GTP, 3 CaCI~, 5 TRIS-ATP, 14 TRIS-phosphocreatine,  pH 7.2. 
Free Ca 2+ was estimated at 70 nM using the FREECA program 
(Fabiato and  Fabiato, 1979). In some I M experiments  Na-HEPES 
replaced NMG-HEPES; no  differences were observed between 
currents  in the two solutions. For some measurements  of/DR acti- 
vation curves (see Results), KCI was reduced to 25 raM, with addi- 
t ion of  35 mM NMG-C1 (and replacement  of  K2EGTA and  KOH 
with NMG,2EGTA and NMG base). Otherwise, the intracellular 
solution was not  varied. The s tandard extracellular solution for 
I M was 115 NaC1, 2.5 KC1, 2.5 Na-HEPES, 2 MnC12. For/DR experi- 
ments,  extracellular Na + was replaced with NMG +, except for 
Figs. 1, A-C, 8, and  9, where the effects of extracellular Na + were 
tested. Different extracellnlar solutions are noted  in the text. In 

all variations on these solutions, ionic s t rength was held constant.  
Chemicals were purchased from Sigma Chemical Co. (St. Louis, 
MO), except  for saxitoxin (Calbiochem, LaJolla,  CA) and  tetra- 
e thy lammonium chloride (TEA; Eastman Laboratory Chemical, 
Rochester, NY). 

Extracellular solutions were changed  by a "sewer pipe" fast 
flow system, unless noted  otherwise. The pipes were deactivated 
fused silica tubing (0.32 mm inner  diameter,  J&W Scientific, Fol- 
som, CA) held together  with Sylgard (Dow Coming,  Midland, 
MI). Cells were placed within 100 I~m of the pipe opening.  Previ- 
ous studies have shown complete and  rapid solution exchange 
with this type of flow system (Jones, 1991; Th6venod and  Jones,  
1992). 

Current Isolation 

IM was isolated by holding the cell depolarized at - 3 0  mV, which 
partially inactivated Na + current  and  o ther  K + currents  (Adams 
et al., 1982a). IM ran up over time because of the ATP regenerat- 
ing system in the intracellular solution. No measurements  were 
made on I M until  the current  became stable, which required ~ 1 0  
min of  whole-cell dialysis. IM rundown was negligible over the 
next  hour  of recording (N80% of cur ren t  remained) .  In some 
cells, re turn  to - 3 0  mV from strongly hyperpolarized voltages 
triggered a K + cur ren t  that  activated over tens of milliseconds 
and  then  inactivated over several seconds. Tha t  current  resem- 
bled the "slow A-current" (IsA) repor ted by Selyanko et al. (1990). 
When  ISA was observed, the time between steps was increased to 
allow full inactivation of ISA (incomplete inactivation was visible 
as an increase in the outward holding cur ren t  at - 3 0  mV). ISA is 
routinely observed under  condit ions in which/M shows rapid run- 
down (e.g., absence of intracellular ATP), but  only occasionally 
in the experiments  repor ted here.  Recording was hal ted if ISA be- 
came large enough  to interfere with measurement  of IM. With 
these precautions to exclude ISA, only IM and  a l inear leak were 
present  in the voltage range up to - 3 0  mV (Adams et al., 1982a; 
Jones,  1989). Isolation of IM was conf i rmed by the observation 
that  96 + 3% (n = 6) of the relaxation from - 3 0  mV was inhib- 
ited by 100 nM chicken II LHRH. At more positive voltages, sepa- 
ration of IM and/DR required tail cur ren t  analysis; see below. 

/DR experiments  were performed from a - 6 0  mV holding po- 
tential. IDR was isolated by replacing Na + in the extracellular solu- 
tion with NMG +, and  by replacement  of extraceltular Ca "~+ with 
Mn 2+ to prevent  CaZ+-dependent K + currents.  Where  Na+-con - 
raining solutions were used (Figs. 1, A-C, 8, and 9), the 75-90-ms 
step to + 10 mV, given to activate/OR, inactivated Na + current  be- 
fore measurements  or hyperpolarizing steps were made. /DR was 
far larger than IM, SO contaminat ion  of/DR tails with IM was mini- 
mal (~10%, based on comparison of  mean chord  conduc- 
tances). /DR did not  display ATP-dependent  run-up, but  measure- 
ments  were delayed until  the current  ampli tude stabilized (~5  
min).  

Analysis 

Currents  were analyzed using pClamp (Clampan 5.5 and 
Clampfit 6.0) and Excel 5.0 (Microsoft Corp., Redmond,  WA). 
Activation, ionic block, and  Eyring rate theory models were fitted 
with the Solver function of Excel, which uses a generalized re- 
duced gradient  me thod  to optimize the parameters.  Goodness of 
fit was de te rmined  by minimizing the sum of the squared errors. 
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Differences among experimental  conditions were evaluated by 

two-tailed Student 's  t tests, using Bonferroni correction for multi- 
ple tests, with P < 0.05 considered to be significant. Values pre- 

sented are means --- SEM. 
For all measurements involving changes in extracellular solu- 

tions, test conditions were compared with measurements made 
both before and after the test. The control value was then de- 
fined as the average of measurements before and after. 

Permeabilities and conductances. Ion selectivity was assessed un- 
der conditions in which the extracellular solution contained only 

a single permeant  ion at a time. /DR permeability ratios were de- 
termined in extracellular solutions in which the only cations were 
Mn z+, NMG +, and the ion of interest (either X + + NMG +, or 120 
mM X+). For IM, where Na + was not  permeable (see Fig. 7), ex- 
tracellular solutions contained Na + rather than NMG +. Reversal 
potentials (EREv) and conductances were determined from the 
protocols of Fig. 1, A and B, unless noted otherwise. Permeability 
ratios (Px/P~) were calculated from the shift in E~v between so- 
lutions, using a version of the Goldman-Hodgkin-Katz voltage 
equation (Eqs. 13-17 of Hille, 1992): 

AERE v = ( R T / F J I n {  ( P x [ X I o ) / ( P K [ K ] o )  } . (1) 

Chord conductances were defined from 

I x = c.• ( v -  ERE v) (2) 

and were calculated from "instantaneous" currents, generally 

measured at -100  mV. Conductance measurements were made 
at - 1 1 0  mV for data in 2.5 mM K+o or Rb+o, at - 1 2 0  mV for data 
in 120 mM Na+o, and at - 8 0  mV in NH4+o or Cs+o. Those voltages 
were at least 25 mV negative to EREV in each ionic condition, ex- 
cept for Na~, where EREV Was extremely negative, -103.9 --_ 0.8 
mV (n = 17). By using measurements made far from EREV, the 
chord conductances reflect primarily ion influx through the 

pore. From the Goldman-Hodgkin-Katz current  equation, we es- 
timate that influx is 2.7-fold larger than effiux at 25 mV negative 

to reversal; for Eyring models (e.g., Fig, 12), ratios were 2.7 to 
6.2, depending  on the parameters and ion concentrations. 

IM. IM measurements were made on leak-subtracted currents. 
Leak subtraction was not straightforward, as I M was usually mea- 
sured from a holding potential of - 3 0  mV where there was signif- 
icant resting I M. Two methods were used for leak subtraction, 
"method 1" for chord conductances, and "method 2" for ER~v. In 
method 1, leak current  was measured from a linear fit to the 
steady-state current  negative to - 8 0  mV (Jones, 1989). Steady- 
state currents were measured at the end of each tail current (av- 

erage current  between 0.9 to 1.0 s). IM amplitude was then de- 
fined by the instantaneous current, the average current  between 
5 and 10 ms after repolarization, minus the linear leak (e.g., Fig. 
4 A). Enapirical single exponential  fits to IM relaxations indicated 
that measurement  at 5 to 10 ms may have underest imated the I M 
amplitude by 28% in 2.5 mM K+o at -110  mV and 16% in 15 mM 

K+o at - 1 0 0  mV. Because the time constants for IM relaxations did 
not vary between K+o and Rb+o, that underestimation would not 
affect the relative conductances. 

In method 2, IM records were leak-subtracted by changing the 
holding potential to - 8 0  mV and giving hyperpolarizing steps of 
one-half amplitude, with two to four records averaged and scaled. 
EREV for IM Was measured from the leak-subtracted records as the 
point of zero relaxation, either from the intersection of the in- 
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stantaneous and steady-state currents, or by fitting each tail cur- 

rent  to a single exponential function and taking the zero ampli- 

tude point as ER~V. IM records in the figures are either subtracted 
by method 2, or unsubtracted (as noted),  with 5 ms blanked on 
each voltage step. 

/DR. /DR currents were leak subtracted using inverted steps of 
one-fourth amplitude, with four records averaged and scaled. In- 
stantaneous I-Vrelations were measured from tail current  ampli- 
tudes, averaged between 0.5-0.6 and 1 ms after repolarization. 
IBR records shown in the figures have 0.5-0.6 ms blanked on each 
change in voltage. 

Activation curves. The dependence  of channel  opening on volt- 
age was determined from tail currents recorded at - 6 0  mV, after 
depolarizations of variable amplitude. That required voltage 

steps that activated both I M and /DR, which were separated using 
tail current  analysis. Tail currents were fitted to the sum of two 
exponential  components  (using Clampfit), with the time con- 

stant (-r) of each fixed to values estimated for I M and /DR sepa- 
rately. For IM, "r was measured from the single exponential  relax- 

ation at - 6 0  mV from the - 3 0  mV holding potential. For/DR, "r 
was measured from the fast component  of  the tail at - 6 0  mV af- 
ter a 1-s step to +30 mV. The "r was ,',d0-fold faster than for/DR 
than for I M. I M activation was then defined from the amplitude of 
the slow component .  Because of the large amplitude of/DR tails, 
the protocol was run twice, recording currents at high gain to 
measure the predominantly IM tails in the - 1 0 0  to - 2 0  mV 
range, and again at lower gain for tails above - 2 0  mV. Occasion- 

ally, there appeared to be a slow componen t  to/DR tails, 2-6% of 
the total tail current amplitude after steps from +30 to +50 mV. 
To avoid contamination of I M tail measurements by a slow /DR 
component ,  I M activation was measured only up to 0 mV, and val- 
ues were included only if the slow component  was estimated to 
be at least 80% I M. I M tails were fitted to a Boltzmann relation: 

IM = IM,max/{1 + e x p [ z F ( V I / 2 -  V) / (RT)  ]} +IM.0 �9 (3) 

The Solver from Excel was used to estimate z, V1/2, I M . . . . .  and IM,0. 
The IM.0 term was needed because there was a small amount  of  IM 
activation at --60 mV, so "tail" amplitudes from more negative 
voltages have reversed sign. 

Junction potentials. Before forming a seal with the membrane,  
the patch pipette current was manually adjusted to zero with the 
normal extracellular solution in the bath and an Ag/AgC1 pellet 
electrode in the bath as reference. In the whole-cell configura- 
tion, solution changes were made with a flow pipe system, with 
the outflow of the pipes directed away from the Ag/AgCI pellet. 

Under  those conditions, there were two sources of junct ion po- 
tentials: the electrode-bath interface, and the boundary between 
the bath and the solution flowing from a pipe (Barry and Lynch, 
1991; Neher,  1992). Once a seal was formed, the potential from 
the electrode-bath junct ion produced an offset from true zero 
voltage for the remainder  of the experiment.  

Junct ion potentials were measured with the amplifier in cur- 
rent clamp mode, using a patch pipette filled with 3 M KC1 as ref- 
erence, and a patch pipette filled with the intracellular solution 
as the sensing electrode. The pipette current  was set to zero with 
the bath also containing the intracellular solution (see Neher, 
1992). The voltage was then recorded on changing the bath to 
each extracellular solution, with a second measurement  in the 
initial (zero junct ion potential) conditions to reduce errors 
caused by drift. In the standard polarity convention (Barry and 



Lynch, 1991; Neher, 1992), the junction potential is the negative 
of  the recorded voltage. Junction potentials were +4.9 to +6.2 
mV for K + or Rb + with Na + solutions and + 10.6 to + 13.6 mV for 
K + or Rb + with NMG + solutions.Junction potentials did not vary 
between K + and Rb + solutions and were generally consistent with 
previous calculated and measured values (Barry and Lynch, 1991; 
Neher, 1992). 

For solutions containing 120 mM Na +, NH~- or Cs +, junction 
potentials were measured using the flow pipe apparatus. The 
bath was filled with 2.5 mM K + plus 117.5 mM Na +, and an elec- 
trode filled with 3 M KC1 was zeroed in the bath with respect to 
an Ag/AgCI pellet. Junction potentials were then measured in 
each solution with respect to the bath: -0.1 mV for Na +, -2 .8  
mV for NH~, and -3 .5  mV for Cs +. 

Absolute membrane potentials were relevant only for the de- 
pendence Of EREv on K + (Fig. 1 C). Both measured and corrected 
values are shown for that experiment. Elsewhere, voltages shown 
are not  corrected. Permeability ratios, calculated from shifts in 
EREV using the flow tubes, were corrected for junction potential 

differences between test and control solutions, but did not  need 
to be corrected for the initial electrode-bath junction. 

R E S U L T S  

T h e  m a i n  p r o t o c o l s  u s e d  to e x a m i n e  p e r m e a t i o n  f o r  IM 

a n d  /DR c h a n n e l s  a r e  i l l u s t r a t ed  in Fig. 1, A a n d  B. I M 

tail  c u r r e n t s  w e r e  o b s e r v e d  o n  r e p o l a r i z a t i o n  f r o m  t h e  

h o l d i n g  p o t e n t i a l  o f  - 3 0  m V  (Fig. 1 A).  IM is t h e  t ime-  

d e p e n d e n t  r e l a x a t i o n  t h a t  d e v e l o p s  as t h e  c h a n n e l s  

c lose  ( A d a m s  e t  al., 1982a) .  I n  this  a n d  o t h e r  f igures ,  I~a 

a m p l i t u d e  is t h e  d i f f e r e n c e  b e t w e e n  t h e  i n s t a n t a n e o u s  

c u r r e n t ,  m e a s u r e d  j u s t  a f t e r  t h e  vo l t age  c h a n g e  (5 to 10 

ms)  a n d  t h e  s t eady  s ta te  c u r r e n t ,  m e a s u r e d  a t  t h e  e n d  

o f  t h e  s tep  (last  100 ms  o f  a 1-s s t ep) .  /DR was ac t i va t ed  

by a s t ep  to + 1 0  m V  f r o m  a h o l d i n g  p o t e n t i a l  o f  - 6 0  

mV,  a n d  tail  c u r r e n t s  w e r e  t h e n  e v o k e d  at  d i f f e r e n t  

vo l t ages  (Fig. 1 B). /DR a m p l i t u d e  was s imp ly  t h e  ins tan-  

A C 

5O ms 

-20 mV 

-30mY [ "~ 

-ll0mV 

B 

10mV 

J I -60 mV 

20ms 

|m 

-20 mV 

-120 mV 

-20 

-4O 

~-6o 

-80 

-I00 

-120 

12 

9 

3 

t/: 

I I I } I 

2.5 5 10 15 25 

log [K+]o , mM 

A 

0 30 60 90 120 
[K*]o ,mM 

FIGURE 1. Sample records of  IM and /DR in 2.5 mM K+o plus 117.5 Na +. (A) Superimposed tM tail currents, recorded during 1-s steps to 
voltages between - 2 0  and -110  mV, from a holding potential of - 3 0  inV. Records from cell D4929, leak-subtracted (method 2; see Mate- 
rials and Methods). In this and subsequent figures, zero current is denoted by a dotted line. (B) Superimposed/DR traces. The standard 
protocol was to activate/DR with a 75-90-ms step to + 10 mV from a holding potential of - 6 0  mV, and then repolarize to evoke tail currents. 
Leak-subtracted records from cell A4510. (C) Reversal potential (EREv) plotted versus [K+]o for I M (triangles) and/DR (circles). Increases in 
[K+]o were compensated by decreases in [Na+]o. The solid symbols are EREV after correction for junction potentials (see Methods). The 
line is the Nernst prediction for a K + electrode. (D) Conductancc--[K+]o relations for IM (triangles) and ID• (circles). For /DR, NMG + re- 
placed Na + in D. The lines are Michalis-Menten binding curves with appropriate KM. Chord conductances were calculated from inward 
currents 30 mV negative to ER~v for each [K+]o, since E~v varied with [K+],,. Conductances were normalized to the value at 2.5 mM K + in 
each cell. 
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FIGURE 2. IM in 2.5 mM K+o or Rb +, plus 117.5 Na +. (A) IM tail currents in 2.5 mM K+o (left), 2.5 mM Rb + (middle), and after return to K + 
(right). The protocol was as in Fig. 1 A, but only the tail currents are shown here. Cell A4902, leak-subtracted (method 2). (B) I-Vrelations, 
from the data of A. Data were from 2.5 mM K +, 2.5 mM Rb +, and recovery in K + (left to right). Instantaneous (circles) and steady-state 
(squares) currents were measured at the beginning and end of each tail current respectively. In this voltage region, there is little steady-state 
I M. The straight lines are linear fits to the instantaneous and steady-state currents near ERE v. Ep.Ev was estimated as the intersection of the 
lines, where the amplitude of the IM relaxation would be zero. 

t aneous  tail cu r r en t  (0.5-1 ms in to  the voltage step). 
Note  that/DR was considerably  larger  and  faster than  I M. 
In  physiologic  ionic condi t ions  (117.5 m M  [Na+]o and  
2.5 mM [K+]o, 88 mM [K+]i), the equi l ibr ium potent ia l  
fo r  K + (EK) was --91.2 mV. T h e  measu red  FeE v was 
--88.7 + 1.5 mV (n = 28) for  IM and  - 8 4 . 4  +- 0.5 mV 
(n = 8) for/DR, fol lowing cor rec t ion  for  j u n c t i o n  poten-  
tials (see Methods) .  T he  d e p e n d e n c e  o f  EREV on  [K+]o 
was essentially as expec ted  f r o m  the Nerns t  equa t ion  
for  a K + e lec t rode  (Fig. 1 C, l ine),  indica t ing bo th  chan-  
nels were s trongly selective for  K + over Na  + (discussed 
fu r the r  below).  

I on  channe l  c o n d u c t a n c e  of ten  saturates as a func-  
t ion o f  p e r m e a n t  ion concen t ra t ion .  C h o r d  conduc-  
tances for  inward c u r r e n t  were measu red  as a func t ion  
o f  [K+]o . Fig. 1 D shows that  the c h o r d  c onduc t ances  
cou ld  be fit by the Micha l i s -Menten  equa t ion  with ap- 
pa r en t  KM = 65 m M  for  /DR and  71 mM for  IM. These  
values shou ld  no t  be taken literally as measures  o f  the 
affinity o f  a b ind ing  site in the channe l  pore ,  for  two 
reasons. First, a KM m e a s u r e m e n t  is no t  strictly valid in 
the case o f  a multi- ion pore ,  as there  are two or  m o r e  
sites, each with its own b ind ing  affinity. Second,  al- 
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t h o u g h  the m e a s u r e d  conduc t ances  primari ly reflect 
ion influx, there  is some con t r ibu t ion  o f  effiux (see 
Methods) .  Thus,  we presen t  c o n d u c t a n c e  values pri- 
marily as an empir ical  descript ion.  

K + - R b  + Selectivity 

I on  selectivity for  I M and  /DR channe ls  was assessed by 
measu r ing  bo th  relative permeabi l i ty  and  c o n d u c t a n c e  
for  d i f ferent  extraceUular  ions. Fig. 2 shows the effects 
on  IM o f  equ imola r  r e p l a c e m e n t  o f  2.5 mM extracellu- 
lar K + with Rb +. Tail cu r r en t  ampl i tudes  were clearly 
r e d u c e d  in Rb + , indica t ing a decreased  conduc tance .  
EREV for  IM was m e a s u r e d  as the in tersect ion between 
the ins tan taneous  and  steady-state cur ren ts  after  leak 
subtract ion.  T h e r e  was no  significant change  in EREV, 
indicat ing a permeabi l i ty  ratio (PRb/PK) nea r  1.0 (Ta- 
ble I). Fig. 3 shows that  PRb/PK Was also nea r  1.0 for/DR, 
bu t  GRb w a s  only slightly less than  C~ (Table I). 

Because multi- ion pores  may display concen t ra t ion-  
d e p e n d e n t  selectivity, PRb/PK and  GRb/GK were also 
measu red  at h igher  [K+]o and  [Rb+]o . IM was consider-  
ably r educed  in 15 mM Rb+o, c o m p a r e d  with 15 mM K+o 



T A B L E  [ 

~lative Permeabiliti~ and Conductanc~ ~r  ~ and ~R ~anneL~ 

& /DR 

Ion ~ / ~  ~ / ~  ~ / ~  ~ / ~  

2.5 mM Rb, +, 1.06 +- 0.04 0.42 -+ 0.03 1.04 -+ 0.01 0.77 + 0.01 

(n = 14) (n = 10)* (n = 5)* (n = 5)*: 

15 mM Rb + 0.94 -+ 0.03 0.35 _+ 0.01 0.99 _+ 0.01 0.87 -+ 0.01 

(n = 13) (n = 12)* (n = 16) t (n = 16)*t 

25 mM Rb + 0.97 _-A- 0.01 0.94 -+ 0.01 

(n = 5)*: (n = 5)*: 

120 mM NH4 + 0.110 -+ 0.004 0.32 _+ 0.07 0.135 _+ 0.004 0.93 -+ 0.10 

(n = 5) (n = 5) (n = 5) (n = 5) 

120 mM Cs + 0.10 -+ 0.01 0.035 -+ 0.004 0.099 _+ 0.004 0.23 +- 0.01 

(n = 5) (n = 5) (n = 5) (n = 5) 

120 mM Na + < 0.004 - -  0.0093 _+ 0.0002 0.063 -+ 0.008 

(n = 7) (n = 17) (n = 10) 

120 mM Li + < 0.004 < 0.004 

(n = 7) (n - 7) 

120 mM < 0.004 < 0.004 

CH~NH3 + (n = 7) (n = 7) 

For K + and Rb +, PRb/PK and C~b/GK were compared at the same concentration. For NH4 +, Cs +, and Na +, Px/PK and Gx/C~ were calculated by compari- 
son to data at 2.5 mM K +. To calculate Gx/C~ for NH +, Cs +, and Na | Gv. at 120 mM K + was estimated by multiplying the measured C~ at 2.5 mM K + by 
8.34 for I M or 10.56 for/DR (the average Gv,0 mM K/G25 ,,M K from Fig. 1D). For IM, E~v with NH4 + was measured using the protocol of Fig. 4 C. Where noted, 
Rb+/K + ratios were significantly different * from 1.0,* from the value at 2.5 mM K +, or ~ from the value at 15 mM K,+,. 

(F ig .  4, A a n d  B).  T h e  r e v e r s a l  p o t e n t i a l  w a s  n e a r  - 3 0  

m V  i n  15 m M  K + , w h e r e  IM w a s  a l m o s t  c o m p l e t e l y  act i -  

v a t e d  ( s e e  Fig .  6 ) .  T h u s  IM r e l a x a t i o n s  w e r e  s m a l l  n e a r  

E ~ v  as f e w  IM c h a n n e l s  c l o s e d .  T o  b e t t e r  r e s o l v e  El~v,  a 

d i f f e r e n t  v o l t a g e  p r o t o c o l  w a s  u s e d .  F i r s t ,  m o s t  I M c h a n -  

n e l s  w e r e  c l o s e d  b y  a 350  m s  p r e p u l s e  t o  - 8 0  m V  f r o m  

t h e  h o l d i n g  p o t e n t i a l  o f  - 3 0  m V ,  a n d  I M w a s  t h e n  o b -  

s e r v e d  t o  a c t i v a t e  o n  d e p o l a r i z a t i o n  f r o m  - 8 0  m V  (Fig,  

4 C).  As  b e f o r e ,  IM a m p l i t u d e  w a s  t h e  d i f f e r e n c e  be -  

t w e e n  i n s t a n t a n e o u s  a n d  s t e a d y - s t a t e  c u r r e n t s ,  a n d  E ~ v  

w a s  t h e  p o i n t  o f  z e r o  r e l a x a t i o n ,  i .e . ,  a f la t  t r a c e .  F o r  I M, 

PRb/PK a n d  C ~ b / C  ~ d i d  n o t  c h a n g e  s i g n i f i c a n t l y  b e -  

A 

,0ov l omv 

-100 mV 
B 6 

I I I I 

-120 ~ -40 

4 
2 

h A 0  

-2 
-4 
-6 

FIGURE 3. /DR in 2.5 mM K+o or  Rb +, plus 

117.5 mM NMG +. (A) /DR tail currents  in 

2.5 mM K~ (left), 2.5 mM Rb + (middle), and 

at complete  recovery in K + (right). E~v was 

measured  as the poin t  of  zero instantaneous 

current.  (B) Ins tantaneous  I-V relations, 

f rom the exper iment  of  part  A. O p e n  sym- 

bols are currents  measured  in K + , and filled 

circles in Rb~. Cell F4Ol4.  
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FIGURE 4. I M in 15 mM K + or Rb+o, plus 117.5 
Na +. (A) I-V relations for instantaneous (circles) 
and steady state (squares) tail currents, in 15 mM 
K + , 15 mM Rb + , and return to K+o (from top down- 
ward). These measurements are not leak-sub- 
tracted. The calculated IM after linear leak subtrac- 
tion (method 1) is shown in the bottom panel, with 
open symbols in K + and filled symbols in Rb +. (B) 
The IM tail currents that were measured in part A, 
not leak-subtracted. (C) IM activated by depolarizing 
steps from -80 mV, using the voltage protocol illus- 
trated at the bottom. Records were leak-subtracted. 
I M is the time-dependent current during the -30  to 
-50 mV steps. The instantaneous outward current 
at the beginning of each step reflects I M that was not 
deactivated by the 350-ms period at -80 inV. Data 
are from cell B4N03. 

tween 2.5 a n d  15 mM (Table I). It  was no t  possible to 

accurately measure  PRb/PK or C~b/Cx for IM c h a n n e l s  at 
h ighe r  c o n c e n t r a t i o n s  of  Ko + or  Rb + , as E ~ v  was at de- 
polarized voltages where IM was no t  well isolated from/DR. 

/DR tails were also m e a s u r e d  in  15 mM K + versus 15 
mM Rb +, a n d  at 25 mM (Table  I). T h e r e  was little 

change  in  reversal po ten t ia l  (PRb/PK :"1) ,  b u t  a detect-  
able decrease in  the amp l i t ude  of  inward  cur ren t s  in  

Rb + . For  /DR, there  were statistically s ignif icant  differ- 

ences  in  GRb/G K with c o n c e n t r a t i o n  (Table  I), which is 
a sign of  mul t i - ion  pore  behavior .  

Mult i - ion pores of ten  show an  a n o m a l o u s  mole  frac- 
t ion  effect. This  was e x a m i n e d  by r eco rd ing  cur ren t s  in  

mix tures  of  Ko + a n d  Rbo + , at a total c o n c e n t r a t i o n  of  15 
mM. E ~ v  (permeabi l i ty)  a n d  cho rd  c o n d u c t a n c e  were 
d e t e r m i n e d  as for 15 mM K + . For/DR, bu t  n o t  IM, chan-  
nel  pe rmeabi l i ty  was slightly r e d u c e d  in  the mixtures ,  
c o m p a r e d  with Rbo + or K + a lone  (Fig. 5). Th e  perme-  
abilities in  66% a n d  33% K+o were significantly less t han  
the values in  pure  Rb + or pure  K + (Fig. 5 B) (P < 0 .001 ,  
pa i red  two-tailed t tests). The  effect was small, bu t  a 
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mul t i - ion  pore  can  show a s t rong  a n o m a l o u s  mole  frac- 
t ion  effect, a weak one ,  or  n o n e  at all, d e p e n d i n g  on  

the energy  profiles a n d  the ion  c o n c e n t r a t i o n s  (Camp- 
bell  et al., 1988). 

R. Cloues a n d  N. V. Mar r ion  (personal  c o m m u n i c a -  

t ion) also f ound  no  significant a noma l ous  mole  fract ion 
effect for IM in  rat  sympathet ic  ganglia,  us ing  isotonic 

K+o + Rb +. O u r  a t tempts  to r e p r o d u c e  the i r  resul t  
were compl ica ted  by large Isa-like cur ren t s  (Selyanko et 
al., 1990), which were m u c h  m o r e  p r o m i n e n t  in  120 
mM Rb + than  in K+o or  in  ou r  previously used  ionic  
cond i t ions  (see Materials a n d  Methods) .  However,  we 
could  ident ify a tail c u r r e n t  c o m p o n e n t  with Ivr-like ki- 
netics, which showed no  a n o m a l o u s  mole  f rac t ion ef- 

fect in mixtures  of 120 mM Ko + + Rb + (data no t  shown).  

Interpretation of Conductance Measurements 

The  a mp l i t ude  of  a whole-cell  c u r r e n t  reflects bo th  the 
s ing le -channe l  c u r r e n t  a n d  the n u m b e r  of  o p e n  chan-  
nels. Thus ,  if act ivat ion of  IM or/DR c h a n g e d  w h e n  Rb + 
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FIGURE 5. Test for anomalous mole 
fraction effects. [K+]o + [Rb+]o was held 
constant at 15 mM, with the mole frac- 
tion of K+o varied from 0.0 (pure Rb,+,) to 
1.0 (pure K+o). Conductances (filled cir- 
cles) mad permeabilities (open circles) are 
shown for IM (A) in 105 mM Na, +, and IDR 
(B) in 105 mM NMG~. Note expanded 
vertical scale in B. Error bars are shown 
when larger than the symbols. Asterisks 
denote values that were significandy less 
than those at K~ mole fractions of 0.0 
and 1.0. 

was  s u b s t i t u t e d  f o r  Ko + , t h e  d i f f e r e n c e s  i n  t h e  m e a s u r e d  

c h o r d  c o n d u c t a n c e s  m i g h t  r e f l e c t  c h a n g e s  i n  g a t i n g  

r a t h e r  t h a n  p e r m e a t i o n .  T h e r e f o r e ,  t h e  v o l t a g e  d e p e n -  

d e n c e  o f  a c t i v a t i o n  was m e a s u r e d  f o r  b o t h  c u r r e n t s  i n  

t h e  d i f f e r e n t  i o n i c  c o n d i t i o n s ,  u s i n g  tai l  c u r r e n t s  re-  

c o r d e d  a t  a f i x e d  v o l t a g e  ( - 6 0  m V )  to assess  t h e  d e g r e e  

o f  a c t i v a t i o n  d u r i n g  p r e c e d i n g  v o l t a g e  s teps .  

A f t e r  d e p o l a r i z a t i o n s  l a s t i n g  1 s, f r o m  a h o l d i n g  p o -  

t e n t i a l  o f  - 3 0  m V ,  ta i l  c u r r e n t s  c o n t a i n e d  b o t h  fas t /DR 

a n d  s low IM c o m p o n e n t s  (Fig.  6, A a n d  C). T h e  I M c o m -  

p o n e n t  was  f i t t e d  to  a B o l t z m a n n  r e l a t i o n  (Fig. 6, B a n d  

D) ,  as i n  t h e  o r i g i n a l  k i n e t i c  d e s c r i p t i o n  o f  I M ( A d a m s  

e t  al., 1 9 8 2 a ) .  T a b l e  II  s h o w s  t h a t  I M a c t i v a t i o n  p a r a m e -  

t e r s  d i d  n o t  va ry  s i g n i f i c a n t l y  b e t w e e n  Ko + a n d  R b  + . 

T h e  B o l t z m a n n  p a r a m e t e r s  w e r e  c o m p a r a b l e  w i t h  

t h o s e  o f  A d a m s  e t  al. ( 1 9 8 2 a ) ,  e x c e p t  f o r  a ~ 1 0  m V  hy-  

p e r p o l a r i z e d  s h i f t  i n  Vl/2, p r o b a b l y  r e s u l t i n g  f r o m  dif-  

f e r e n c e s  i n  s c r e e n i n g  o f  s u r f a c e  c h a r g e  by  t h e  d i f f e r e n t  
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FIGURE 6. Comparison of I i 
activation curves in K+o vs. Rb,+,. 
[K+]o or [Rb+]o was 2.5 mM for 
A and B, and 15 mM for Cand  
D. (A) Tail currents at - 6 0  mV 
in 2.5 mM K + (left) or 2.5 mM 
Rb + (right), after 1-s steps to 
the voltages indicated below 
the traces. Records are not  leak- 
subtracted. Cell E4902. (B) 1M 
activation curves (filled symbols). 
Circles denote  measurements  in 
K +, squares in Rb +. For compar- 
ison, the IDR tail componen t  is 
also shown (open symbols). The 
line is the Bol tzmann fit to the 
I M data in K +, with VI/2 = - 4 6  
mV and z = 3.6. I M tails were 
separated from InR, and  data 
were fitted to the Boltzmann re- 
lation (Eq. 3), as described in 
Methods. The activation curve 
was scaled such that I M ..... = 1 
and 1M,0 = 0 (see Eq. 3). /I>R tails 
were normalized to IM,m~, tO al- 
low comparison of IM and 1L)R 
amplitudes. ((5 Tail currents in 
15 mM K + (/eft) or Rb + (right) 

at - 6 0  mV, as in part  A. Cell A5123. (D) Normalized activation curve from the data of C. The data were analyzed, and symbols have the 
same meaning, as in B. Note that the value for I~R at 0 mV in Rb + (8.8) is off scale. The line is the Boltzmann fit to the I M data in K + , with 

V1/2 = - 3 6  mV and z = 3.1. 
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T A B L E  I I  

Activation Parameters for IM and IoR in Different Ionic Conditions 

/~ /DR 

Ion z VI/2 (mY) n z V1/2 (mV) n 

2.5mMK+o 3.6-+0.3 -46 .9-+3.5  5 1.7-+0.04 10.0-+3.1 6 

2 .5mMRb + 4.0+-0.5 -45.4 +3 .7  5 1.9+-0.1 8.8 +3 .9  4 

1 5 m M K  + 2.9+-0.5 -34 .3+-7 .6  5 1.7-+0.1 2.0+-2.1 6 

1 5 m M R b  + 2.8-+0.1 -38 .2-+1.4  5 1.8-+0.1 2.8-+3.9 4 

I M tail currents were separated from/DR, and data were fitted to the Boltz- 
mann relation (Eq. 3), as described in Materials and Methods. 

divalent ion concentrat ions used (10 mM Mg 2+ + 2 
mM Ca 2+ for Adams et al., 1982a; vs. 2 mM Mn 2+ in 
the exper iments  repor ted  here) .  

/DR activation was measured  with a separate protocol,  
using depolarizations f rom a holding potential  of  - 6 0  
mV. This required at tenuat ing the outward current ,  be- 
cause it was too large to clamp accurately with 88 mM 
intracellular K +. Two methods  were used. First, 2 mM 
TEAo was added  to partially block /DR. TEA block did 
not  affect EREV in 2.5 or 15 mM K + or Rb + (n = 5), and 
does not  change the activation curve of  /DR (K.J. 
Greene  and S.W. Jones,  unpubl ished observation).  Tail 
cur ren t  ampli tudes  were fitted to a Boltzmann relation 
to provide an empirical  compar ison between cells and  

ionic conditions. Although high Rb + and Ko + both  
slowed tail cur rent  deactivation, the /DR activation 
curves did not  vary between Ko + and Rb+o (Table II)./DR 
activation was also measured  without  TEA, but  with a 
lower K + intracellular solution (25 raM), and  again, ac- 
tivation did not  vary between Rbo + and Ko + (data not  
shown). Thus, for both  IM and/DR, differences in chord  
conductance  between K+o and Rbo + are likely to reflect 
differences in permeat ion,  not  gating. 

Other Monovalent Cations 

Both currents were tested in a variety of  external  cat- 
ions. As expected  f rom other  K + channels (Hille, 
1992), both  IM and/DR channels  were weakly permeable  
to 120 mM NH4+o, but  not  measurably permeable  to 
Li + , CH~NH3o + , or  NMG + (Fig. 7, Table I). No inward 
current  was observed as far negative as - 120 mV when 
the sole extracellular monovalen t  cation was 120 mM 
Li +, CH3NH ~, or  NMG +. 

Cs + could carry inward current  for both  IM and /DR 
(Fig. 7). The  relative permeabil i t ies and  chord  conduc- 
tances were small but  measurable  (Table I). Unexpect-  
edly, /OR channels  were also pe rmeab le  to Na+o (Fig. 7, 
Table I). Because of  the extremely negative reversal 
( < - 1 0 0  mV) in 120 mM Na +, the chord  conductance  
could only be measured  10-20 mV negative to reversal. 
Therefore ,  the value for Na + conductance  in Table I 

A 
~, 'o Cr Na'o U'o cn,mh'o 

. . . . . .  . . . . . .  . . . . . . .  . . . . . .  . . . . . . .  

F ' '~" " 8 0 ]  ~ 4 "  . . . .  -~10[ "120 -120 -120 mV 

, ' ~ 1 

-20 -20 

. . . . . . . . . . .  ~ - ' "  -80 ........ -120 ...... -120 -120 mV 

lores  

FIGURE 7. IM a n d  l ,g  in  120 m M  extracel lular  NH]-, Cs +, Na +, Li +, or  CH3NH~. Tail cur ren ts  are shown in 20 mV inc remen t s  for IM (A) 
and/DR (B). T h e  voltage r ange  for  the  tail cur ren t s  is given ad jacent  to the  c u r r e n t  traces. Note  the  di f ferent  c u r r e n t  scales. Iu records  were 
taken f rom dif ferent  cells (NH~-, A4920; Cs + , A4921; Na +, F4902; Li +, A4920; CH3NH ],  A4920) and  were leak sub t rac ted  ( " m e t h o d  2"). All 
IDa records  are f rom cell C4921. 
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may overest imate  the t rue  Na + c o n d u c t a n c e  th rough  

/DR channels ,  bu t  that  value was clearly grea ter  than  
zero. In  cont ras t  to /DR, IM channe l s  d id  n o t  c o n d u c t  a 
measurab le  Na + c u r r e n t  (Fig. 7). 

Because detec table  Na + and  Cs + permeabi l i ty  
t h r o u g h  K + channe l s  is no t  genera l ly  observed, we at- 
t emp ted  to ru le  ou t  several possible art ifactual  explana-  

t ions for this result. Inward  Cs + a n d  Na + cur ren t s  were 
n o t  an  artifact of  the leak sub t rac t ion  me thod ,  as they 
were observed in bo th  leak-subtracted and  unsub -  

t racted records  (data no t  shown) .  The re  were n o  o the r  
p e r m e a n t  ions in  the ext racel lu lar  solut ion,  leaving 

Na + or Cs + as the only  possible carr ier  of  inward  cur- 
rent .  Inward  Na + a n d  Cs + cu r ren t s  were especially obvi- 

ous when  c o m p a r e d  with c u r r e n t  traces with Li +, 
CH3NH ~, or  NMG + as the sole extracel lu lar  monova-  

l en t  cat ions (Fig. 7). The  lack of  inward  c u r r e n t  with 
Li + , CH3NH3 + , or  NMG + also ru led  ou t  the possibility 
that  the inward  c u r r e n t  observed with Nao + or  Cs + was 
actually the result  of  a c c u m u l a t i o n  of ext racel lu lar  K + 

d u r i n g  the p r e c e d i n g  depo la r i z ing  step. Addit ional ly,  

/DR Na + c u r r e n t  was also observed u n d e r  cond i t ions  
that  m i n i m i z e d  any possible K + accumula t ion ,  shor ten-  
ing  the depola r iz ing  step to 30 ms or  s t epp ing  to only  
- 1 0  mV (data n o t  shown) .  A n o t h e r  conceivable  possi- 

bility was that  the Na+-K + ATPase migh t  be  active in  
120 mM ext race l lu lar  Na +, b u t  no t  NMG +, Li +, or  
CH3NH ~, which could  affect ion  gradients .  To  test that  

possibility, the 120 mM Na + expe r imen t s  were repea ted  

with the  Na+-K + ATPase i nh ib i t ed  by 100 IzM dihydro-  
o u a b a i n  (Jones, 1989). As before,  inward  Na + c u r r e n t  

t h r o u g h  /DR channe l s  was observed (data no t  shown).  
Finally, K + c o n t a m i n a t i o n  of  the NaC1 used was mini -  

mal,  <0 .005% K + (SigmaUlt ra  grade) ,  p red ic t ing  at 
most  6 t~M K + a n d  an  EK = --245 mV. 

Ion Block 

/DR channe l s  were p e r m e a b l e  to Na + bu t  only carr ied  a 

small  Na + cur ren t .  If Nao + truly e n t e r e d  the pore,  it 
m i gh t  b lock K + c u r r e n t  through/DR channels .  Extracel- 
lu lar  Na +, at 25 a n d  100 mM, did block inward  K + cur- 

r en t  t h r o u g h  !DR c h a n n e l s  in  a vo l t age -dependen t  man-  
ner ,  with 10 mM K + (Fig. 8). A W o o d h u l l  (1973) 
scheme was used to quant i fy  the block in  terms of in- 

trinsic b i n d i n g  affinity (KD(o mv)) a n d  effective valence 
(z~): 

f - -  [X +] o/{ [X +] o +KD(0mv)exp (z~FVR - 1 T  - l )  },  (4) 

where  f = the f rac t ion of/DR tail cu r ren t s  b locked  by 
ion  X § at the voltage V. Tha t  s implif ied version of  the 
W o o d h u l l  (1973) mode l  is n o t  strictly valid here,  as it 

assumes that  the b lock ing  ion  b inds  at a fixed electrical 
d is tance (6) f rom the ext racel lu lar  space wi thout  per- 

me a t i ng  the c h a n n e l ,  a n d  it does n o t  cons ide r  i o n - i o n  
in te rac t ions  in  the pore.  C u r r e n t  block was no t  well de- 
scr ibed by a single set of  pa ramete r s  for bo th  Na+o con- 

cen t ra t ions  (Fig. 8, dashed lines). However, each Na~ 
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FIGURE 8. Extracellular Na + block of in- 
ward K + current through /DR. (A) IOR tail 
currents in 10 mM K + + 100 mM NMG+o 
(1), 10 mM K + + 100 mM Na + (2), and af- 
ter return to 10 mM K + + 100 mM NMG + 
(3), recorded at the voltages indicated after 
repolarization from +10 mV. Cell A4N02. 
(B) Woodhull (1973) plot of the fraction of 
/DR blocked vs. voltage, for 25 mM Na + 
(squares) and 100 mM Na + (circles). Dotted 
curves are the best fit of Eq. 4 to data in 
both 25 and 100 mM Na +, with Ko( 0 my) = 
967 raM, z~ = 0.40 (n = 6). Solid curves are 
fits to each Na + concentration individually: 
Ki)~0 mv) = 496 mM and zB = 0.30 for 25 
mM Na+; KD(0 mV) = 1.18 M and z8 = 0.43 
for 100 mM Na +. 
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Both IM and IDk were blocked by Cs + in a strongly volt- 
age-dependent  manner.  Cs+o block of  I M at all three 
Cs + concentrations was well fit by a single set of  
Woodhull  parameters (Fig. 10). Similarly to Na +, Cs + 
block of/OR was not  fit well by a single set of  parameters 
for the entire data set (Fig. 11, dashed lines), but each 
Cs + concentrat ion was well fit individually (Fig. 11, 
solid lines). The best fit effective valence did not  change 
monotonically with Cs + (z~ = 0.63 in 1 mM Cso +, 0.96 
in 25 mM Cs + , and 0.70 in 75 mM Cs + ). 

Eyhng Models of Permeation 

A two-barrier one-site model could fit IM adequately in 
K +, Rb + , and Cso + (Fig. 12). The barriers and wells 
were fixed to be at the same electrical locations for all 
three ions, and the same set of  parameters was used for 
both Cs + block and Cs + permeation. In contrast, the 

+ + Ko-Rb o data for IbR required a three-barrier two-site 
model, and block of  Ir~R by Cs + could not be adequately 
described even by the two-site model  (not shown). 

D I S C U S S I O N  

/DR 

In many ways, permeation properties of IDR channels in 
bullfrog sympathetic neurons were similar to many 
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nA 0 
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-4 
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? :  10mv- 

Na* o 
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-120 rnV 

-120 -100 -80 -60 -40 
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concentrat ion could be well fit individually (solid lines). 
Concentrat ion dependence  of  effective valence has 
been interpreted previously as evidence of  multi-ion 
pore behavior (Adelman and French, 1978). Na + did 
not block inward IM under  the same ionic conditions 
(data not  shown). 

The block of  inward /OR by Na +, observed in high 
Ko + , suggested that Na + might affect/DR under  physio- 
logic conditions (see Fig. 1 B). Figure 9 shows that Na + 
also blocked IDR in 2.5 mM Ko + . Furthermore,  the out- 
ward rectification in the instantaneous I-V curve was 
markedly increased in Na + compared with NMG + 
(n = 4). Na + permeation in IoR channels might affect 
El~v, as suggested by the observation that E~v was 
slightly positive to the calculated EK in 2.5 mM K + (Fig. 
1 C). The Goldman-Hodgkin-Katz (GHK) equation 
predicts a shift of  +9 mV on switching from NMG + to 
Na+o, for PNa/P~ =- 0.009 and P~Mc/P~ = 0. However, 
no significant shift was observed ( -  1.6 • 0.5 mV, n = 4). 
The GHK equation assumes that permeant  ions do not  
interact, which is not  true in a multi-ion pore. The ab- 
sence of  an Emv shift with Na + suggests that the IDa 
channel  pore does not obey independence  between K + 
and Na +, which is additional evidence that IDI~ channels 
are multi-ion pores. 

As Cs + was also both permeant  and weakly conduct- 
ing, extracellular Cs + block of  both currents was tested. 
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FICURE 9. Na+o block of 1OR 
under physiological condi- 
tions. Because there was a 
large junction potential differ- 
ence between Na+o and NMG+o 
solutions, a 3-M KCI agar 
bridge was used as bath 
ground in these experiments, 
and solutions were exchanged 
by bath. (A) lbR tail currents 
in 2.5 mM K+o + 117.5 mM 
NMG+o (/eft), K+o + 117.5 mM 
Na+o (middle), and after return 
to K + + NMG+~ (r/ght). (B) 
Instantaneous I-V relations 
from the data in part A. Open 
symbols are currents mea- 
sured in NMG+o, filled sym- 
bols in Na+o. Cell A5517. 
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FIGURE 10. Extracellular Cs + block 

of  inward IM. (A) IM tail currents  in 25 

m M K  + ( 1 ) , 5 m M C s  + + 2 5 m M K  + 

(2), and after re turn  to 25 mM K + (3), 

at the indicated voltages, all with Na + 

to balance ionic strength. Currents  are 

not  leak-subtracted. The  apparen t  de- 

crease in current  between initial and 

final measurements  was the result of  a 

small decrease in leak, which did not  

affect the ampli tude of  the IM relax- 

ation. Cell A3028.  (B) The fraction of  

1 M blocked by Cs + vs. voltage, in 25 

mM [K+]o. [Cs+]o was 1 mM (circles), 5 
mM (squares), or 25 mM (triangles). 
Curves are the best fit of  Eq. 4 to the 

data, with I~(0 mV/ = 97 mM and z~ = 

0.93 (n = 8). 

other  K + channels. Rb + permeability was comparable 
to frog node (PRb/PK = 0.92, Hille, 1973) and Shaker 
(PRb/PK = 0.89; Perez-Cornejo and Begenisich, 1994) 
K + channels. Perez-Cornejo and Begenisich (1994) also 
observed concentrat ion dependence  in PRb/PK, while 
others have repor ted that C~b/C~ was lower than PRb/ 
PK (Wagoner and Oxford,  1987; Shapiro and DeCour- 
sey, 1991; Heginbotham and MacKinnon, 1993). 
Anomalous mole fraction effects have been seen in 
many K + channels, including inward rectifier, Ca 2+- 
activated, squid axon, and Shaker K + channels (Hagi- 
wara et al., 1977; Eisenman et al., 1986; Wagoner and 

Oxford, 1987; Heginbotham and MacKinnon, 1993). 
NH~- permeability was also similar to previously re- 
ported data (Hille, 1973; Reuter and Stevens, 1980; 
Wagoner and Oxford, 1987; Shapiro and DeCoursey, 
1991; Heginbotham and MacKinnon, 1993; Perez- 
Cornejo and Begenisich, 1994). 

Na + Permeation and Block of IDn 

K + channels usually exclude Na + very effectively (Hille, 
1992). The combination of observable Na + currents 
through /DR channels (Fig. 7) and voltage-dependent 
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FIGURE 11. Extracellular Cs + block of  

inward /DR. (A) /DR tail currents  in 25 

m M K  + ( 1 ) , 2 5 m M C s  + + 2 5 m M K  + 

(2), and after re turn  to 25 mM K + (3), 

at the indicated voltages. All traces f rom 

cell E4014  and with NMG + to balance 

ionic strength. (B) The  fraction of/DR 

blocked by Cs + vs. voltage, in 25 mM 

[K+]o. Dotted curves are the best fit of  

Eq. 4 to all four  Cs + concentrat ions,  

with I~(0 mV) = 238 mM and z~ = 0.90 

(n = 11). Solid curves are fits to each 

Cs + concentrat ion individually: I~)(0 mY) 

= 36 mM and z3 = 0.63 in 1 mM Cs + 

(filled circles); KD(0 my) = 269 mM and z~ 

= 0.88 in 5 mM Cs + (squares); KD(0 my) = 

306 mM and z~ = 0.96 in 25 mM Cs + 

(triangles); K~)(0mv) = 139 mM and z~ = 

0.70 in 75 mM Cs + (open circles). 
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FmURE 12. A two-barrier one-site 

Eyring model for IM. Data are instan- 

taneous currents from the protocol 

of Fig. 1 A (symb0/s), with the model 
superimposed (curves). Model cur- 
rents were calculated from Eq. 14-10 
of Hille (1992). Data were corrected 
for junction potentials. (A) IM in K + 
and Rb + from cell B4N09, recorded 

in 2.5 mM K+o (filled triangles), 15 mM 
K + (filled circles), 15 mM Rb + (filled 
squares), 5 mM K + + 10 mM Rb + 

(open squares), and 10 mM K+o + 5 
mM Rb + (open triangles). The inset 
shows the energy profile, with barrier 

and well free energies (in RT units) 
8.3, -0.7,  9.7 for K + (solid lines), and 
4.0, -4.3,  10.5 for Rb + (dashed lines). 
The outer barrier was not uniquely 
defined for Rb +, as the error in the 

fit changed litde for values from 0 - 
4 RT. The barrier heights given pre- 
dict single-channel-sized currents 
(~pA). The simulated whole-cell 
currents in this figure were gener- 
ated by arbitrarily assuming 1,000 

channels per cell. Electrical distances 

were 0.21, 0.54, and 0.99 from outside to inside (left to right). (B) Iu in K + and Cs +. At the left, currents in 120 mM Cs + with no K+o (filled 
symbols) and 2.5 mM K + + 117.5 Na + (open symbols), from cell A4921. At the right, Cs + block of lu  in 25 mM K + + Na + (open circles), with 1 

(filled circles), 5 (filled squares), or 25 (open squares) mM Cs + added, from cell D3028. The inset shows the energy profile, with barriers/wells 
6.8, -4 .0 ,  and 13.7 for Cs § (dashed lines), and the same K + profile and electrical distances as in part A. The K + energy profile from part A 
was used to fit the K + data in B, adjusting only the number  of channels per cell. The Cs + energy profile was derived by fitting the data for 

both Cs + permeation and Cs + block. 

Na + block of  inward K + current  (Figs. 8 and 9) was 
strong evidence that Na + both entered and traversed 
the pore. In contrast, Na + was not  measurably per- 
meant  in a variety of  other  K + channels, including I M, 
frog node (Hille, 1973), inward rectifier (Hagiwara and 
Takahashi, 1974), CaZ+-dependent K + (Blatz and Ma- 
gleby, 1984; Tabcharani and Misler, 1989; Hu et al., 
1989), Shaker (Heginbotham and MacKinnon, 1993), 
and Kv2.1 K + channels (Kirsch et al., 1995). Extracellu- 
lar Na + had little effect on K + currents in the squid 
axon (Bezanilla and Armstrong, 1972; Adelman and 
French, 1978). However, internal Na + did block squid 
axon K + current, and the block was relieved by extreme 
depolarization, implying that Na + could traverse the 
pore, but  at a low rate (French and Shoukimas, 1985). 
Ca2+-dependent K + channels were also blocked asym- 
metrically by internal but not  external Na + (Yellen, 
1984). Those results contrast with the block by extracel- 
lular Na + reported here for the/DR of frog sympathetic 
neurons. We are not  aware of  any previous evidence for 
block of  K + channels by Nao + , which we observed even 
under  physiologic ionic conditions (Fig. 9). 

A few studies have reported detectable Na + currents 

through K + channels. Reuter and Stevens (1980) found 
PNa/PK = 0.07 for the delayed rectifier of  Helix neu- 
rons. Taylor (1987) measured putative inward Na + cur- 
rents for the Helix A-current, predicting PNJPK = 0.09, 
but those results were complicated by possible K + accu- 
mulation. The eag K + channel of  Drosophila showed an 
unusually high Na + permeability (PNJPK = 0.11; 
Brfiggemann et al., 1993), but  the rat homolog  of  eag 
did not (PNa/PK < 0.01; Ludwig et al., 1994). Our  abil- 
ity to record a Na + current  through /DR channels was 
probably the result of  the strong hyperpolarizing pulses 
used, which were necessary because Na + permeability 
was small. Many studies that did not find a measurable 
PNJPv~ did not  use such extreme voltages, and thus 
were only able to conclude that PNa/PK was <0.01, con- 
sistent with the PNJP~ = 0.009 reported here for/DR. 

Some K + channels become permeable to Na + under  
abnormal ionic conditions, including the absence of  
K + a n d / o r  Ca z+ (Armstrong and Miller, 1990; Zhu and 
Ikeda, 1993; Callahan and Korn, 1994; Korn and Ikeda, 
1995). We observed Na + influx only in the absence of  
K + (but despite the presence of  K +). However, block 
of  /DR by Nao + was seen in mixtures of  Ko + and Na+o 
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(Figs. 1, 8, 9), indicating that  Na + can enter  and occupy 
the pore  despite the presence of  both  K + and KT. In 
addition, Na + permea t ion  was associated with loss of  
time- and vol tage-dependent  gating in Shaker (Arm- 
strong and  Miller, 1990), whereas /DR channels main- 
rained their usual kinetic behavior  in Na + , Ko + , or mix- 
tures of  both. In contrast, IM channels were not  blocked 
by Na + and did not  conduct  Na + ions, demonst ra t ing  
that the effects o f N a  + on/DR do not  reflect a previously 
unrecognized general  proper ty  of  K + channels, and 
that the results with Na + were not  a peculiarity of  our  
exper imenta l  conditions or  of  this cell type. 

Block by Nao + could be impor tan t  in physiologic con- 
ditions, even though/DR channels would not  carry a sig- 
nificant Na + current.  Especially at more  negative volt- 
ages, Na + would partially block/DR during repolarization 
of  the action potential  and dur ing the afterhyperpolar-  
ization following the action potential.  It is also worth 
noting that the outward rectification of  the instanta- 
neous I -V curve (Fig. 9), which resembled Goldman-  
Hodgkin-Katz rectification, was largely caused by block 
by Na+o . 

Cs + Permeation and Block 

Reports of  Cs + permea t ion  and conductance  through 
K + channels are conflicting. Studies of  Ca2+-activated 
K + channels repor ted  no Cs + permea t ion  (Blatz and 
Magleby, 1984; Cecchi et al., 1987; Hu  et al., 1989). 
However, measurable  Cs + currents were observed 
through sarcoplasmic reticulum K + channels (Cukier- 
man  et al., 1985), Hel i xA-curren t  (Taylor, 1987), Shaker 
(Heg inbo tham and MacKinnon, 1993), lymphocyte K + 
channels (Shapiro and DeCoursey, 1991), and the 
Kv2.1 K + channel  (De Biasi et al., 1993). In the squid 
axon, Cs + permeat ion  was inferred by reduct ion of  
external Cs + block by ext reme hyperpolarization, and 
reduct ion of  internal Cs + block by ext reme depolariza- 
tion (Adelman and French, 1978; French and Shouki- 
mas, 1985). For both  squid axon and Shaker, the effec- 
tive valence of  Cs + block varied with K + and Cs + con- 
centration, as though more  Cs + ions were present  in 
the channel  at higher  Cs + or lower K + (Adelman and 
French, 1978; Wagoner  and Oxford,  1987; French and 
Shoukimas, 1985; Perez-Cornejo and Begenisich, 
1994). The  z~'s varied f rom 0.6 to 1.3, similar to the 
0.63 to 0.96 range repor ted  here. Cs + affinity was 
higher  for/DR channels than for squid axon and Shaker 
K + channels (Adelman and French, 1978; Perez- 
Cornejo and Begenisich, 1994). 

Many studies of  Na + and Ca 2+ currents substitute Cs + 
for K + to block K + currents. Although Cs + conductance  
was small compared  with K +, significant inward current  
can be carried by 120 mM Cso + (Fig. 7). With intracellu- 
lar Cs +, t ime-dependent  outward currents were ob- 
served that are clearly distinct f rom the Na + and Ca '2+ 

currents of  bullfrog sympathetic neurons  (Jones, 
1987). Similar problems occur  in other  cell types (Had- 
ley and Hume ,  1990; Zhu and Ikeda, 1993). Better pre- 
vention of  K + channel  current  could be accomplished 
by substituting NMG + for K + (Jones and Marks, 1989). 

IM 

This is the first detailed repor t  of  permeat ion  through 
I M channels. The  selectivity series was similar to /DR, 
with the exception of  the measurable  Na + permeabil i ty 
and greater  Cs + conductance  of/DR channels. I M chan- 
nels had a GRb/C~ much  lower than PRb/PK. Neither  
conductance  nor  permeabil i ty was concentrat ion- 
dependen t  in I~, and no clear anomalous  mole fraction 
effects were observed. Cs + blocked IM with higher  affin- 
ity but  similar effective valence, compared  with/DR, and 
did not  show concentra t ion dependence  in its effective 
valence of  block. Ion permea t ion  and block of  IM chan- 
nels could be described by a two-barrier one-site model.  
In sum, al though I M channels were highly selective for 
K +, I M did not  show any clear multi-ion behavior. It is 
possible that multiple ion occupancy of  IM channels 
only occurs at higher  ion concentrat ions or  with differ- 
ent  combinat ions of  ions. Nonetheless,  the results with 
/DR show that multi-ion pore  behavior  in a K + channel  
could be observed in bullfrog sympathetic neurons  un- 
der  our  exper imenta l  conditions. 

General 

The whole-cell mode  of  patch clamp used in these ex- 
per iments  offered several advantages over single-chan- 
nel recording for studies of  ion selectivity. Separation 
of  IM and /DR was routinely possible (Adams et al., 
1982a), whereas unambiguous  identification of  single- 
channel  currents would be difficult in a cell containing 
at least six macroscopic K + currents (Adams et al., 
1982a;Jones and Adams, 1987;Jones, 1989). In particu- 
lar, previous studies of  single M-channels have produced 
conflicting results regarding single-channel conduc- 
tance and kinetic behavior (Owen et al., 1990; Selyanko 
et al., 1992; Stansfeld et al., 1993; Marrion, 1993). 
Whole-cell currents were large, and easily measured  
over wide voltage ranges, allowing the measuremen t  of  
currents carried by weakly conduct ing ionic species. 
Currents were stable over long times, allowing multiple 
solution exchanges on the same cell. The  main disad- 
vantage of  studying whole-cell currents  was that careful 
measurements  of  activation curves were required to 
show that changes in current  ampli tude s t emmed from 
effects on channel  conductance  and not  effects on the 
open  probability. Formally, we cannot  rule out the pos- 
sibility that ions affect p (open)  without shifting the ac- 
tivation curve, but  that seems unlikely. 

The  side-by-side compar ison of two different K + cur- 
rents in the same cell type allowed us to conclude that 
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t h e  d i f f e r e n c e s  f o u n d  a r e  rea l ,  a n d  d o  n o t  s i m p l y  re-  

f l ec t  d i f f e r e n c e s  in  e x p e r i m e n t a l  c o n d i t i o n s  o r  p r o t o -  

cols.  P e r h a p s  t h e  m o s t  s u r p r i s i n g  r e s u l t  was t h a t  /DR 

c h a n n e l s  w e r e  b l o c k e d  by N a o  + u n d e r  p h y s i o l o g i c a l  

i o n i c  c o n d i t i o n s ,  d e s p i t e  r e s e m b l i n g  o t h e r  K + c h a n n e l s  

in  m o s t  a spec t s  o f  i o n i c  select ivi ty .  U n l i k e  o t h e r  K + 

c h a n n e l s  ( i n c l u d i n g / D R ) ,  IM c h a n n e l s  s h o w e d  n o  c l e a r  

e v i d e n c e  o f  m u l t i - i o n  p o r e  b e h a v i o r ,  a n d  ye t  w e r e  at  

l eas t  250- fo ld  se l ec t ive  f o r  K + o v e r  N a  +. I t  is n o t  possi-  

b le  to  c o n c l u d e  f r o m  t h e  a b s e n c e  o f  m u l t i - i o n  b e h a v i o r  

t h a t  IM c h a n n e l s  a r e  s i ng l e - i on  p o r e s ,  b u t  t h e s e  resu l t s  

d o  raise  t h e  poss ib i l i ty  t h a t  t h e  m e c h a n i s m s  u n d e r l y i n g  

p e r m e a t i o n  a n d  se lec t iv i ty  f o r  IM d i f f e r  f r o m  p r e v i o u s l y  

s t u d i e d  K + c h a n n e l s .  
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