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1 Introduction 

Ion ic  c h a n n e l s  in  b io log ica l  m e m b r a n e s  enab le  the passive m o v e m e n t  of  ions  

be tween  the  extra- a n d  in t race l lu la r  so lu t i ons  a n d  are genera l ly  n a m e d  after  

the  m a i n  p e r m e a n t  ion .  T h u s  o p e n  s o d i u m  c h a n n e l s  are selective for N a  ÷ 

ions  a n d  have on ly  m i n o r  p e r m e a b i l i t y  for o the r  ca t ions  a n d  an ions .  Such  

I. Physiologisches Institut, Universitat des Saarlandes, D-6650 Homburg (Saar), FRG 
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Na*-preferring channels are present in electrically excitable membranes of 
nerve and muscle and also in many inexcitable cells, e.g. epithelial cells (Fuchs 
et al. 1977; Palmer 1987) and light receptor cells of vertebrate eyes (Yau and 
Nakatani 1984; Hodgkin et al. 1985). However, this review and the following 
chapters in this volume are devoted exclusively to voltage-gated channels. 

At first sight all sodium channels of neural and muscular origin appear to 
be quite homogeneous. They open transiently upon depolarization and thus 
produce the characteristic fast activation and slower inactivation phases of 
the macroscopic sodium currents (compare Figs. 2, 4, 7a, b, and Hille 1984 
p. 73, Fig. 9). The first indication of channel heterogeneity was the discovery 
of distinct toxin effects on sodium channels in various excitable cells. Thus, 
tetrodotoxin blocks neural sodium channels even in the nM concentration 
range (Narahashi et al. 1964; Nakamura et al. 1965), while a concentration 
of several IxM is necessary for an equally effective block of sodium channels 
in heart muscle (Brown et al. 1981; Cohen et al. 1981). Moreover, embryonic 
neurons and muscles often have tetrodotoxin-resistant sodium channels 
(Spitzer 1979; Frelin et al. 1984). Differences between various sodium chan- 
nels are also revealed by the use of toxin ATX II from the sea anemone, 
Anemonia sulcata. This toxin slows the sodium inactivation in myelinated 
nerves at a concentration of several gM (Bergman et al. 1976; Ulbricht and 
Schmidtmayer 1981), but only a few nM prolong action potentials and modi- 
fy inactivation of sodium currents in heart muscle (Ravens 1976; Isenberg and 
Ravens 1984). In addition, sodium channels in the surface membrane and 
transverse tubules of frog skeletal muscle can be distinguished by their differ- 
ent binding affinities and action kinetics with tetrodotoxin, ethylenediamine 
derivatives of tetrodotoxin, and Centruroides or Tityus scorpion toxins 
(Jaimovich et al. 1982, 1983; Arispe et al. 1988). Finally, conotoxins from the 
snail Conus geographus can be used to discriminate between muscle, cardiac 
and neuronal sodium channels (Moczydlowski et al. 1986; Kobayashi et al. 
1986) and in addition between two channel subtypes in rat muscle (Gonoi et 
al. 1987). 

Recent determinations of the amino acid sequence of sodium channel pro- 
teins have corroborated the channel diversity. Despite a striking degree of 
homology, minor differences have been found between channels in the elec- 
troplax of Electrophorus electricus (Noda et al. 1984), in rat brain (Noda et 
al. 1986a) and in Drosophila (Salkoff et al. 1987). Furthermore, three sodium 
channel subtypes have been identified in rat (Kayano et al. 1988) which are 
distributed differently in skeletal muscle (Haimovich et al. 1987) and in brain 
(Gordon et al. 1987). At present the physiological significance of the various 
sodium channels and their preferred locations in a variety of tissues is un- 
known (Barchi 1987). Also, the structural changes in the channel molecules 
underlying the gating reactions have not yet been identified, though first re- 
ports have appeared on the participation of specific regions or single amino 
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acids of the channel protein in the formation of the membrane pore (Oiki et 
al. 1988), in the activation of the channel (Sttihmer et al. 1989), and in the 
process of sodium inactivation (Meiri et al. 1987; Vassilev et al. 1988; Krafte 
et al. 1988; Sttihmer et al. 1989) and in the binding of a-scorpion toxins (Te- 
jedor and Catterall 1988). Therefore, it cannot yet be decided whether the dif- 
ferent electrophysiological properties of various sodium channels are due to 
(a) variations in the amino acid sequence of the channel protein, (b) the par- 
ticipation of smaller peptides which copurify with the main a peptide in 
mammalian preparations (Barchi 1983; Hartshorne and Catterall 1984), (c) 
varying degrees of post-translational glycosylation of the channel protein or 
(d) different lipid domains around the sodium channel in the excitable mem- 
brane. The following discussion of the diversity of sodium channels in various 
excitable cells is, therefore, mainly descriptive and interpretations in terms of 
channel structures or lipid environments are necessarily rather speculative. In 
particular, differences in the electrophysiological properties of the channels 
derived from recent measurements of macroscopic sodium currents and gat- 
ing currents in multichannel preparations and from single channel currents 
are reviewed. A problem with this comparison is the difficulty of distinguish- 
ing between variations of real channel properties and apparent differences 
which are due to the experimental protocol or to inadequate consideration of 
artifacts. For example, large sodium currents from many sodium channels 
may be distorted by the voltage drop across the resistance in series with the 
membrane being studied (Hodgkin et al. 1952) producing a voltage shift of 
gating parameters. Similar voltage shifts in patch clamp experiments on sodi- 
um channels, seen when cell-attached or cell-excised patches from the same 
cells are compared, are still unexplained (Fenwick et al. 1982; Nagy et al. 
1983; Cachelin et al. 1983). Despite these ambiguities several real differences 
exist between the electrophysiological properties of sodium channels in adult 
or cultured cells and those of channels expressed in oocytes or incorporated 
into artificial lipid bilayers. A critical discussion of these differences is pre- 
sented in this review with the hope that an interpretation at the molecular level 
will be possible in the near future. 

2 Macroscopic Sodium Currents 

The classical description of ionic currents in the squid giant axon by Hodgkin 
and Huxley (1952) is also widely used for other electrically excitable mem- 
branes. In the Hodgkin-Huxley equations for the sodium current the term 
m3h can be considered as the probability of an open sodium channel. The 
symbol m denotes the activation variable, h the inactivation variable, and the 
kinetics of m and h are described by first-order differential equations. Thus, 
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the current relaxation at a given membrane potential is specified by the pa- 
rameters moo (steady state activation variable), hoo (steady state inactivation 
variable), rm (time constant of sodium activation) and rh (time constant of 
sodium inactivation). The steady state properties of sodium activation and in- 
activation in various excitable cells are discussed in Sect. 2.1 and the kinetics 
of these gating processes are discussed in Sects. 2.3, 2.4. 

2.1 Steady State Sodium Activation and Inactivation 

Figure 1 compares the voltage dependencies of the quantities h=, m~ and 
m~ in squid giant axons (Fig. I a), in mouse myocardial cells (Fig. 1 b), in 
Ranvier nodes of rat sciatic nerve (Fig. 1 c), and in Xenopus oocytes with 

1.0  

0 .8  

0 .6  

0 . 4  

0 . 2  

0 

1 .0 .  

0 . 8 .  
r4 

0 . 6 '  

0 . 4  

0 , 2  

o J_ 

mouse rnyocy t 

a -12o -80 -40  0 mV b -1'20 -80  . . . .  4 -40  0 mV 

1.0 

0 . 8  

0 .6  

0 ,4  

0 . 2  

0 

1.0. 

m3= 0 . 8 .  

0 . 8  

0 , 4 .  

ode 
0 . 2 .  

ocy te 

C -120 -80 -40 0 mV d -120 -80 -40 0 

Fig. 1 a - d .  Steady state parameters m ~ ,  rn~ and ha  of  sodium activation and inactivation in 
a variety of  excitable cells. Filled areas represent the overlap of  the m~  and h= curves. The 
membranes used are a squid giant axon with an assumed resting potential of  - 70 mV, b single 
myocardial mouse cell, e rat sciatic node of  Ranvier with an assumed resting potential of  
- 7 8  mV, and d rat brain sodium channels type II expressed in Xenopus oocytes. (a from Hodg- 
kin and Huxley 1952; b from Benndorf et al. 1985; c from Neumcke et al. 1987; d from Stiihmer 
et al. 1987) 
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implanted sodium channels of type II from rat brain (Fig. 1 d). The parame- 
ters are plotted as a function of the membrane potential, though the exact val- 
ue of the resting potential is unknown or not given for several of the prepara- 
tions selected for Fig. 1, therefore, the location of the midpoint potentials 
could be affected by this uncertainty. However, the overlap between the acti- 
vation and inactivation curves is independent of the assumed resting poten- 
tial. The "window" between the ho~ and m3~ curves (shaded areas in Fig. 1) 
is of particular interest because it reflects the potential range in which steady 
state sodium currents are observed. The amplitude of these stationary cur- 

3 rents is proportional to m=-h= and thus varies with the size of the window. 
Figure 1 reveals clear differences between the stationary sodium currents in 
various preparations. These differences cannot be attributed to different spe- 
cies because the largest deviations are found for rat sodium channels present 
either in nodes of  Ranvier (Fig. 1 c) or expressed in Xenopus oocytes (Fig. 1 d). 
Possible explanations for this are that the channel types present in rat brain 
are different from those in rat peripheral nerve (Gordon et al. 1987) or that 
rat sodium channels are modulated by the foreign environment of the oocyte 
membrane. 

In the examples illustrated in Fig. 1, the different sizes of the windows be- 
tween the h= and m~ curves are mainly due to variations in the inactivation 
variable hoo, while the potential dependence of the activation variable m= is 
rather uniform for different sodium channels. For example, the moo curves 
for rat sodium channels in nodes (Fig. 1 c) and in oocyte membranes (Fig. 1 d) 
are almost identical, whereas the hoo curve for the oocyte channel is flatter 
and shifted towards more positive potentials than that for the peripheral nerve 
sodium channel (Sttihmer et al. 1987). In general, the midpoint potentials Eh 
of h= curves show great variability between different cells. The largest nega- 
tive Eh value, of -109 mV, has been reported for mouse pancreatic B cells 
(Plant 1988), whereas an Eh of -35  mV reported for bovine chromaffin cells 
(Fenwick et al. 1982) is an extremely small negative midpoint potential. How- 
ever, varying overlaps between inactivation and activation curves may also be 
due to voltage shifts of the m~ parameter, e.g. in mammalian cultured 
Schwann cells (Shrager et al. 1985) and frog taste receptor cells (Avenet and 
Lindemann 1987) the activation is shifted to more positive potentials, whereas 
inactivation has a normal voltage dependence. 

Sodium channels with different m~, or ho~ midpoint potentials are not al- 
ways confined to different ceils, but they may also coexist in the same prepa- 
ration, e.g. adult (tetrodotoxin-sensitive) and juvenile (tetrodotoxin-insensi- 
tive) sodium channels with different h= curves are present in myoballs culti- 
vated from rat (Ruppersberg et al. 1987) or human (Pr6bstle et al. 1988) skele- 
tal muscle. 
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Fig. 2a-d,  Effects of inactivation-modifying substances on sodium channels in a node of Ran- 
vier of rat sciatic nerve (a, b) and in an N18 neuroblastoma cell (e, d). a Control sodium currents 
in rat nerve at test potentials of -54 (slowest current activation), -46, -38, -30, -18, 2, 22, 
and 42 mV (fastest current activation), b Sodium currents 2 min after extracellular application 
of 0.5 mM chloramine-T at the same test potentials as in a. c Control sodium currents in a 
neuroblastoma cell at test potentials from -60 to 90 mV in intervals of 10 mV. d Sodium cur- 
rents 60 min after intracellular application of 0.25 mg/ml papain. (a, b from Neumcke et al. 
1987, with an assumed resting potential of -78 mV; e, d from Gonoi and HiUe 1987) 

2.2 Shift o f  moo Curve by Inactivation Modifiers 

In  the Hodgkin-Huxley  equations the probabili ty o f  an open sodium channel 
(m3h) is formulated by the product  o f  the probabilities o f  a channel being 

activated (m 3) and not being inactivated (h). Hence, it is assumed that the 

two gating processes o f  sodium activation and inactivation proceed indepen- 
dently o f  each other. This concept is supported by numerous pharmacological  
experiments in which strong modif icat ion o f  sodium inactivation had no or 
only little effect on sodium activation (Hille 1984). As an example, Fig. 2a, b 



Fig. 3 a, b. Normalized peak sodium con- 
ductances before and after modification 
of sodium inactivation in a node of rat 
sciatic nerve (a) and in an NI8 
neuroblastoma cell 0a). Values in a be- 
fore (O) and after (+) application of 
extracellular chloramine-T were obtained 
from the experiment illustrated in Fig. 
2 a, b. Values in b before ( 0 )  and after 
( • )  inactivation is modified by in- 
tracetlularly applied papain are from 
Gonoi and Hille (1987) 
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shows an experiment on a myelinated fibre of rat sciatic nerve and depicts so- 
dium currents at various depolarizations under control conditions (Fig. 2a) 
and after addition of  chloramine-T to the extracellular solution (Fig. 2b). 
Chloramine-T reduces sodium currents in myelinated nerve at all test poten- 
tials, induces a marked slowing of  the process of  sodium inactivation, but has 
little effect on the kinetics and voltage dependence of  sodium activation 
(Wang 1984; Neumcke et al. 1987). Different results are obtained using N18 
neuroblastoma cells (Gonoi and Hille 1987): As illustrated in Fig. 2c, d, inac- 
tivation in this cultured cell is almost completely destructed by the action of  
intracellular papain, while sodium currents at all test potentials are increased, 
and in addition this treatment produces a strong alteration in sodium activa- 
tion. For example, a test pulse of - 4 0  mV elicits only a small sodium current 
under control conditions (Fig.2c) but a significant sustained current after 
channel modification (Fig. 2d). 

The different effects of  inactivation-modifying substances on peak sodium 
currents in nerve and neuroblastoma cells are clearly seen in Fig. 3, in which 
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normalized peak sodium conductances gNa have been plotted as a function 
of  the test potential. With rat nerve (Fig. 3 a) the conductances are almost 
identical before and after modification (the decline of gNa at large depolari- 
zations is due to the use of sodium conductances instead of  permeabilities 
(Dodge and Frankenhaeuser 1959)). On the other hand, there is a - 2 4  mV 
shift of  the conductance curve with the neuroblastoma cell (Fig. 3 b), showing 
that sodium channels become activated at more negative potentials after 
modification of sodium inactivation. The corresponding large negative volt- 
age shift of  the moo curve produced by inactivation-modifying substances 
seems to be a genuine property of the neuroblastoma cell (Gonoi and Hille 
1987), because no or much smaller shifts are observed in sodium channels of  
other preparations. Thus no voltage shift of activation parameters occurs in 
rat nerve after treatment with chloramine-T (Fig. 3 a) or in squid giant axons 
after destructing sodium inactivation by internal pronase (Armstrong et al. 
1973). Small negative m= shifts of  some mV have been reported for frog 
nerve after treatment with scorpion venom (KoppenhOfer and Schmidt 1968) 
or with toxin II ofAnemonia sulcata (Neumcke et al. 1985) and for squid gi- 
ant axons after administration of chloramine-T (Wang et al. 1985). Hence, so- 
dium channels in peripheral nerves show no or only small changes in the pro- 
cess of sodium activation after modification of sodium inactivation. Similar- 
ly, various agents which slow inactivation in frog skeletal muscle have only 
minor effects on the activation mechanism (Nonner et al. 1980). The large 
negative m= shifts observed by Gonoi and Hille (1987) in N18 neuroblas- 
toma cells are not typical of  other cultured cells: for example, Patlak and 
Horn (1982) did not find a change in sodium activation in rat myotubes after 
administration of N-bromoacetamide, while Vandenberg and Horn (1984) de- 
scribed a slight positive voltage shift of  the peak sodium conductance curve 
in trypsin-treated GH3 cells. According to the Hodgkin-Huxley formalism, 
modification of the h inactivation process should not change the m activation 
parameters, and this seems to be approximately fulfilled for most of  the sodi- 
um channels. However, the large m= shifts observed in neurobtastoma cells 
indicate that the independence between the m- and h-gating processes inher- 
ent in the Hodgkin-Huxley scheme is no longer valid. Instead, a reaction dia- 
gram, in which the processes of  sodium activation and inactivation are cou- 
pled to each other, seems to be more appropriate to describe voltage shifts of  
the m= curve produced by inactivation modifying substances (Gonoi and 
Hille 1987; see also Sect. 5.1). 

2.3 Kinetics of Sodium Activation 

Upon depolarization the increase in the sodium conductance follows an S- 
shaped time course, whereas on repolarization the decrease is exponential. 
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Fig. 4a, b. Effect of prepulses on the rise of sodium current in a node of frog sciatic nerve (a) 
and in squid giant axon (b). The onset of the test pulses is marked with arrows, a 47-ms 
prepulses to - 6 6 m V  (top) and - l l 4 m V  (bottom), with test pulses to -6mV,  temperature 
10°C. b 100-ms prepulses to - 9 0  (extreme left-hand trace), -120,  -150,  and -180mV (ex- 
treme right-hand trace), with test pulses to 20 mV, temperature 7°C (a from Neumcke et al. 
1976b, with an assumed resting potential of - 7 0  mV; b from Keynes and Kimura 1983) 

This behaviour can be described by raising the activation variable m to the 
third power (Hodgkin and Huxley 1952). The m 3 formulation of sodium ac- 
tivation in the squid giant axon could also be applied to sodium channels in 
other excitable membranes, but sometimes slight modifications have been 
suggested. For example, in myelinated nerve fibres of Xenopus laevis the ex- 
pression m 2 describes the rise of  the sodium current somewhat better than 
m 3 (Frankenhaeuser 1960). The difference has been interpreted by different 
numbers of m gating particles controlling the activation of a single sodium 
channel: three particles in the squid giant axon and only two at the node of 
Ranvier (Keynes and Rojas 1976). 

If the number of m gating particles is integer, however, it is difficult to rec- 
oncile this number with the graded effects of  prepulses on the initial rise in 
the sodium conductance (Fig. 4). Making the prepulses more negative delays 
sodium activation in the squid giant axon (experiments by H.M. Fishman, see 
Fig. 12 of Offner 1972; Armstrong and Bezanilla 1974; Keynes and Rojas 
1976; Keynes and Kimura 1983; Taylor and Bezanilla 1983), in frog 
myelinated nerve (Neumcke et al. 1976b), and in frog skeletal muscle (Collins 
et al. 1982a). In order to account for the prepulse effects on sodium activa- 
tion noninteger and voltage-dependent exponents a are required in the m a 
term. Hence, the parameter a can no longer be interpreted as the number of  
gating particles in a sodium channel. 

The range of the m exponent shows remarkable differences between the 
squid giant axon and the frog node of Ranvier. In the giant axon there are 
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were obtained from sodium tail currents at these potentials following 0.3-ms prepulses to 
- 14 mV. Temperature 20 °C; assumed resting potential of -74 mV for rat and frog nerve fibres. 
(From Neumcke et al. 1987) 

only small variations of the exponent from axon to axon, i.e. between 2.9 and 
4.4, and no significant variations with pulse potentials have been observed 
(Keynes and Kimura 1983). On the other hand, the value of a must be between 
!.6 and 8.1 in order to fit the rise of sodium currents in frog nerve fibres at 
various prepotentials and test potentials (Neumcke et al. 1976b). 

There are great variations between preparations in the time constants of so- 
dium activation, even when the rise of  the sodium currents is fitted with the 
same equations and the experiments are performed at the same temperature. 
An extreme case was reported by Sah et al. (1988) who found that in some 
of the cells dissociated from guinea pig hippocampal slices the kinetics of the 
sodium currents are by one order of  magnitude faster than in the majority 
of the investigated cells. The most likely interpretation that has been suggest- 
ed is that different types of sodium channels with slow and fast kinetics exist 
in different cells of the hippocampus. Different activation time constants were 
also found for sodium channels in frog myelinated nerve and frog skeletal 
muscle; for this species the activation process in nerve is five times faster than 
in muscle (Campbell and Hille 1976). Comparatively small differences in the 
zm values have been described for frog and rat nerve fibres (Neumcke et al. 
1987). Figure 5 was reproduced from this study and shows that the Zm values 
in the rat are 15% - 5 0 %  larger than those in the frog at moderate depolariza- 
tions. This does not necessarily imply the presence of different types of sodi- 
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um channels in amphibian and mammalian nerve, because the relatively small 
differences in "r m could also arise from different lipid environments of the 
channels. 

2.4 Kinetics of Sodium Inactivation 

As pointed out in Sect. 2.2, the process of sodium inactivation may be consid- 
ered to be independent of or coupled to the reactions activating the sodium 
channels. Although these two views imply totally different mechanisms of 
channel inactivation, discrimination between the alternatives is difficult to 
achieve from an analysis of macroscopic sodium currents. For example, a pos- 
itive voltage shift of the h= curve with larger test pulses should be indicative 
of coupling between activation and inactivation (Hoyt I963, 1968), but the 
h= shifts observed in Myxicola giant axons could not be distinguished reli- 
ably from artifacts produced by the resistance in series with the axon mem- 
brane (Goldman and Schauf 1972). Another possible method of discriminat- 
ing between reaction schemes with independent or coupled inactivation is to 
study the development of sodium inactivation. While an independent inacti- 
vation reaction would start immediately at the moment of depolarization, a 
delay should exist in coupled schemes due to the preceding activation. Indeed, 
a delay in the development of sodium inactivation has been observed in Myx- 
icola giant axons (deviations between measured sodium currents and inter- 
rupted curve in Fig. 6 a) and taken as evidence for activation-inactivation cou- 
pling (Goldman and Schauf 1972; Goldman and Kenyon 1982). However, as 
pointed out by Hille (1976), the delay "shows primarily that inactivation is 
not a simple first-order process and does not go far towards demonstrating 
any causal relation to the degree of activation". In squid giant axons the time 
course of inactivation is nearly exponential (Fig. 6b) and a possible delay in 
this gating reaction is smaller than 100 Ixs (Gillespie and Meves 1980). Simi- 
larly, there is no indication of a delay in the development of sodium inactiva- 
tion in myelinated nerve fibres of Xenopus laevis (Kniffki et al. 1981). The 
crayfish giant axon seems to represent an intermediate case between the two 
extremes. Bean (1981) reported that there is a delay in sodium inactivation in 
this preparation, but less than would be expected from the activation time. 
Thus, inactivation in crayfish axons is only a little delayed and can occur al- 
ready before the opening of sodium channels. It has been concluded from sin- 
gle channel experiments that a similar behaviour seems likely in sodium chan- 
nels of rat myotubes and neuroblastoma cells (Horn et al. 1981 a; Aldrich and 
Stevens 1983). 

A distinction between various sodium channels may also be made by com- 
paring the inactivation time constants which have been derived from one and 
two pulse experiments. In the Hodgkin-Huxley formalism the inactivation 
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Fig. 6 a, b. Development of sodium inactiva- 
tion in Myxicota (a) and squid (b) giant ax- 
ons. Peak sodium currents Iwa (a) and nor- 
malized peak sodium currents (b) are plot- 
ted as functions of the duration A t of con- 
ditioning depolarizing prepulses (see pulse 
pattern in insets). Exponential decays of so- 
dium currents are indicated by the inter- 
rupted and ful l  curve in (a) and by the dot- 
ted line in (b). The top inset in a shows the 
initial part of the curve and an inactivation 
delay of 285 gs on an expanded time scale. 
Note linear (a) and logarithmic (b) scaling 
of ordinate. (a from Goldman and Kenyon 
1982; b from Gillespie and Meves 1980) 

variable h is described by a first-order differential equation; consequently, the 
inactivation time constant depends only on the test potential. On the other 
hand, if inactivation is not a first-order process, or if activation-inactivation 
coupling is considered, different time constants should follow from the de- 
cline of sodium currents (time constant Th) and from the recovery or devel- 
opment of sodium inactivation following conditioning prepotentials (time 
constant rc). Such a difference between the rh and zc values has been report- 
ed for the giant axons of Myxicola (Goldman and Schauf 1973) and of lobster 
(Oxford and Pooler 1975), whereas practically the same rh and rc time values 
have been found for squid (Bezanilla and Armstrong 1977; Gillespie and 
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Meves 1980), crayfish (Bean 1981), and myelinated nerve fibres of frog (Chiu 
1977) and rat (Neumcke et al. 1987). 

Large deviations between the inactivation time constants similar to the 
great variations in the activation kinetics are also seen in different cells (see 
Sect. 2.3). For example, at 0 mV and 8 °C the Zh values of squid and crayfish 
giant axons are 2.5 and 0.45 ms, respectively (Swenson 1980). A somewhat 
smaller variation between different preparations is observed when the inacti- 
vation time constant rh is referred to the activation time constant zm or to the 
time tp, the peak of the sodium current, rh/t o values have been compiled for 
various excitable cells (Carbone and Lux 1986, Table 3). The extreme ratios 
are zh/tp = 1 for mouse neuroblastoma cells (Moolenaar and Spector 1978) 
and r J tp  = 3.6 for Aplysia neurons (Adams and Gage 1979). These exam- 
ples illustrate that the activation and inactivation rates of various sodium 
channels are not linked to each other. Instead, the two gating processes may 
undergo separate modifications in different excitable cells. 

In the Hodgkin-Huxley equations the development and the removal of so- 
dium inactivation are described by a single time constant rh in the millisec- 
ond time range. Frequently, additional slow and ultraslow inactivation pro- 
cesses are induced in sodium channels by longer conditioning prepulses. Such 
slow reactions, some of which are dependent on the extracellular K + concen- 
tration, have been reported for a great variety of preparations, e.g. giant axons 
of lobster (Narahashi t964), squid (Adelman and Palti 1969; Chandler and 
Meves 1970b) and Myxicola (Schauf et al. 1976); frog myelinated nerve 
(Peganov et al. 1973; Fox 1976; Brismar 1977); frog, rat and human skeletal 
muscle (Collins et al. 1982a; Almers et al. 1983, 1984; Simoncini and Stiihmer 
1987; Ruff et al. 1987); rabbit cardiac Purkinje fibres (Carmeliet 1987); and 
neuroblastoma cells (Gonoi and Hille 1987). In order to interpret this com- 
mon phenomenon it has been suggested that long-lasting hyperpolarizations 
increase the number of available sodium channels (Neumcke et al. 1976 a). In- 
deed, a fluctuation analysis of  sodium currents in frog nerve revealed a higher 
number of sodium channels per node at more negative holding potentials 
(Neumcke and St~rnpfli 1983). 

The time constants of  slow sodium inactivation normally are in the range 
between 100 ms and several minutes, and the processes are studied by record- 
ing peak sodium currents as a function of the duration of conditioning 
prepulses. Exceptions to this are two distinct inactivation reactions which are 
in the millisecond time range in myelinated nerve fibres (Chiu 1977; Nonner 
1980; Neumcke and St/impfli 1982) and in cardiac muscle (Benndorf and 
Nilius 1987; Clark and Giles 1987; Antoni et al. 1988), and which produce 
a biphasic decay of sodium currents during a single depolarization (see Fig. 
7b). In neural membranes this behaviour seems to be more pronounced for 
myelinated nerve than for other axon preparations, e.g. Fig. 7 a illustrates that 
the decline of sodium currents in squid giant axon follows a single exponen- 
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Fig. 7a-d.  Sodium inactivation (a, b) and charge immobilization (e, d) in squid giant axon (a, 
e) and in frog myelinated nerve Co, d). a Exponential decline of sodium current at - 10 mV up 
to 40ms, r h = 7.75 ms, temperature 0°C; b Biphasic decay of sodium current at - 6  mV with 
time constants of 0.94 and 6.7 ms, temperature 13 °C, the time scale is the same as in d; e, d 
Fast off-charge displacements upon repotarization as functions of the duration of test pulses, 
plotted upward (e) and downward (d), The points were fitted to a single exponential function 
plus a constant. The time constants are 5 ms (8.5 °C) at 20 mV (e) and 1.33 ms (13 °C) at -6  mV 
(d). (a from Chandler and Meves t970a; b, d from Nonner 1980; e from Meves and Vogel i977) 

tial funct ion up to 40 ms at 0 °C (the charge immobil izat ions shown in Fig. 
7 c, d are discussed in Sect. 3.2). On the other  hand,  two inactivation t ime con- 
stants are still discernible in frog (W. Schwarz 1979) and rat (J. R. Schwarz 
1986) myelinated nerve at comparable  low temperatures. The biphasic t ime 
course o f  sodium inactivation in frog myelinated nerve was s tudied in detail 
by Chiu 0977)  and interpreted by second-order  kinetics o f  the inactivation 
variable h with two separate inactivated, closed states following the open 
state. Alternatively, Ochs et al. (1981) suggest that  the state o f  the nodal  sodi- 
um channels follows the sequence: open-inact ivated-open in order  to explain 
the biphasic kinetics o f  inactivation during development  and recovery. 

A different explanation of  the biphasic inactivation in frog myelinated 
nerve was given by Benoit  et al. (i985) who suggest the presence o f  two types 
o f  sodium channels in the nodal  membrane  with fast and slow inactivation 
kinetics. This view is supported by the different effects of  niflumic acid 
(Benoit  et al. 1985), te t rodotoxin (Benoit  and Dubois t985), and guanidinium 
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ions (Benoit and Dubois 1987) on the "fast" and "slow" sodium channels. 
Since the two types of sodium channels are assumed to be interconvertible 
(Benoit et al. 1985), they probably do not represent separate entities, and dis- 
criminating among homogeneous channel populations with complex inacti- 
vation characteristics seems to be rather difficult. Indeed, single sodium chan- 
nels in neonatal cardiocytes with a high reopening probability during main- 
tained depolarization produce fast and slow inactivation phases (Kohlhardt 
et al. 1988). A biphasic inactivation of sodium currents has also been ob- 
served in rat sodium channels type II expressed in Xenopus oocytes (Stiihmer 
et al. 1987). This is probably the strongest argument in favour of the view that 
the nonexponential inactivation kinetics arise from uniform gating processes 
in all sodium channels rather than from different reactions in a population 
of heterogeneous channels. 

3 Gating Currents 

Gating currents from charge displacements in sodium channels have been 
measured in various axon preparations (see recent reviews by Bezanilla 1985; 
Meves 1989), in skeletal muscle (Collins et al. 1982b; Campbell 1983) and in 
Xenopus oocytes (Conti and Stiihmer 1989). Since all voltage-dependent tran- 
sitions contribute to the gating currents, measurement of these currents al- 
lows the detection and analysis of reactions in the gating process which take 
place before and after channel opening. This is an advantage over sodium cur- 
rents which are restricted to the open channel states. The disadvantages of us- 
ing gating currents are their tiny amplitudes, which complicate the measure- 
ment, and the difficulty of separating them from residual ionic currents. In 
addition, there was the suspicion that only part of the displacement current 
is related to gating in sodium channels and that an unknown fraction is due 
to other displaceable charges in the excitable membrane. These doubts ex- 
pressed in earlier reviews (Ulbricht 1977; Almers 1978) have now been re- 
moved by recent measurements on Xenopus oocytes (Conti and Stiihmer 
1989) which show that the displacement currents measured in the presence of 
sodium channels are similar to gating currents in other preparations, while 
there is no charge displacement without channels. This indicates that the ob- 
served displacement currents arise almost exclusively from reactions in sodi- 
um channels. Hence, all electrophysiological procedures and chemical treat- 
ments known to eliminate certain fractions of the gating current, e.g. depolar- 
izing prepulses or administration of local anaesthetics, block particular steps 
in the gating of sodium channels (Khodorov 1981; Keynes 1983). The chemi- 
cal modification of gating currents in myelinated nerve and the resulting con- 
clusions on the structure of sodium channels have been reviewed recently 
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(Meves 1989). In this review the main emphasis is on gating currents from 
unmodified sodium channels in order to reveal possible differences between 
channels in various membranes and to discuss the effects of inactivation on 
charge displacements in sodium channels. 

3.1 Steady State Charge Distribution 

Integration of the gating current during a long test pulse yields the steady 
state charge displacement which is denoted by Qon for depolarizations (on- 
response) and by Qoff for repolarizations (off-response). The charges Qon are 
a sigmoidal function of the membrane potential and reach a maximum value 
Qo m~x at large depolarizations (Fig. 8). This behaviour can be described by 
various models of the displacement of gating particles in the excitable mem- 
brane. The simplest possibility invokes first-order transitions of charges over 
a single energy barrier between two discrete states (Keynes and Rojas 1974). 
The steady state charge displacement Q at the membrane potential E of such 
a two-state model is described by the Boltzmann distribution: 

Q max 

Q(E) = (i) 
I1 + exp [z e (Eo- E)/kT]} 

° • 

• A 

Oon/Oo. ma× 1.0e A !! = ~  

. / :  
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Fig. 8. Steady state charge distributions Qon in frog skeletal muscle as a function of membrane 
potential. Different symbols denote results from different experiments. The Qon values are nor- 
realized with respect to the~  maxima Qo~a~ and fitted with the Bol tzmann equation 1. Fit pa- 
rameters: z =  i.29 and E 0 = - 3 8 m V  (arrow). Temperature 13°-19°C.  (From Collins et al. 
1982b) 
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E 0 is the midpoint potential at which Q(E0) -- Qmax/2, k is the Boltzmann 
constant, T the absolute temperature, e the elementary charge; z denotes the 
effective valence of the gating charges, i.e. their actual values multiplied by 
the fraction of the voltage drop across the membrane phase acting between 
the two discrete states. The effective valence can be obtained by fitting equa- 
tion (1) to Q(E) values or directly from the midpoint slope zeQmax/(4kT) of 
the Q(E) curve. A related quantity is the number S of millivolts below the 
midpoint potential for an e-fold change of Q (called the limiting logarithmic 
potential sensitivity by Almers 1978), from which z is obtained through 
z = kT/(eS). The effective valence of the gating charges is not only determined 
by the slope of the Q(E) curve, but also depends on the model assumed for 
the charge displacement. For example, if instead of two-state transitions the 
particles may assume a larger number of possible states (Meves 1974; Neum- 
cke et al. t978), a higher valence is derived. Hence, fitting the steady state 
charge distribution to the Boltzmann equation (1) only gives a lower limit for 
the effective gating charge. 

The Boltzmann distribution (1) is characterized by three parameters: 
Qmax E0 ' and z. Of these the maximum charge displacement Qmax is propor- 
tional to the number N of sodium channels contributing to the gating current. 
Since the proportionality factor is the product of the model-dependent va- 
lence z and the uncertain number of gating particles per sodium channel (see 
Sect. 2.3), estimates of N from measurements of Qmax are rather unreliable. 
The midpoint potential E 0 is equal to the membrane potential with zero elec- 
tric field in the membrane phase and thus with equal distribution of gating 

Table 1. Effective valencies z of gating charges in sodium channels 

Tissue Z a Temperature (°C) Reference 

Squid giant axon 1.3 6 - 9  Keynes and Rojas (1974) 
Squid giant axon 1.2 0 - 2  Meves (1974) 
Myxicola giant axon 0.9 5 -  6 Rudy (1976) 
Myxicola giant axon 1.6 4 -  5 Bullock and Schauf (1978) 
Crayfish giant axon 1.8 5 Starkus et al. (1981) 
Frog node of Ranvier ! .65 12 Nonner et al. (1975) 
Frog node of Ranvier 1.7 10 Neumcke et al. (I976b) 
Frog node of Ranvier 1.9 7 .5 -  13 Dubois and Schneider (1982) 
Xenopus node of Ranvier 1.3 6 -25  P. Jonas (personal com- 

munication) 
Frog skeletal muscle 1.3 19 Collins et al. (1982b) 
Frog skeletal muscle 1.4 5 Campbell (1983) 
Rat node of Ranvier 1.9 15-25 Chiu (1980) 
Rat sodium channels type 2.1 t5 Confi and Stilhmer (1989) 
II in Xenopus oocyte 

aObtained by fitting the steady state charge distributions with the Boltzmann equation (1). 
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charges between the two states. In myetinated nerve E0 is affected by the dif- 
ficulty of determining the absolute value of the resting potential. Therefore, 
E 0 values from various axon preparations cannot be easily compared with 
each other. 

This problem does not exist for the third parameter of the Boltzmann equa- 
tion (1), the effective valence z of displaceable charges. Table 1 lists z values 
for sodium channels in various excitable membranes obtained from studies in 
different laboratories. There is some scatter in the reported z values between 
the extremes 0.9 and 2.1. The variations are probably not caused by the differ- 
ent temperatures, because no temperature dependence of the slope of the 
charge-distribution curve has been reported so far (Kimura and Meves 1979; 
Schauf and Bullock 1979; Collins and Rojas 1982; Jonas and Vogel 1988). In- 
stead, there is the vague possibility that gating charges of rat sodium channels 
in peripheral nerve and of rat sodium channels expressed in Xenopus oocytes 
have a higher valence than those of other sodium channels. Thus, more accu- 
rate determinations of effective gating charges in different sodium channels 
may give further clues to channel diversity in the future. 

3.2 Charge Immobilization 

The gating charges of sodium channels displaced during depolarizations are 
restored to their original positions during sufficiently long repolarizations. 
However, after long pulses only part of the reverse charge displacement shows 
a rapid time course comparable to that of sodium deactivation, while the rest 
of the charge has a reduced mobility and flows back slowly over a period of 
several milliseconds. This inequality between the rapid charge displacements 
during (Qon) and after (Qoff) longer depolarizing test pulses is called charge 
immobilization. The phenomenon has been described for giant axons of 
squid (Armstrong and Bezanilla t977; Meves and Vogel 1977) and Myxicola 
(Bullock and Schauf 1979), for myelinated nerve (Nonner et al. 1978) and for 
skeletal muscle (Collins et al. 1982b; Campbell 1983). Figure 9 shows a com- 
parison between the kinetics of sodium current and charge immobilization in 
the squid giant axon at the same test potential. The parallel time course of 
the inactivation phase of the sodium current and the Qoff/Qon ratios suggest 
that charge immobilization and inactivation of sodium channels are closely 
related. This view is strengthened by the similar actions of toxins and chemi- 
cal treatments on sodium inactivation and charge displacement: charge im- 
mobilization is prolonged when sodium inactivation is slowed, and charge im- 
mobilization is prevented when sodium inactivation is destructed (see reviews 
by Khodorov 1981; Keynes 1983; Meves 1989). 

Despite these general agreements, there is no strict correlation between so- 
dium inactivation and charge immobilization, e.g. in the squid giant axon the 
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time constants of charge immobilization and sodium inactivation at 90 mV 
and 8°C have been found to be 5 ms (Fig. 7c) and 1.35 ms, respectively 
(Meves and Vogel 1977). The immobilization time constant was also reported 
to be larger than the inactivation time constant for Myxicola giant axons 
(Bullock and Schauf t979) and for frog skeletal muscle (Collins et al. 1982b). 
In muscle the charge immobilization has a time course similar to that of the 
slow inactivation process (see Sect. 2.4), while the classical h inactivation re- 
action is faster by one order of magnitude (Collins et al. 1982a, b). In 
myelinated nerve the immobilization time constant is somewhat larger than 
that of the fast phase of sodium inactivation and much smaller than that of 
the slower inactivation process (Nonner 1980; see Fig. 7b, d). Differences be- 
tween the processes of sodium inactivation and charge immobilization are 
also observed in their stationary properties. Figure 9 shows inactivation of the 
sodium current to a low level whereas the Qoff/Qon ratio reaches a larger lim- 
iting value of approximately 0.35. Hence, the steady state inactivation vari- 
able h= is smaller than the stationary value of Qoff/Qon at a given test poten- 
tial. A positive voltage shift of the normalized stationary off charge displace- 
ment with respect to the h= curve has also been found in Myxicola giant ax- 
ons (Bullock and Schauf 1979) and in frog myelinated nerve (Nonner 1980). 
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The examples above do not invalidate the general finding that charge im- 
mobilization occurs and that it is intimately related to the process of sodium 
inactivation. Thus, the same gating charge is responsible for activation and 
inactivation (Bezanilla 1985). This is another indication for the existence of  
coupled activation and inactivation processes in sodium channels, since all 
gating schemes with independent gating reactions, e.g. the Hodgkin-Huxley 
formalism, predict that the charges displaced during activation should all re- 
turn upon deactivation. Hence, charge immobilization narrows the number of  
possible reaction diagrams for the gating of sodium channels. 

3.3 Slow Components of On-Gating Currents 

As explained in Sect. 3.2, the main portion of the gating current reflects rapid 
charge displacements during the activation or deactivation of sodium chan- 
nels. Additional slower gating current components arise during the on-re- 
sponse from the development of  sodium inactivation and during the off-re- 
sponse from the recovery from inactivation. The amplitudes of these compo- 
nents are by one order of  magnitude smaller than the total gating currents. 
For example, consider the contribution of  an independent h inactivation reac- 
tion to the gating current. With an effective valence of four for this reaction 
(estimated from the slope of the h~ curve) and of six for the activation pro- 
cess (estimated from the slope of the m~ curve) the ratio of the initial h- and 
m-gating current amplitudes becomes (4/6)'(Zm/rh). This expression holds 
for the on-response (transitions from m~ -- 0, ho~ = 1 to mo~ = 1, h~o = 0) as 
well as for the off-response (transitions from mo~ -- I, h~ = 0 to mo~ = 0, 
h~o = 1). In both cases, the h- versus m-gating current amplitudes depend on 
the activation and inactivation time constants Zm, rh at the respective test po- 
tentials. Examples of  Zm/Zh values at membrane potentials near 0 mV are 
0.21 for the squid giant axon at 6.3 °C (Hodgkin and Huxley 1952), 0.12 for 
the crayfish giant axon at 8 °C (Swenson 1983), 0.10 for frog and 0.12 for rat 
myelinated nerve at 20°C (Neumcke et al. 1987). If the processes of sodium 
activation and inactivation are coupled, the effective valence of  inactivation 
is less than four (see Sect. 5) and the relative h-gating current amplitude be- 
comes even smaller. A further complication is that the time constant Zh of 
sodium inactivation is of  the same order as the time constant rn of potassi- 
um activation (Hodgkin and Huxley 1952). Hence, it is difficult to discrimi- 
nate between slow h-gating current components from possible charge dis- 
placements and residual ionic currents of  potassium channels. 

There are two possible methods of showing that slow gating current com- 
ponents might be related to inactivation reactions in sodium channels. The 
first method is to establish an agreement between the time constants of  the 
components and the inactivation time constant zh over a wide range of  mem- 
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Fig. 1 0 a - e .  Stow components of on- 
gating currents in the crayfish giant ax- Ig 
on (a) and in frog myelinated nerve (ar- 
row in b). The slow component in 
myelinated nerve is abolished by 7 txM 
Anemonia toxin ATX II in the external 
solution (e). Test pulses to 20 mV (a) 
and 30 mV (b, e); temperatures 8 °C (a) 
and 15 °C (b, e). The same units of ab- 
scissa and ordinate are used in b, c and 
a resting potential of  - 7 0  mV is as- nA 
sumed. (a from Swenson Jr. 1983; b, c 
from Neumcke et al. 1985) 
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brane potentials. The second method is to show that specific modifiers of  so- 
dium inactivation also alter the slow components in the gating currents. The 
requirements seem to have been fulfilled in some recently published gating 
current studies. An example is illustrated in Fig. 10a which shows on-gating 
currents in crayfish giant axon with a clear separation between fast and slow 
components (Swenson Jr. 1983). The time constant of  the slow phase was 
found to be similar to rh, between 0 and 40 mV, and, therefore this phase was 
attributed to the h inactivation process. Slow components of  the on-charge 
movement have also been described for frog myelinated nerve (Dubois and 
Schneider 1982). However, the reported time constants of  the components are 
smaller than rh. Nevertheless, at least some of  the slow on-gating current 
components in myelinated nerve seem to be related to the h-gating process be- 
cause they can be reduced by various substances which slow sodium inactiva- 
tion. This has been reported for the venom of  the scorpion Buthus eupeus and 
for the alkaloid aconitine by Krutetskaya et al. (1978), for the scorpion venom 
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of Leiurus quinquestriatus by Nonner (1979) and for the toxin ATX II of 
Anemonia sulcata by Neumcke et al. (1985). The effect of ATX II is illustrat- 
ed in Fig. 10b, c. Of these agents, scorpion venoms (Koppenh6fer and 
Schmidt 1968) and possibly also aconitine (Schmidt and Schmitt 1974) not 
only slow the process of sodium inactivation but also delay the activation of 
potassium channels as well. Hence, the abolishment of slow on-gating current 
components observed after application of these substances could be due to 
modifications of gating processes in sodium or potassium channels. The toxin 
ATX II, on the other hand, prolongs sodium inactivation but does not affect 
the kinetics of potassium currents in myelinated nerve (Bergman et al. 1976). 
The absence of slow gating current components with ATX II (Fig. 10c) is, 
therefore, good evidence in support of the view that the components observed 
under control conditions (arrow in Fig. 10b) are indeed related to the inacti- 
vation of sodium channels. 

Do h-gating current components allow discrimination between different re- 
action schemes for the sodium channel? Unfortunately, all gating diagrams 
predict slow components in the gating currents, even those in which inactiva- 
tion is strictly coupled to activation and inactivation does not have its own 
voltage dependence (see Sect. 5.2). The model with coupled activation and in- 
activation also accounts for the diminution of the slow components by inacti- 
vation modifiers (Fig. 20). However, a model-dependent property of the inac- 
tivation component is its relative initial amplitude: the ratio between the ini- 
tial h- and m-gating current amplitudes in the on-response is of the order of 
0.1 for independent gating reactions (assuming rm/Zh = 0.15, see Sect. 3.3), 
but is smaller with coupled activation and inactivation (amplitude ratio 0.02 
as obtained from the calculated gating currents in Fig. 20). These theoretical 
values could help to identify and interpret slow inactivation components in 
gating current measurements. 

4 Single Channel Measurements 

4.1 Sodium Channel Conductance 

Early estimates of the conductance y of single sodium channels were obtained 
from the analysis of sodium current fluctuations (for a review see Neumcke 
1982). Higher ~ values were obtained for myelinated nerve fibres than for 
squid giant axon: Determinations of y values for the squid giant axon in dif- 
ferent studies were 4 pS at 9°C (Conti et al. 1975), 3.5 pS at 3°-6°C (Llano 
and Bezanilla 1984), and 4.4 pS at 3.5°-5 °C (Bekkers et al. 1986), whereas 
myelinated nerve y values were found to equal 7.9 pS at 13 °C (Conti et al. 
1976) and 6.4pS at 2°-5°C (Sigworth 1980) in frog and 14.5pS at 20°C 
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(Neumcke and St~mpfli 1982) in rat. Since the Na ÷ concentration of sea wa- 
ter is four to five times higher than that of Ringer's solution, the difference 
between the channel conductances in the giant axon and in myelinated nerve 
becomes even more pronounced. 

The first measurements of currents through single sodium channels in rat 
myoballs (Sigworth and Neher 1980), rat myotubes (Horn et al. 1981 b), bo- 
vine chromaffin cells (Fenwick et al. 1982), mouse neuroblastoma cells 
(Quandt and Namhashi 1982; Nagy et al. 1983), and rat heart myocytes 
(Cachelin et al. 1983) have established a range of 10-20 pS for the conduc- 
tance of vertebrate sodium channels. In addition, the results of these experi- 
ments could give an explanation for the lower conductance in the squid giant 
axon. Thus, Yamamoto et al. (1984) observed a rapid and voltage-dependent 
block of single sodium channels in neuroblastoma cells caused by extracellu- 
lar Ca 2÷ ions, resulting in a decrease in the apparent channel conductance at 
increased Ca 2÷ concentrations. A similar voltage-dependent block of open 
sodium channels caused by extracellular Ca 2÷ ions has been observed in sin- 
gle canine cardiac Purkinje cells (Sheets et al. 1987). These findings suggest 
that the lower channel conductance in the squid giant axon is mainly caused 
by the higher extracellular Ca 2÷ concentration in sea water compared to 
Ringer's solution. This view is supported by a direct measurement of 14 pS 
for the conductance of squid sodium channels in solutions containing no 
divalent cations (Bezanilla 1987). Thus, it appears that the different conduc- 
tance values in invertebrate and vertebrate sodium channels under physiologi- 
cal conditions can be attributed to differences in the ionic compositions of 
the extra- and intracellular solutions, and therefore there is no necessity to in- 
voke species-dependent pores in the sodium channel protein. 

Sodium channels expressed in Xenopus oocytes have a conductance compa- 
rable to that of natural channels in adult and cultured cells (Stiihmer et al. 
1987; Sigel 1987 a, b). Such an agreement cannot as yet be established for pu- 
rified sodium channels reincorporated into artificial lipid membranes because 
the channels are normally modified by the alkaloids batrachotoxin (BTX) or 
veratridine to prolong channel opening. Two exceptions are found in the early 
investigations by Hanke et al. (1984) and Rosenberg et al. (1984) which were 
performed on unmodified sodium channels reconstituted into planar lipid 
bilayers or into multilamellar lipid vesicles, respectively. Obviously, the prop- 
erties of the incorporated unmodified sodium channels are different from 
those in their natural environments (see also Duch and Levinson 1987). Thus, 
the 25- and 150-pS channels described by Hanke et al. (1984) exhibit gating 
kinetics which are much slower than those of sodium channels in biological 
membranes. Treatment with BTX created channels of larger conductance in 
the study by Rosenberg et al. (1984), whereas BTX-modified sodium channels 
in adult and cultured cells have a reduced conductance (Khodorov et al. 1981; 
Quandt and Narahashi 1982). It is also difficult to compare the conductances 
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of modified sodium channels in biological membranes with those in lipid 
bilayers because the measurements were carried out using solutions of differ- 
ent ionic compositions. For example, BTX-modifled sodium channels in 
neuroblastoma cells have a conductance of only 2 pS when the extracellular 
solutions contain 125 mM Na and t.8 mM Ca (Quandt and Narahashi 1982) 
and t0pS with [Na]0 = i30mM, [Ca]0 = 0.5mM (Huang et al. 1984). For 
reconstituted BTX-modified sodium channels the following conductances 
were determined using symmetrical solutions on both sides of the lipid mem- 
brane: 30 pS in 500 mM NaCI+0.15 mM CaC12+0.1 mM MgClz (Krueger et 
al. 1983), 25 pS in 500 mM NaC1 (Green et al. 1984), 20 pS in 200 mM NaC1 
(Moczydlowski et al. 1984), 25 pS in 500 mM NaC1 and 18 pS in 100 mM 
NaC1 (Recio-Pinto et al. 1987), and 26 pS in 500 mM NaC1 (Duch et al. 1988). 
The higher conductance of BTX-modified sodium channels in artificial lipid 
membranes could simply be due to the solutions in the bilayer experiments 
which were symmetrical and of reduced or vanishing concentrations of 
divalent cations or it could be a genuine difference reflecting the influence of 
the foreign lipid environment on the sodium channel protein. The same am- 
biguity arises when the conductances of veratridine-modified sodium chan- 
nels in biological membranes and lipid bilayers are compared with each other. 
Again, the channel conductances of 5 - 6 p S  in Xenopus oocytes (Sigel 
1987b), 4pS in neuroblastoma cells (Barnes and Hille 1988), and 13 pS 
(Recio-Pinto et al. 1987) and 10 pS (Garber and Miller 1987) in lipid mem- 
branes were measured in different solutions, and therefore it cannot be deter- 
mined whether modified sodium channels have the same or different conduc- 
tances in biological and artificial membranes. 

4.2 Low-Conductance Channels and Subconductance States 

Lowered conductances in sodium channels are not only observed with in- 
creased Ca concentrations in the solutions or after treatment with alkaloids, 
but they are also found in physiological solutions and under unmodified con- 
ditions. These low-conductance sodium channels frequently occur in prepara- 
tions from cardiac muscle together with sodium channels of normal conduc- 
tance (Kunze et al. 1985; Scanley and Fozzard 1987; Kohlhardt et al. 1987). 
As an example, Fig. 11 a (top) shows currents in a normal and a low-conduc- 
tance sodium channel of a myocyte prepared from rat ventricle cells. These 
two sodium channels produce different peaks in the amplitude histogram 
(Fig. 11 a, bottom), but there are no large differences in their gating kinetics. 
Similarly, Scanley and Fozzard (1987) found the same kinetics for normal and 
low-conductance sodium channels in canine cardiac Purkinje cells. On the 
other hand, Kohlhardt et al. (1987) reported that low-conductance sodium 
channels in rat cardiocytes exhibit slower inactivation, a longer and voltage- 
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ble Gaussian curves. Test voltages 0 mV (a) and -40 mV Oa). (a from Kunze et al. 1985; b from 
Weiss and Horn 1986) 

dependent  open time, and sometimes even an altered ionic selectivity with re- 
spect to normal  sodium channels. 

In rat skeletal muscle the sensitivity of  sodium currents to te t rodotoxin 
(TTX)  increases during development  (Harris  and Marshall  1973; Frelin et al. 
1984). This has been explained by a decrease in the number  of  TTX-resistant  
and a concomi tan t  creat ion o f  TTX-sensitive sodium channels. These two 
postulated types o f  sodium channels were identified in single channel experi- 
ments  on muscle cultures o f  neonatal  rats (Weiss and H o r n  1986). Figure I 1 b 
shows currents in normal  and low-conductance sodium channels of  a 
myoblast  cell and the corresponding ampli tude histogram. Since the low-con- 
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ductance channels are resistant to TTX, they generate muscle excitability in 
the first stages of development. Probably, the same low-conductance, TTX-re- 
sistant sodium channel coexists with the normal TTX-sensitive channel in 
denervated rat muscle (Harris and Thesleff 1971; Pappone 1980) and in cul- 
tured mammalian muscle myoballs (Ruppersberg et al. 1987; Pr6bstle et al. 
1988; Ruppersberg and Rt~del 1988). It has been inferred from experiments on 
Xenopus oocytes that different messenger ribonucleic acids (mRNAs) code 
for the two types of sodium channels in innervated and denervated muscles 
of cat and rat (Parker et al. 1988), while functional TTX-sensitive rat brain 
sodium channels can already be expressed by the injection of the mRNA 
which codes exclusively for the large a channel peptide (Noda et al. 1986b; 
Stt~hmer et al. 1987; Suzuki et al. 1988). 

Low-conductance sodium channels which represent separate entities have to 
be distinguished from subconductance states in one sodium channel. It is dif- 
ficult to discriminate between different channels and different conductance 
levels in a single channel, but frequent direct transitions between higher cur- 
rent levels and the zero-current baseline make the latter possibility more likely. 
On the other hand, different TTX sensitivities of the various conductance 
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Fig. 12a, b. Subconductance states of  sodium channels in a neuroblastoma cell (a) and in a pla- 
nar lipid bilayer membrane (b). Sodium channels were modified by treatment with chloramine-T 
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and the corresponding amplitude histogram (bottom), The subconductance state is marked by 
asterisks. (a from Nagy 1987b; b from Green et al. 1987) 
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states suggest the presence of separate sodium channels (Nilius et al. 1989). 
While some indications have been presented for the existence of subconduc- 
tance states in unmodified sodium channels of neuroblastoma cells (Nagy et 
al. 1983), the most convincing evidence for multilevel sodium channels comes 
from recent studies on modified sodium channels. In particular, subconduc- 
tance states have been detected in sodium channels of neuroblastoma cells 
treated with the insecticide deltamethrin (Chinn and Narahashi 1986), with 
chloramine-T, sea anemone toxin ATX II or scorpion toxin (Nagy 1987b, 
1988; Meves and Nagy 1989), in sodium channels in skeletal and heart muscle 
modified by the cardiotonic compound DPI 201-106 (Patlak 1988; Nitius et 
al. 1989) and in sodium channels which have been incorporated into lipid 
bilayer membranes and modified by BTX (Green et al. 1987; Recio-Pinto et 
al. 1987; Duch et al. 1988). Examples are shown in Fig. 12. Interestingly, the 
sublevel conductances of modified scrdium channels in neuroblastoma cells 
are not randomly distributed but are close to one-quarter and one-half of the 
main conductance state. In addition, a one and one-quarter conductance level 
has been observed (Nagy 1987b). It remains to be shown whether these one- 
quarter conductance steps are generated by a conformational change in one 
of the four homologous units in the sodium channel protein (Noda et al. 
1984). 

4.3 Statistical Properties of Single Sodium Channels 

The fast activation and slow inactivation of macroscopic sodium currents 
during depolarizing test pulses can be described with numerous reaction 
schemes for the gating of sodium channels (see Sect. 5). The analysis of the 
statistical opening and closing of single sodium channels offers the possibility 
of selecting among various reaction diagrams because different gating 
schemes predict different single channel behaviours (French and Horn 1983; 
Aldrich 1986). There are two reasons, however, why a definite state diagram 
for sodium channels can not as yet be derived from the statistical properties 
of single sodium channels. Firstly, closely related schemes show only minor 
differences in the predicted gating behaviour and discrimination among mod- 
els requires extensive computations using "maximum likelihood procedures". 
This is only feasible for reaction diagrams having up to five states (Horn and 
Vandenberg 1984). Secondly, the kinetics of a single sodium channel may not 
be determined by one reaction diagram with time-independent rate constants, 
but there may be slowly interchangeable gating modes, as observed in sodium 
channels of rat heart and frog skeletal muscle (Patlak and Ortiz 1985, 1986; 
Patlak et al. 1986). In the following analysis the switching of modes between 
multiple kinetic diagrams is neglected and the statistical properties of sodium 
channels are described by a single reaction scheme. In particular, measured 
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Fig. 13a, b. Time constants of sodium inactivation (Zh) and mean durations of open sodium 
channels in outside-out patches of GH 3 (a) and in cell-attached patches of neuroblastoma cells 
(b). a The z h curve represents an exponential fit to inactivation time constants obtained from 
macroscopic sodium currents and from averaged single channel records. The lower curve repre- 
sents predicted open times calculated from the average linear regression values of/~A and flI 
(see Fig. 14a, b). Filled symbols denote measured open times and open symbols denote burst 
durations; V is the membrane potential, temperature 9.3 °C. b The % values were obtained by 
an exponential fit to the decline of averaged single channel records. Voltages are relative to the 
(unknown) resting potential of the cell, temperature 11 °C. (a from Vandenberg and Horn 1984; 
b from Aldrich and Stevens 1987) 

values o f  the durat ion o f  the open channel  state and o f  the inactivation and 

deactivation rate constants are discussed and compared  with the predictions 
o f  gating models with independent  or coupled activation and inactivation. 

According to the m3h description o f  sodium currents, the inactivation rate 

constant  flh predominates over the rate constants an and tim at large 
depolarizat ions (Hodgkin  and Huxley 1952). Consequently,  the t ime constant  
o f  sodium inactivation % which equals 1/(ah+flO, and the mean channel  

open time r0, which equals 1~(3tim+fib), approach the same value I/flh at 
increasing membrane  potentials (see Fig. 21 c). In the first studies of  single 
sodium channels in rat myoballs (Sigworth and Neher 1980) and in tunicate 
eggs (Fukushima 1981) the relationship between rn and r0 was found to be at 
least qualitatively fulfilled. However, in subsequent investigations the open 
times were always significantly smaller than  the inactivation t ime constants 
and ~0 did not  reach a constant value at increased membrane  potentials as 
expected f rom the m3h formalism (Aldrich et al. 1983; Nagy et al. 1983; 
Vandenberg and H o r n  1984; Aldrich and Stevens t987). Figure 13 shows r0 
and rh values for  excised "outs ide-out"  patches o f  G H  3 cells (Fig. 13 a) and 
for cell-attached patches o f  neuroblas toma cells (Fig. 13 b). A compar i son  o f  
the experimental  results with model  predictions (Fig. 21 c, d) reveals that  a re- 
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action scheme with coupled activation and inactivation can account for the 
difference between z0 and rh over a large voltage range. 

The inactivation time constants and open times in Fig. 13 a, b exhibit simi- 
lar voltage dependencies, but their absolute values are very different. For ex- 
ample, the plateau of the open time curve is near 4 ms in outside-out patches 
of GH3 cells and approximately 1 ms in cell-attached patches of neuroblas- 
toma cells. Since the experiments were performed at almost the same tempera- 
ture, the difference must be related either to the cell type or to the patch con- 
figuration. The latter possibility is suggested by open times of the order of 
I ms for cell-attached patches from neuroblastoma cells (Fig. 13 b) and from 
rat ventricular cells (Kunze et al. 1985), while larger open times have been re- 
ported for excised patches of a variety of cells, i.e. GH3 cells (Fig. 13a), 
neuroblastoma cells (Nagy et al. 1983; Nagy t987 a) and dorsal root ganglion 
neurons (Carbone and Lux 1986). Direct evidence of the alteration of sodium 
channels by excision from intact cells comes from a comparative study on 
GH 3 cells in the cell-attached and inside-out configurations (Horn and 
Vandenberg 1986). After excision the open time became longer, the probabili- 
ty of channel opening during depolarization increased and the openings oc- 
curred no longer at random but in bursts. A similar modification of channel 
gating by membrane excision has been reported for cardiac sodium channels 
(Nilius 1988). Horn and Vandenberg (1986) attributed the changes in gating 
behaviour to the replacement of the cytoplasm by the internal CsF solution. 
Moreover, cytoplasmatic microtubules linked to sodium channels influence 
the sodium channel properties in intact cells (Sakai et al. 1985) and could be 
destroyed by the excision procedure. 

The closure of open sodium channels can occur either by transition to the 
inactivated state or by deactivation to the resting closed state. Of particular 
interest are the voltage dependencies of the two closing reactions because they 
allow determinations of the charge displacements in the individual gating 
processes. The first step in the determination of the inactivation (fli) and de- 
activation (flA) rate constants is to measure the channel open time z0, which 
is equal to the reciprocal of the sum of both rates: r0 = 1/(ill + flA). To obtain 
fli and flA separately the following three procedures have been suggested: 

1. As outlined by Stevens (1986) and Aldrich and Stevens (1987), the prob- 
ability F of closing by inactivation equals fl~/(fli+flg ) and it depends on 
the experimentally obtainable probabilities that a channel reopens during 
depolarization and that it performs a direct transition from the resting 
closed states to the inactivated state. Thus fl~ and flA can be calculated 
from F and r0 through fl~ = F/r0 and fig = 1/r0--fli. A disadvantage of 
this method is that it only allows the determination of a lower limit for F 
at small depolarizations and that the actual value of fit may be larger and 
that of flA smaller than the calculated rate constants in this voltage range. 
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Moreover, the estimated values of F are restricted to state diagrams in 
which all direct transitions between the resting closed states and the inacti- 
vated state have the same probability. 

2. With maximum likelihood methods the rate constants of  a given reaction 
scheme can be adjusted to give the best agreement with experimental single 
channel records (Horn and Vandenberg 1984). The resulting rate constants 
critically depend on the selected gating model, but the advantages over 
method 1 are that absolute values for the inactivation and deactivation 
rates can be obtained at all voltages and that no restrictions on individual 
rate constants have to be imposed. 

3. A pharmacological approach to determine P1 and fA is to use substances 
which selectively eliminate the inactivation reaction (fl~ = 0). The open 
time r0 = 1/(fli+fA) is then expected to increase and the difference be- 
tween the reciprocal open times l/r0 before and after drug application 
should be equal to the rate f I  under normal conditions. Indeed, a prolon- 
gation of the open time of  sodium channels - and in most of  the prepara- 
tions an increased burst activity - has been observed after treatment with 
the inactivation modifiers N-bromoacetamide (Patlak and Horn 1982), 
toxin ATX II of  Anemonia sulcata (Schreibmayer et al. 1987), papain 
(Quandt 1987) and BTX (Quandt and Narahashi 1982; Grant and Starmer 
1987). For BTX-modified sodium channels in cardiac myocytes fA was 
found to decline at increasing depolarizations, while in normal channels 
the sum f i  +fig assumed a minimum. Grant and Starmer (1987) have con- 
cluded from these results that f l  for normal sodium channels increases at 
more positive membrane potentials and that this reflects a voltage depen- 
dence of the inactivation reaction. However, BTX not only eliminates inac- 
tivation but also has profound effects on sodium activation (for an exten- 
sive review on BTX see Khodorov 1985). Hence, experiments with BTX are 
not appropriate for reliable determinations of  f i  and flA" 

Values of fir and flA at different voltages are given in Fig. 14. The data 
shown in Fig. 14a, b are obtained from outside-out patches of GH3 cells us- 
ing the maximum likelihood method applied to a "basic model" in which in- 
activation can occur either from the open or from the last of  three closed 
states (Vandenberg and Horn 1984). The results reveal similar voltage depen- 
dencies for flA and fit (equivalent gating charges 1.30 for deactivation and 
1.92 for inactivation). On the other hand, in Fig. 14c almost the entire voltage 
dependence is attributed to the deactivation closing reaction (equivalent gat- 
ing charge 3.42), while inactivation is only affected to a small extent by volt- 
age (equivalent gating charge 0.46). These results were obtained from cell-at- 
tached patches of  neuroblastoma cells employing procedure 1 to determine 
fli and fig (Aldrich and Stevens 1987). Probably, the different voltage depen- 
dencies of deactivation and inactivation shown in Figs. 1 4 a - c  are not due to 
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are relative to the (unknown) resting potential of the cell, temperature 11 °C. (a, b from 
Vandenberg and Horn 1984; c from Aldrich and Stevens 1987) 

the different methods used to analyse single channel records but are related 
to the different patch configurations. Thus, it appears that excision of  mem- 
brane patches from intact cells not only affects the probability and the dura- 
tion of  the open channel state (see above), but also influences the deactivation 
and inactivation gating reactions. Comparison of Fig. 14 with the model cal- 
culations in Fig. 21 a, b suggests that reaction diagrams with little inherent 
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voltage dependence for the inactivation step - strict or partial coupling be- 
tween activation and inactivation - are appropriate for sodium channels in 
intact cells and that channels in isolated membrane patches behave as if the 
processes of sodium activation and inactivation had been decoupled by the 
excision procedure. 

5 A Reaction Diagram for the Sodium Channel 
With Coupled Activation and Inactivation 

In the previous sections several properties of sodium channels were discussed 
which cannot be described with the conventional Hodgkin-Huxley equations. 
Examples are the large m~ shifts in neuroblastoma cells produced by inacti- 
vation modifiers (Sect. 2.2), the delayed development of sodium inactivation 
and the differences between the Zh and Zc inactivation time constants in some 
giant axons (Sect. 2.4), the immobilization of gating charges (Sect. 3.2), and 
the statistical properties of single sodium channels in intact cells (Sect. 4.3). 
All cases indicate that the independence between sodium activation and inac- 
tivation as presumed in the Hodgkin-Huxley equations is no longer fulfilled 
under the conditions of the described experiments. Therefore, numerous reac- 
tion schemes have been suggested in which the gating processes of  activation 
and inactivation are coupled to each other to various degrees (examples are 
given in the papers of Hoyt 1963, 1968; Goldman 1975; Jakobsson t976; 
Bezanilla and Armstrong 1977; Armstrong and Bezanilla 1977; Armstrong 
1978; Conti et al. 1980; Nonner 1980; Bean 1981; Khodorov 1981; Keynes 
1983; Aldrich and Stevens 1984; Horn and Vandenberg 1984; Fishman 1985). 
Instead of examining the merits and deficiencies of all of these proposals, this 
review concentrates on a simple scheme - strict coupling between activation 
and inactivation with voltage-independent inactivation rates - which repre- 
sents the opposite extreme to that represented by the Hodgkin-Huxley formal- 
ism, i.e. independence between activation and inactivation with voltage-de- 
pendent inactivation rates. The reaction diagram for the gating scheme dis- 
cussed in this section is: 

C1 ~ C2 2-2~a Ca ~ a ~ O ¢4 I . (2) ~ ab "d 

Here, C 1, C2 and C 3 denote three resting closed states in the sodium chan- 
nel. The inactivated closed state I can only be reached through the open state 
O which implies strict coupling between sodium activation and inactivation. 
The sequence 3-2-1 of the forward and reverse activation rate constants a and 
b was chosen in accordance with the conventional m 3 formulation of sodi- 
um activation. In contrast to the Hodgkin-Huxley inactivation parameters, it 



Diversity of Sodium Channels 33 

is assumed that the rate constants c and d in scheme 2 are vokage-indepen- 
dent, which implies that sodium inactivation derives its voltage dependence 
entirely from the preceding activation (Bezanilla and Armstrong 1977). 
Special features of this and similar sequential schemes have been described 
earlier (Bezanilla and Armstrong 1977; Armstrong 1978; Keynes et al. 1982; 
Neumcke et al. 1985), and it has been pointed out that such models cannot 
account for the statistical properties of single sodium channels in rat 
myotubes (Horn et al. 1981 a) and in GH 3 cells (Horn and Vandenberg 1984). 
Nevertheless, gating scheme 2 is used to illustrate the effects of  coupling be- 
tween sodium activation and inactivation and the consequences of  voltage-in- 
dependent inactivation rates on the properties of  macroscopic sodium cur- 
rents, gating currents, and single sodium channels. The values of the rate con- 
stants a, b, c and d and the voltage dependence of  a and b are chosen to give 
an approximate description of  sodium currents in frog myelinated nerve at 
15 °C (Neumcke et al. 1985) and in rat nerve at 20°C (Neumcke et al. 1987). 

5.1 Description of Macroscopic Sodium Currents 

The amplitude of  the sodium current is proportional to the probability P0 of  
the open state O. This parameter was calculated numerically by solving the 
fourth-order differential equations following from reaction scheme 2. With 
the rate constant values a =  12ms -1, b =  1.8ms -1, c = 2 . 3 m s  -1 and 
d = 0.01 ms -1, a good description of  the kinetics of sodium currents in a 
frog node at E = - 1 0  mV can be achieved (control curves in Fig. 15). The 
slowed and incomplete sodium inactivation after treatment with Anemonia 
toxin II is simulated with the same values for a and b and with c = 1.1 ms -~ 
and d = 0.2 ms -1 (interrupted curves in Fig. 15). 

Since the inactivation rate constants c and d in scheme 2 are assumed to 
be voltage-independent, the values c = 2.3 ms -~ and d = 0.01 ms -~ are used 
for normal sodium channels at all potentials, while the activation rate con- 
stants a and b are varied to account for the voltage dependence of  the sodium 
currents. The ratio a / b  is specified by the h~ curve. In terms of  scheme 2 the 
stationary probability 1 - h ~  of  the inactivated state I is given by the equa- 
tion: 

c/d 
1-ho~ (1 +b/a)  3 +c /d  (3) 

and an approximate description of  the experimental ho~ curve of  myelinated 
nerve is achieved with: 
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Fig. 15. Simulation of sodium currents in frog nerve at E = - 10 mV under control conditions 
(full curves) and after treatment with Anemonia toxin ATX II (interrupted curves). The left- 
hand graph shows the activation phase on an extended time scale, the right-hand graph shows 
the inactivation phase after the peak of the sodium current. The probabilities P0 of the open 
state O (plotted downwards) were calculated from scheme 2 frith the rate constants (in ms-1): 
a = 12, b = 1.8, c = 2.3, d = 0.01 (control) and a = 12, b = 1.8, c = 1.1, d = 0.2 (ATX II). Proba- 
bility of state C 1 = 1 as initial condition. Times to the peak of the sodium current are marked 
by arrows 
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Fig. 16. Comparison of calculated and mea- 
sured h~ values. The curve was computed 
from equation 3 with c/d = 230 and b/a 
from equation 4. The symbols are h~o val- 
ues of rat myelinated nerve fibres with an 
assumed resting potential of -70  mV (from 
Neumcke et al. 1987) 

b [ 'E  + 35 mV"~ 
(4) 

(see Fig.  16). I f  a a n d  b are in te rpre ted  as the fo rward  a n d  b a c k w a r d  rate con-  

s tants  o f  a par t ic le  h o p p i n g  over a n  energy barr ier ,  a n  effective va lency  of  1.4 

e l e m e n t a r y  charges fol lows f r o m  the  r e l a t ionsh ip  in  e q u a t i o n  4. T h u s  the 

s lope a n d  m i d p o i n t  po t en t i a l  o f  the  expe r imen ta l  hoo curve  can  be  predic ted  

wi th  a r ea sonab le  va lue  o f  the  ga t ing  charge a n d  wi th  v o l t a g e - i n d e p e n d e n t  in-  
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Fig. 1 7 a - d .  Voltage dependence of activation rate constants a (a) and b (b), of times tp to 
peak sodium current (e), and  of  inactivation time constants z h (d). Values tp and r h were calcu- 
lated with parameters a, b (from a, b) and with voltage-independent inactivation rates 
c = 2.3 ms -1 and d = 0.01 ms -1. The rates and times refer to sodium currents in rat myelinated 
nerve at 20 °C 

activation rates. The final step in the specification of the rate constants is to 
choose parameters a and b which are in accordance with equation 4 and 
which show good agreement with the measured times tp of the peak sodium 
currents and with the inactivation time constants zh at all potentials. Results 
for a rat nerve fibre are given in Fig. 17. 

Armstrong (1978) and Armstrong and Croop (1982) have discarded cou- 
pled models as shown in scheme 2 because these models predict finite sodium 
currents during recovery from inactivation which, however, have not been ob- 
served under normal conditions. In order to investigate this point, sodium tail 
currents during a long repolarization period were calculated from scheme 2. 
Figure 18 illustrates that there is indeed a small and slowly decaying sodium 
current which persists for several milliseconds after repolarizing to - 4 6  mV. 
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Fig. 18. Simulation of sodium currents I during and after a l-ms depolarization to E = 30 mV. 
The curves were calculated from scheme 2 with the rate constants (in ms-i): a = 40, b = 1.08, 
c = 2.3, d = 0.01 at E = 30 mV and a = 3.3, b = 6.072, c = 2.3, d = 0.01 at E = -46 mV. Proba- 
bility of state C 1 = 1 as initial condition. Currents I = gxpox(E-Erev) with g = 0.3 ~tS, Po: 
probability of open state O and the reversal potential E r e  v = 70 mV 

It  arises f rom the t ransi t ion between the inact ivated state I th rough  the open  

state O into the resting states C1, C2 and C3, but  it is so small tha t  it can 
hardly be dist inguished f rom unspecific and  t ime- independent  current  com-  

ponents.  Hence,  the coupled scheme 2 gives an appropr ia te  descr ipt ion o f  
macroscopic  sodium currents during and  after  depolar izat ions  under  control  

condit ions.  
Problems arise when scheme 2 is used to describe the effects o f  inactiva- 

t ion-modi fy ing  substances. A n  example is shown in Fig. 15 in which the ac- 
t ions o f  Anemonia toxin I I  are s imulated by varying only the inact ivat ion 
rates c and  d and  leaving the act ivat ion rates a and  b unchanged.  Wi th  such 
changes o f  c and d the slowed and incomplete  inact ivat ion can be reproduced,  

but  the calculated peak  sodium currents become  larger and  the predicted t ime 
to the peak  sodium current  becomes  longer with ATX II. Since these two 
changes are in confl ict  with experiments  on frog myelinated nerve (Neumcke 
et al. 1985), either the coupled scheme 2 does not  appropr ia te ly  describe the 
effects o f  ATX I I  or  the toxin not  only  modif ies  the process o f  sod ium inacti- 
vat ion but  in addi t ion alters sod ium activation. 

Similar  difficulties are encountered when simulat ing the effects o f  inactiva- 
t ion-modi fy ing  substances on sod ium channels in neurob las toma  cells. The  
large negative voltage shift o f  the peak  sodium conductance  curve shown in 
Fig. 3 b can only par t ly  be explained by the coupled scheme 2. This is illus- 
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Fig. 19, Peak open probabilities Po under 
control conditions (full curve) and after com- 
plete removal of  sodium inactivation (inter- 
rupted curve). The control Po values were 
calculated from scheme 2 with voltage-inde- 
pendent inactivation rate constants 
c = 2.3 ms - l ,  d = 0.01 ms -1 and with activa- 
tion rate constants a and b taken from Fig. 
17a, b. Without sodium inactivation, i.e. for 
c = 0 (interrupted curve), the peak probabili- 
ties Po are equal to their stationary values 
(1 +b/a)  -3, and b/a is given by equation 4 
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trated in Fig. 19 with plots of the calculated peak "open-probabilities" under 
control conditions and after removal of sodium inactivation. Thus, the cou- 
pled reaction diagram 2 indeed predicts a negative shift of the conductance 
curve after removal of sodium inactivation, but the shift is much smaller than 
the one reported by Gonoi and Hille (1987) for N18 neuroblastoma cells. 

5.2 Description of Gating Currents 

Since the inactivation rate constants c and d in scheme 2 are assumed to be 
voltage-independent, transitions between the open state O and the inactivated 
state I occur without charge transfer and thus are electrically silent. Hence, 
the state I cannot contribute directly to the off-gating current during 
repolarization, and the reverse charge displacement is delayed because the 
state O is reached with the slow rate constant d. This explains why the rapid 
off-charge displacement is smaller than the on-value and why the deficit in- 
creases in parallel to sodium inactivation. 

While the immobilization of gating charges is readily understandable in 
terms of the reaction diagram 2, it is less obvious that such a coupled scheme 
predicts a slow component in the on-gating current. Intuitively, slow current 
components should not arise from the rapid activation reactions C1-C2-C~-O 
but only from the slow inactivation step O-I which, however, is electrically si- 
lent. Such a separation between fast activation and slow inactivation current 
components is fulfilled by reaction schemes in which the two gating processes 
are independent of each other, e.g. in the Hodgkin-Huxley formalism. On the 
other hand, in scheme 2 with coupled activation and inactivation, all individ- 
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Fig. 20. Simulation of gating currents in frog nerve during a pulse to E = - 10 mV under control 
conditions (full curve) and after treatment with Anemonia toxin ATX II (interrupted curve). 
The currents per channel are given in units of elementary charges e/ms ( = 1.6× 10-16 A) and 
were calculated from scheme 2 with the same rate constants as in Fig. 17. Charge transfer 1 e 
for the transitions C1-C2, C2-C 3 and C3-O, no charge transfer for the transition O- I .  
Probability of state C 1 = 1 as initial condition. Initial amplitude of gating current (at 0 ms): 
36 e/ms for control and ATX II. Stationary charge displacements: 2.997 e (control), 2.915 e 
(ATX II). Since the control and ATX II curves are almost identical up to 0.3 ms, only the "foot" 
of the gating currents for later times is shown 

ual t ransi t ions are described by fast act ivat ion and slow inact ivat ion kinetics. 

For example,  with the rate constants  (in ms - l ) :  a = 12, b = 1.8, c = 2.3 and  
d = 0.01, the t ime course o f  the probabil i t ies o f  all states in scheme 2 is de- 
scribed by  four  exponentials  with the t ime constants  (in I~s): 24.15, 36.08, 
68.71 and  695.7. Thus  the vol tage-dependent  act ivat ion reactions are not  only  

governed by fast kinetics, bu t  they contain  addi t ional  small  componen t s  
which relax with the largest t ime constant .  In  this way slow componen t s  in 
the on-gat ing currents can arise f rom the vol tage-dependent  act ivat ion reac- 
tions. Figure 20 represents s imulat ions o f  the on-gat ing currents f rom scheme 
2 to illustrate such slow componen t s  under  control  condit ions and  after  treat- 
ment  with A n e m o n i a  toxin ATX II. It  is obvious tha t  the toxin decreases the 

slow c o m p o n e n t  at the " f o o t "  o f  the on-gat ing current,  as observed in frog 

myelinated nerve (see Fig. 10b, c). 

5.3 Single Channel  Propert ies  

As explained in Sect. 4.3, the rate constants  o f  inact ivat ion and  deact ivat ion 
can be determined separately f rom measurements  o f  the currents in single so- 
d ium channels. In the react ion scheme 2 the rates o f  the transit ions f rom the 
open state O are c (inactivation) and  3 b (deactivation).  The  corresponding 
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Fig. 2 1 a - d .  Rate and time constants of the Hodgkin-Huxley m3h formalism (left) and of the 
reaction scheme 2 with coupled activation, inactivation and with voltage-independent inactiva- 
tion rates c and d (right). a, b Voltage dependence of inactivation (fib, c) and deactivation 
(3 tim, 3b) rate constants. Note logarithmic scaling of ordinates. Equivalent gating charges (in 
units of elementary charges e) as obtained from the slope of the curves at the membrane poten- 
tials V: 1.20 (flh, - 5 0 m V < V < - 3 0 m V ) ,  0 (fib, V>0mV), 1.33 (3tim), 0.64 (3b near 
V = 0 mV), 0 (c). c, d Voltage dependence of inactivation time constant (rh) and of duration of 
open sodium channel (z0). a, c a h, fib, tim, rh = 1/(ah+flh) and r o = 1/(fib + 3tim ) were calculat- 
ed from equations 23, 24, 21 of Hodgkin and Huxley (1952) assuming a resting potential of 
-70mV, The rates and times refer to sodium currents in squid giant axon at 6.3°C. b, d 
r 0 = i / ( c+3b)  was calculated with c = 2.3 ms -1 and b from Fig. 17b. r h values are from Fig. 
17d. The rates and times refer to sodium currents in rat myelinated nerve at 20°C 

ra tes  i n  t h e  H o d g k i n - H u x l e y  m3h  f o r m a l i s m  a re  flh fo r  i n a c t i v a t i o n  a n d  3 tim 

fo r  d e a c t i v a t i o n  (see H i l l e  1984 p. 342,  F ig .  6). F i g u r e  21 a, b shows  t h e  v o l t a g e  

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

c o u p l e d  a c t i v a t i o n  a n d  i n a c t i v a t i o n  p rocesses .  T h e  t w o  d e s c r i p t i o n s  o f  sod i -  

u m  c u r r e n t s  p r e d i c t  d i f f e r e n t  m a g n i t u d e s  for  t h e  ra te  c o n s t a n t s :  w h i l e  w i t h  
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the m3h formalism inactivation (fib) is faster than deactivation (3tim) for 
membrane potentials above -20  mV, the deactivation rate (3 b) predominates 
over the inactivation rate (c) for potentials up to 40 mV with the coupled 
scheme 2. These differences explain the different shapes of the rh and r0 
curves in Fig. 21 c, d. With the m3h gating scheme the duration r0 of the open 
channel approaches the inactivation time constant rh at large depolariza- 
tions, whereas with coupled activation and inactivation z0 remains smaller 
than rh in agreement with experimental results (see Fig. 13). 

In conclusion, the coupled reaction scheme 2 with voltage-dependent acti- 
vation and voltage-independent inactivation rates can predict several proper- 
ties of macroscopic sodium currents and gating currents which are usually de- 
scribed with the conventional Hodgkin-Huxley formalism. In addition, the 
coupled scheme can account at least partially for the alteration of sodium ac- 
tivation by inactivation-modifying substances and gives a natural explanation 
for the immobilization of gating currents owing to sodium inactivation, but 
it cannot account for the deviations between sodium inactivation and charge 
immobilization described in Sect. 3.2 (see Armstrong 1978). In addition, 
some statistical properties of single sodium channels are better described by 
coupled rather than by independent activation and inactivation processes. As 
already pointed out, scheme 2 with its strict coupling between activation and 
inactivation and with its voltage-independent inactivation rates is an extreme 
case. By relaxing some of the restrictions, i.e. by allowing direct transitions be- 
tween the inactivated state I and the closed states C1, C2 and C3 or by attrib- 
uting some voltage dependence to the inactivation rate constants a more real- 
istic scheme of the voltage-dependent sodium channel and a better descrip- 
tion of its stationary and kinetic properties could be achieved. 
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1 Introduction 

Potassium channels play a crucial role in determining the resting membrane 
potential, time course, amplitude and polarity of electrical changes in most 
types of cells. At rest the membrane potential of a typical cell is positive to 
the potassium equilibrium potential (EK). When K + channels are activated 
and open, the cell hyperpolarizes and the opening probability of depolariza- 
tion-dependent calcium and sodium channels is reduced. 

With the development of the single channel recording technique by Neher 
and Sakmann (t976; Hamill et al. 1981), it became possible to study the ele- 
mentary quantal events within the original cell membrane which underlie the 
already known, electrophysiologically measured macroscopic currents. With 
another method for the study of single channel events, ion channels are isolat- 
ed from the native membrane and reconstituted in model phospholipid 
bilayers (see Miller 1986; Latorre 1986a, b). 

Potassium currents and channels have been described mainly with respect 
to their properties in excitable cells. Potassium currents have been reviewed by 
Meech (1978), Lew and Ferreira (1978) and Dubois (1983), while reviews on 
potassium currents and channel have been presented by Latorre and Miller 
(1983), Hille (1984), Dubinsky and Oxford (1985), Adams and Galvan (1986), 
Cook (1988), and Rudy (1988). Some specific reviews have appeared on the 
role of K + channels in modulation of neuronal excitability (Kaczmarek and 
Levithan 1987), the M-current (Brown 1988a, b), the S-current (Siegelbaum 
1987), the ATP-dependent K + channel (Noma and Shibasaki 1988; Ashcroft 
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1988), Ca2+-activated K + channels (Lew 1983; Marty 1983a; Schwarz and 
Passow 1983; Petersen and Maruyama 1984; Ewald et al. 1985) and K + 
channels regulated by nucleotides (Stanfield 1987), biochemical pathways 
(Duty and Weston 1988), and by guanine nucleotide binding G proteins 
(Brown and Birnbaumer 1988). 

A still increasing number of separate K + channels are emerging, and the 
question arises as to whether there is a common design for all cell membrane 
channels. For several membrane channels in eukaryotic cells, the amino acid 
sequences have now been derived by recombinant DNA methods, e.g. the 
subunits of the nicotinic acetylcholine receptor (Noda et al. 1983), the 
voltage-dependent sodium channel (Noda et al. 1984), a putative sodium 
channel in Drosophila (Salkoff et al. 1987) and the primary sequence for a 
gap-junction polypeptide (Paul 1986; Kumar and Gilula 1986). Recently, it 
has been shown that Shaker messenger ribonucleic acid (mRNA) species can 
generate functional A-channel types in oocytes (Timpe et al. 1988; see also 
Sect. 6 of this review). Since the predicted gene products of the Shaker locus 
show sequence similarities with the voltage-sensitive sodium channel (Noda 
et al. 1984) and the dihydropyridine receptor of rabbit muscle (Tanabe et al. 
1987), it has been suggested that ionic channels are all simply variations of 
a common structural theme but differ in their gating properties. In the case 
of K + channels, this suggestion is supported by the finding that the se- 
quence of ion selectivity is quite similar in most of the K + channels investi- 
gated (see Sect. 7.1.2.2). 

Three basic types of gating have been identified, according to which the fol- 
lowing channel types can be discriminated (Hille 1984): 

1. Voltage-sensitive channels, e.g. the classical delayed outward rectifier de- 
scribed by Hodgkin and Huxley, and the inward or anomalously rectifying 
K + channel. While the former is activated by depolarization, the latter is 
inactivated by depolarization and activated by hyperpolarization (Conti 
and Neher 1980; Sakmann et al. 1983; Watanabe and Gola 1987). 

2. Ion-activated channels which are gated by changes in intracellular (i) ion 
concentrations. Cai z+ is capable of activating and Nai + of blocking K + 
channels (Petersen and Maruyama 1984; Marty 1983 a, b; Kameyama et al. 
1984; Miller et al. 1985; Blatz and Magleby 1986). 

3. K + channels gated by neurotransmitters like acetylcholine (ACh) (Adams 
et al. 1982a; Kurachi et al. 1986a). For the muscarinic ACh-operated K + 
channels and the serotonin-sensitive channel, is has been established that 
G protein binding is involved in channel activation (see Sects. 3.2, 4.2.1). 

The gating of K + channels may be determined by one or more of these three 
basic mechanisms (Hille 1984) and can be modulated by phosphorylation 
(Levitan t985) and the action of second messengers (Belardetti and 
Siegelbaum 1988). However, even within one type of channel gating, several 
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pathways of channel activation are possible, as in the case of G protein gating, 
where several different receptors can activate one K ÷ channel population 
(Kurachi et al. 1986b; Andrade et al. 1986). 

Recently, mechanosensitive K ÷ channels have been (Guharay and Sachs 
1984) identified which might be involved in cellular volume regulation (see 
Sect. 10). Various types of K ÷ channels have also been identified in plant 
cell membranes, but available data are not yet sufficient to allow classification 
(reviewed by Hedrich and Schroeder in 1988). 

In the past the macroscopic currents have been characterized; the problem 
now arises of  dissecting them and ascertaining the contributions due to the 
various classes of single channels. The number of authors using the patch- 
clamp method for identification of single ionic channels is increasing almost 
exponentially, as is the observed variability of single channel properties, i.e. 
conductance, the appearance of  subconductance states, the ion selectivity, the 
open probability and the kinetic analysis of  dwell-times. The dependence of 
single channels on agonists, antagonists, cytoplasmic Ca 2÷ and pH, as well 
as on second messengers, phosphorylation, G protein binding and mechanical 
stress, has also been investigated. Only in a few excitable cell systems, for ex- 
ample in molluscan ganglion cells, has it been possible to strictly correlate 
macroscopic currents with the corresponding elementary units - the single 
channels. In general, though, there e:dsts a mismatch; far more ion channel 
types have been identified than there are known ion currents. Thus, any mac- 
roscopic current must comprise several populations of ion channels. 

For example, 11 separate classes of K ÷ channels have been characterized 
in lens ceils on the basis of their kinetics and single channel conductance (Rae 
et al. 1988), and five have been identified in Helix ganglia (Ewald et al. 1985). 
Besides the Ca2+-activated K ÷ channel of  large conductance, at least four 
additional classes of voltage-dependent K ÷ channels have been identified in 
phaeochromocytoma cells derived from chromaffin cells of  rat adrenal me- 
dulla and used as a model system for the regulation of neuronal excitability 
(Hoshi and Aldrich 1988; Hoshi et al. 1988). It will be difficult to distinguish 
with certainty their individual contribution to the total macroscopic K ÷ cur- 
rent. Are these channels distinct? An alternative interpretation is that there 
is a single class of  K ÷ channels, whose gating consists of  transitions between 
different conductance sublevels and kinetic modes (Cull-Candy and Usowicz 
1987). However, this interpretation seems to be unlikely, since most of  the sep- 
arate K ÷ channel types are generally observed simultaneously in a single 
membrane patch. In addition, a tissue-specific distribution of K ÷ currents 
and channels should be expected. For example, in heart, ATP sensitive K ÷ 
channels were recorded in pacemaker cells and atrial and ventricular fibres. 
Apparently this type of K + channel appears in every muscle of  the heart. By 
contrast, inward rectifying K ÷ channels were observed in ventricular and 
atrial fibres but not in nodal pacemaker cells, while the muscarinic ACh re- 
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ceptor-operated channel was found in the nodal cell but not in the ventricular 
fibre. 

1.1 Function in Excitable Cells 

At least six distinct voltage-dependent K ÷ currents can be discriminated in 
molluscan neurons. Here, the action potential can be used to estimate the to- 
tal macroscopic K + current. The different components of the voltage-depen- 
dent K ÷ current define the shape and duration, time dependence and firing 
pattern of action potentials in neurons (Hille 1984) and may be involved in 
alterations of synaptic efficacy in learning (Shuster et al. 1986; Farley and 
Auerbach 1986). Since the K ÷ currents are mainly inhibitory and responsible 
for repolarization, an increase in the K ÷ conductance depresses electrical ex- 
citability. 

K ÷ currents can be discriminated by their voltage sensitivities, kinetics of 
activation and inactivation, and pharmacological modulation. Traditionally, 
they have been classed into a few groups according to type (see Fig. 1 of E 
Dreyer in this volume, p. 96, and Kaczmarek and Levithan 1987). Which class- 
es of K ÷ channels form the different currents, e.g. which channels underlie 
the M-current, and how should one proceed to clarify the correlation of  mac- 
roscopic currents with microscopic channels? There is no general concept 
available. The selected procedure will certainly depend on the mechanism of 
channel activation and modulation. 

1.2 Function in Non-excitable Cells 

In non-excitable systems, the specific physiological function associated with 
the cellular ion fluxes must be identified and its correlation with different 
populations of  single channels then elucidated. In the following paragraphs, 
the proposed function of K ÷ channels in tissues such as pancreatic B cells 
(insulin secreting cells), hepatocytes, renal epithelial cells and leucocytes (lym- 
phocytes and macrophages), which have been used for patch-clamp studies, 
will be briefly summarized. 

In pancreatic B cells, the rhythmic electrical activity evoked by glucose is 
closely involved in the regulation of  insulin secretion and depends on varia- 
tions of the K ÷ permeability (Petersen and Findlay 1987). 

In hepatocytes, the membrane K ÷ permeability determines the rate of 
voltage-dependent membrane transport processes, such as Na/alanine uptake, 
and the secretion of bile constituents, such as glutathione and taurocholic ac- 
id. It is involved in volume regulatory processes, e.g. after alanine uptake, fol- 
lowing disturbances in the acid-base balance or during cell proliferation. K ÷ 
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transport may be modulated by hormonal effects (e.g. insulin, glucagon and 
epinephrine) or sympathetic stimulation. 

K ÷ secretion and the regulation of  K ÷ excretion in the kidney are known 
to occur in the various segments of the nephron (Field and Giebisch 1985). 
The cortical collecting tubule, a segment of the distal nephron, plays a major 
role in the regulation of  K ÷ secretion and Na ÷ reabsorption. Another distal 
segment, the thick ascending limb, functions by reabsorbing salt, but not wa- 
ter, in order to dilute the urine. In both segments, K ÷ is pumped into the cell 
via Na, K adenosine triphosphatase (ATPase) at the basolateral membrane 
and then is lost through an apical cell membrane conductance that is Ba 2÷ 
sensitive (Herbert and Andreoli 1984; Cornejo et al. 1987). In addition, K ÷ 
is taken up across the apical membrane of the thick ascending limb by an elec- 
trically silent co-transport system with Na and C1. The overall result is a net 
secretion of K ÷ by the cortical collecting tubule and a net reabsorption of 
K ÷ by the thick ascending limb. 

K ÷ channels are required for activation by mitogens, increased protein 
synthesis, interleukin-2 production, thymidine incorporation, and volume 
regulation (Grinstein et al. 1982) of T lymphocytes, for activation by antigen 
of allogeneic cells, and for lysis of target cells by natural killer cells (for review 
see DeCoursey et al. 1985). 

1.3 Dissection of K + Currents 

For simultaneous measurement of both macroscopic and microscopic cur- 
rents, at least two measuring pipettes (i.e. whole-cell and cell-attached) should 
be applied to the cell under investigation. This approach has been used quite 
recently for studying sodium transport (Fahlke et al. 1988). In the case of sin- 
gle cells, the whole-cell current was measured by one pipette, while the single 
ion channels were simultaneously monitored by a cell-attached pipette. To 
enable a relevant comparison, both the macroscopic current amplitudes and 
single channel open probabilities have to be varied simultaneously, e.g. by sec- 
ond messengers (Neher 1988). Another approach involves noise analysis of  
the fluctuating part of  the macroscopic current, but this requires that the cur- 
rent is composed of one or two channel populations exhibiting different ki- 
netics (Conti et at. 1975; Fenwick et al. 1982; DeFelice 1981; Neumcke 1982; 
Kolb 1984). 

Besides correlating single channels with macroscopic currents, it is impor- 
tant to compare ion channels characterized in different tissues. Classification, 
as in a table of chemical elements, then calls for the selection of appropriate 
discriminating parameters. At present, the separate channels are ordered sole- 
ly according to phenomenological features. Even in the case of the Ca2÷-de - 
pendent K + channel of  large unit conductance, detailed classification is bin- 
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dered by the non-comparability of the experimental conditions used by differ- 
ent authors, e.g. the use of  different electrolytes or varying concentrations of  
the blocking cytoplasmic sodium ion. Since this channel type is easily detect- 
able due to its large conductance, it has been intensely studied and will be re- 
viewed in detail later (Sect. 7.1). 

2 M-Current: Physiological Function, Distribution and Blockade 

The M-current is a small, subthreshold, voltage-dependent outward K + cur- 
rent which is activated at more hyperpolarized potentials than the delayed rec- 
tifier, the fast Ca2÷-activated K ÷ current or the A-current (for recent reviews 
see Brown 1988 a, b). It is the only non-inactivating time- and voltage-sensi- 
tive K ÷ current, which therefore contributes to the normal resting membrane 
current. As a background K ÷ current it determines the general level of  excit- 
ability. It becomes activated in the potential region between resting potential 
and threshold for firing and can therefore limit repetitive activity and the pat- 
tern of  spike discharges. At least in sympathetic ganglia, the M- and 
afterhyperpolarization (AHP)-current seem to act additively in the control of  
excitability. 

The M-current was first characterized in cells of  frog lumbar sympathetic 
ganglia (Brown and Adams 1979, 1980; Adams et al. 1982a, b). Since then it 
has been identified (for a more complete list, see Brown 1988 a, b) in a variety 
of different ganglia, cultured spinal cord neurons (Nowak and MacDonald 
1983), cortex neurons (Constanti and Galvan 1983), toad stomach smooth 
muscle cells (Sims et al. 1985) and mouse neuroblastoma cells (Higashida and 
Brown 1986). 

A rich pharmacology is associated with the M-current. It can be inhibited 
by several different neurotransmitters, cholinergic and peptidergic agonists, 
Ba 1+ ( 1 - 4  mM) (Adams et al. 1982b; Constanti et al. 1981) and chicken lu- 
teinizing hormone-releasing hormone (Jones 1987). The prefix M was chosen 
because the current is inhibited by muscarinic ACh receptor agonists, includ- 
ing muscarine itself. Evidence suggests an involvement of phosphatidylino- 
sitol (PI) turnover and IP 3 in the muscarinic blockade of the M-current in 
hippocampal pyramidal cells (Dutar and Nicoll 1988). It has also been dem- 
onstrated that activators of  protein kinase C mimic the muscarinic action in 
bullfrog sympathetic ganglia (Tsuji et al. 1987). This type of  modulation of  
the M-current is probably responsible for several slow excitatory responses in 
vertebrate neurons. Tetraethylammonium (TEA) (1 - 5 mM) (Tokimasa 1985), 
apamin, tubocurarine and hexamethonium do not block this current. The lat- 
ter three agents are used to separate the M-current from the AHP-current 
(Pennefather et al. 1985a, b). So far, the K ÷ channels which determine the 
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M-current have not been identified. This is probably due to their expected 
long open time, low density (1 ~tm -2) and estimated low single channel con- 
ductance of about 10pS (Brown 1988a). 

3 S-Current 

3.1 Inhibitory Effect of Serotonin 

Kandel and his colleagues have investigated in detail the gill withdrawal reflex 
and the mechanism of its sensitization at the level of individual sensory neu- 
rons in Aplysia californica. The sensitizing stimulus elicits a slow excitatory 
postsynaptic potential (EPSP) in a facilitatory interneuron. Serotonin (5-HT) 
has been found to mimic the unknown modulatory transmitter (Kandel and 
Schwartz 1982). After Klein et al. (1982) stated that the primary effect of 
5-HT is a decrease in a specific outward current (S-current), Siegelbaum et 
al. (1982) characterized a class of 5-HT sensitive K + channels (the S-chan- 
nel) in patch-clamp recordings. 

5-HT produces prolonged "all-or-none" closure of these channels which re- 
sults in a slow depolarization. The channels seem to be weakly voltage-depen- 
dent and independent of Cai 2÷ (Camardo et al. 1983). They are open at rest- 
ing membrane potential and therefore, like the M-current, contribute to the 
resting membrane conductance, excitability and repolarization. The channel 
closure induced by 5-HT results in an increase in the action potential duration 
and transmitter release from the sensory neuron terminals. The inhibitory ef- 
fect of 5-HT can largely be mimicked by the catalytic subunit of the cyclic 
adenosine monophosphate (cAMP)-dependent protein kinase (0.1-1 ~tM) 
(Camardo et al. 1983; Shuster et al. 1986). 

3.2 Role of G Proteins 

In contrast, antagonistic modulation of the channel resulting in an increase 
in the channel open probability is observed after external application of the 
neuropeptide Phe-Mct-Arg-Phe-NH2 (FMRF-amide) (Piomelli et al. 1987; 
Betardetti and Siegelbaum 1988). FMRF-amide acts through lipoxygenase 
metabolites of arachidonic acid. Its external application leads to hyper- 
polarization and a decrease in action potential duration and transmitter re- 
lease. Since activation of the arachidonic cascade has been associated with the 
action of G proteins in many vertebrate neurons (reviewed by Axelrod et al. 
1988), it was proposed that the S channel is regulated by G proteins indepen- 
dently of the activation of second messengers. This hypothesis was confirmed 
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by intracellular injection of  a non-hydrolysable analogue of guanosine tri- 
phosphate (GTP), guanosine 5'-[y-thio]trisphosphate (GTP-yS), which mim- 
icked the hyperpolarizing action of  FMRF-amide, but a slower onset was ob- 
served and its effects were only partially reversible (Sasaki and Sato 1987; 
Brezina et al. 1987; Piomelli et al. 1987). 

Recently, Volterra and Siegelbaum (1988) reported that two different G pro- 
teins are involved in 5-HT induced cAMP production and FMRF-amide in- 
itiated release of arachidonic acid. A pertussis toxin-insensitive G protein 
couples the 5-HT receptor to adenylate cyclase, whereas a pertussis toxin-sen- 
sitive G protein is proposed as coupling the FMRF-amide receptor to 
phospholipase A2, resulting in activation and the release of arachidonic acid. 
As an alternative, it may be proposed that a G protein signals occupation of 
the receptor directly to the K ÷ channel, inducing it to open. Direct coupling 
has been reported for the dopamine, histamine and ACh receptors in abdomi- 
nal ganglion cells of  Aplysia (Sasaki and Sato 1987), the muscarinic receptor 
in atrial muscle cells (Pfaffinger et al. 1985; Breitwieser and Szabo 1985; 
Yatani et al. 1987; Logothetis et al. 1987; see Sect. 4.2.1) and for the 5-HT 
and gamma-aminobutyric acid (GABA) evoked K + current in hippocampal 
pyramidal cells (Andrade et al. 1986). The appearance of  slow EPSPs result- 
ing from blockade of  K + channels is common at many levels of  vertebrate 
nervous systems. It is nevertheless not clear whether G proteins and second 
messengers are involved in all cases. 

4 Inward or Anomalously Rectifying K + Current 

4.1 Mechanism: Role of  Intracellular Mg 2÷ 

The high conductance of inward (anomalously) rectifying K + currents, as 
opposed to the low conductance of outward K + currents, is typical for in- 
ward rectifying K ÷ channels. The inward rectifying K ÷ current was first de- 
scribed by Katz (1949) and later, using the patch-clamp technique on rat 
myotubes, by Ohmori et al. (1981). Like the M-current and the transient K ÷ 
current, it contributes significantly to the resting membrane potential in verte- 
brate and invertebrate neurons (Constanti and Galvan 1983; Kandel and Tauc 
1966; Llinas 1984; Nelson and Frank 1967; Brew et al. 1986; Stanfield et al. 
1985). In egg cells, the increase of the K ÷ conductance due to hyperpolariza- 
tion and decrease due to depolarization mediates action potentials with very 
long plateaus (Hagiwara 1983). 

Armstrong (1966) first suggested a voltage-dependent steric blockade by 
some intracellular constituents as the mechanism of  inward rectification. In 
the case of  the inward K ÷ rectifiers mentioned above, intracellular Mg 2+ is 
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considered to be the blocking agent. The rate constants of  the blocking reac- 
tion are assumed to be of  the same order as the K ÷ transport rate through 
the channel (Vandenberg 1987; Matsuda et al. 1987; for theoretical consider- 
ations see L/auger 1985). Hyperpolarization at potentials negative to the EK 
causes the inward movement of  K ÷ and leads to displacement of  the block- 
ing ion, and the inward K ÷ current then increases; at depolarization, Mg 2+ 
blocks the channel by steric hindrance. In the absence of  Mg 2+ the cur- 
rent-voltage relation of  the channel becomes linear (Matsuda et al. 1987). A 
voltage-dependent Mg 2+ block with remarkably similar properties has also 
been observed for ATP-sensitive channels (Horie et al. 1987). It has been sug- 
gested that the action of  Mg 2+ is superimposed by voltage-dependent con- 
formational changes in the channel protein itself or transmitter binding. 
These types of  channel gating might be modulated by second messengers, as 
discussed by Stanfield (1988). 

4.2 Appearance in Excitable Cells 

It is believed that two types of  K + channels contribute to the inward K + cur- 
rent in cardiac ventricular cells (Sakmann et al. 1983): the muscarinic ACh- 
activated inward K ÷ current and an ACh-independent inward rectifying rest- 
ing K ÷ channel. The latter was first identified at this single channel level by 
Sakmann and Trube (1984 a, b). The channel shows complete inward rectifica- 
tion, so that no current flows through this channel at potentials above EK. 
With high external K ÷ it exhibited interconverting substates with distinct 
conductances. Interconversion between the closed and the five distinct open 
states may result from a variable number of  protein monomers forming the 
channel. An approximate square root dependence of  the single channel con- 
ductance on the external K ÷ concentration was found. A density of 
0.5 ~tm -2 was estimated for the inward rectifier in pig ventricle cells. 

Numerous single channel studies helped to characterize this channel in 
adult cardiac ventricle cells (Bechem et al. 1983; Kameyama et al. 1983; Trube 
and Hescheter 1984; Kurachi 1985; Hume and Uehara 1985) and in embryonic 
chick heart cells (Kell and DeFelice 1988). Depending on the tissue, the chan- 
nel could be completely blocked by external Ba 2+ (Sakmann and Trube 
1984b; Kameyama et al. 1983), while incomplete closure was reported by 
Bechem et al. (1983) and Kell and DeFelice (1988) even at 10raM [BaZ+]o. 
Assigning a function to this channel appears to be difficult. It could play a 
role in countering local elevations in intercellular potassium (KeU and 
DeFelice 1988). 
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4.2.1 Mediation by Muscarinic ACh Receptors and the Role of  G Proteins 

For the second K + channel type, which carries the muscarinic (m) ACh re- 
ceptor modulated inward K ÷ current, it has been proposed that a G protein 
couples the receptor to the channel. Pfaffinger et al. (1985; see also Breit- 
wieser and Szabo i985) reported that mACh-induced channel activation re- 
quires intracellular GTP. The suggestion that a multistep activation process 
is involved is supported by observations of an intrinsic delay (30-  100 ms) in 
the onset of  muscarinic activation (Osterrieder et al. 1981). 

GTP or non-hydrolysable GTP analogues like GTP-yS dissociate the 
heterotrimeric G protein into the a-subunit and the fly dimer. Attempts to de- 
termine which of the G protein subunits are the regulators of the channel ac- 
tivity have led to much controversy. Logothetis et al. (t987) implied the fly- 
subunit as active moities, and Codina et al. (1987) the a-subunit. The results 
of Cerbei et al. (1988) and Kirsch et al. (1988) obtained using atrial cells of 
embryonic chick, neonatal rat and adult guinea pig, support the involvement 
of the a-subunit. 

Kurachi et al. (1986b) reported that the same population of K ÷ channels 
could be activated by ACh and adenosine in single atrial cells of  guinea pig. 
It was concluded that Pl-purinergic and mACh receptors are coupled to the 
same inward K ÷ channel by G proteins, although the receptor density can be 
different. For example, in rat atrial myocytes the density of adenosine recep- 
tors is much lower than that of  mACh receptors (Linden et al. 1985). This 
type of receptor-dependent channel offers a significantly different signal 
transduction mechanism than does the nicotinic ACh receptor channel. The 
latter is a stable oligomeric complex, whereas the mACh receptor and the K ÷ 
channel are two distinct molecules. Cytoplasmic second messengers probably 
do not play a major role in the activation of the mACh dependent K ÷ chan- 
nel. Other inward rectifiers are modulated by transmitters such as 5-HT in 
molluscan neurons (Sect. 3; Benson and Levitan 1983) and peptides like sub- 
stance P (Stanfield et al. 1985) and somatostatin (Pennefather et al. 1988). 

4.3 Appearance in Non-excitable Cells 

Inward rectification has recently become evident in a number of non-excitable 
cell types, e.g. in several types of renal cells (GOgelein and Greger 1987; Kolb 
et al. 1987; Hunter et al. 1988b; Parent et al. 1988; Friedrich et al. 1988), pan- 
creatic islet cells (Findlay et al. 1985b) and hepatocytes (Henderson et al. 
1988). None of these channels is Ca2+-activated in the range of 1 nM to 
1 ] / M  C a  2+ . The inward single channel conductance in the cell-attached con- 
figuration, using a high K ÷ electrolyte in the pipette, is about 50 pS in pan- 
creatic islet cells (Cook and Hales 1984; Findlay et al. t985b), 46 pS in the 
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basolateral membrane of rabbit ascending limb tubule (G0gelein and Greger 
1987), 50 pS in the proximal convoluted tubule (Parent et al. 1988) and 44 pS 
in the hepatocyte (Henderson et al. 1988). In insulin secreting cells it could 
be blocked by quinine but not by TEA (Findlay et al. 1985c). 

It is difficult to attribute a physiological function to this channel in many 
of these cell types. Inward rectification might help in preventing K + loss up- 
on profound depolarization, or it might promote a hyperpolarizing response. 
However, there are no conditions known under which inward rectification be- 
comes a crucial factor. As mentioned by Parent et al. (1988), inward rectifiers 
tend to show a more linear conductance under physiological external potassi- 
um. In macrophage membranes, hyperpolarization occurs during such func- 
tions as phagocy~osis, chemotaxis and Fc receptor ligation. Activation of in- 
ward rectifying K + channels could play a role in restoring the resting poten- 
tial (cf. Gallin and Sheehy 1985). 

5 Delayed Rectifying K ÷ Current 

5.1 Appearance in Excitable Cells 

In squid axon the delayed rectifying K ÷ current is the major outward current 
which is mainly responsible for the repolarizing phase of an action potential. 
It has been described in detail by Hodgkin and Huxley (1952). In embryonic 
chick heart ventricle the slope conductance is 15 pS at physiological [K÷]o 
(Clapham and Logothetis 1988). No selective pharmacological agonists are 
known for this current. Like most of the K ÷ channel types, it can be blocked 
in a voltage-dependent manner by TEA + (Armstrong 1971) and also by Cs ÷ 
(Wagoner and Oxford 1987). In some cells, such as the neurosecretory bag cell 
neuron of Aplysia, the current may be composed of several kineticaUy differ- 
ent components. There is evidence that the voltage dependence of activation 
and inactivation can be modulated by protein phosphorylation (Bezanilla et 
al. 1985). 

5.2 Appearance in Non-excitable Cells 

Delayed rectifying outward K + channels have been identified in T lympho- 
cytes (Matteson and Deutsch 1984; Cahalan et al. 1985; for review see 
DeCoursey et al. 1985), B lymphocytes (Choquet et al. 1987), macrophages 
(Ypey and Clapham 1984), astrocytes (Bevan and Raft 1985), cultured 
osteoblasts (Ypey et al. 1988), chick hepatocytes (Marchetti et aI. 1988) and 
mammalian platelets (Maruyama 1987). They resemble those in excitable tis- 
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sues. The single channel slope conductance is about 7 -10  pS. The channels 
are not activated by intracellular calcium, at least not in the range of 1 nM 
to 1 ~tM. Like their counterparts in nerve and muscle, they can be blocked by 
the classical K ÷ channel blockers TEA ÷, 4-aminopyridine and quinine 
(Chandy et al. 1984, 1985; DeCoursey et al. 1984). The function of these 
channels is still unclear. Outward rectifying K ÷ conductances can be modu- 
lated by second messengers (Choquet et al. 1987; Grega et al. 1987) and in- 
creased by interleukin 2-stimulated proliferation (Lee et al. 1988), which sug- 
gests a role for these channels in non-excitable cells. 

6 Transient  K ÷ or A-Current  

6.1 Single Channel Properties 

The transient K + current, often called the A-current, differs from the de- 
layed rectifying K ÷ current in its activation and inactivation kinetics. The A- 
current activates and inactivates faster during the depolarizing phase. Like the 
M-current, it is active in the subthreshold region of the membrane potential 
and can therefore play a role in determining the firing frequency. The single 
channel slope conductance in Helix aspera neurons is 14 pS. It can be blocked 
by 4-aminopyridine (Taylor 1987). The channel activity can also be modulat- 
ed by cAMP. 

6.2 Expression in Oocytes 

On the basis of the electrophysiological analysis of Shaker (a Drosophila 
gene) mutants, the Shaker locus of Drosophila melanogaster has been cloned, 
and it has been proposed that this encodes a structural component of the A 
channel (Papazian et al. 1987; Kamb et al. 1987). This hypothesis has been 
confirmed by expression studies in frog oocytes (Timpe et al. 1988). The com- 
plementary (c)DNA sequence predicts an integral membrane protein of 
70.2 kDa containing several membrane-spanning sequences. It is homologous 
to the $4 segment present in the vertebrate sodium channel (Noda et al. 1984, 
1986) and possibly also in the putative dihydropyridine receptor of the Ca 2÷ 
channel in skeletal muscle (Tanabe et al. 1987). Since the $4 segment is involv- 
ed in voltage gating, a conserved mechanism of voltage activation is proposed 
for the channels mentioned (Tempel et al. 1987). The cDNA-derived amino 
acid sequence of the presumptive Ca 2÷ channel contains 1873 residues, 
which are arranged into 24 transmembrane helical stretches in fourfold sym- 
metry. Each of these four distinct motifs contains a helix of about 20 amino 
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acids, the $4 segment, with every third amino acid bearing a positive charge 
and the intervening two residues being mainly hydrophobic. The structure of  
the putative Drosophila K ÷ channel has not yet been elucidated. 

The diversity of K ÷ channels may be generated by alternatively spliced 
transcripts (Schwarz et al. 1988). Recently, cDNA clones of mouse brain have 
been isolated, and their nucleotide sequence predicts a protein similar to the 
Shaker protein (Tempel et al. 1988). A completely different putative K ÷ 
channel protein of 130 amino acids (cDNA-derived) has been cloned from rat 
kidney and expressed in Xenopus oocytes (Takumi et al. 1988). Since it con- 
tains only a single putative transmembrane domain, pore formation by 
oligomeric structures is proposed. The unusually slow voltage-dependent gat- 
ing differs from the characteristics of conventional ion channels. 

7 caz+-Act ivated  K + Channe l s  

Two classes of Ca2+-activated K ÷ channels have been characterized and are 
considered to be typical of  excitable cells. One is the voltage-dependent K ÷ 
channel of  large unit conductance (150-300 pS), which is also widespread in 
non-excitable cells. The single channel properties have been carefully investi- 
gated and will be presented here in detail. The second K ÷ channel shows lit- 
tle or no voltage dependence and is of small conductance (10-14 pS). Both 
classes can be discriminated by their different sensitivities to the blocking 
agents charybdotoxin, TEA ÷ and apamin. In addition, Ca2+-activated K ÷ 
channels of conductances ranging from 4 pS to 120 pS have been described 
in excitable and non-excitable cells. Their distinct contribution to the overall 
cellular K ÷ current in the different cell types is less clear. 

7.1 CaZ+-Activated K + Channels of Large Conductance 

7.1.1 Distribution in Various Cell Types 

Voltage-sensitive, Ca2+-activated K ÷ channels of large conductance have 
been identified by the patch-clamp technique in nearly every cell type. They 
were first observed in bovine adrenal chromaffin cell membranes by Marty 
(1981) and later in cells from skeletal and smooth muscle, ganglia, rat brain 
synaptosomes and connective tissue. The channel has also been demonstrated 
in hormone secreting cells, in both apical and basolateral membranes of epi- 
thelial cells, and in human macrophages (see Table 1). Latorre et al. (1982) 
reconstituted the Ca2+-activated K ÷ channel from rat muscle in planar lipid 
bilayers, where it displays properties similar to those observed in the native 
membrane (Barrett et al. 1982). Various notations are used in the literature 



Potassium Channels in Excitable and Non-excitable Cells 65 

Table 1. Distribution of the Ca2+-activated K+-channel of large unit conductance in various 
preparations 

Preparation Conduc- References 
tance a 
(pS) 

Skeletal muscle cells: 
Rat myotubes t87 

Rat myoballs 240 
Rabbit t-tubule 226 

Smooth muscle cells: 
Rabbit longitudinal jejunal 100-200 
Rabbit portal vein 273 
Frog and toad stomach 200 
Canine airway 266 

Heart muscle cells: 
Cow Purkinje fibres 120 

Neurons: 
Xenopus spinal 155 

Endocrine glands: 
Bovine chromaffin 180 
Rat anterior pituitary 208 

Exocrine glands: 
Mouse parotid acinar 250 
Mouse submandibular acinar 250 
Human salivary gland 200 
Pig pancreatic acinar 200 

Pancreatic islet 250 
Pancreatic B 244 
Adrenocortical t70 
Rat lacrimal 
Mouse lacrimal 

Epithelial cells: 
Choroid plexus 200 
Medial cells of human aorta 250 
Gallbadder 140 
Renal JTC-12.PC3 cells 220 
Renal proximal tubular cells 

Immune cells: 
Human macrophages 180 

Synaptosomes: 
Rat brain 200-  250 

Pallotta et al. 1981 
McManus and Magleby 1988 
Methfessel and Boheim 1982 
Latorre et al. 1982, t985 

Benham et al. 1986 
Inoue et al. 1985, 1986 
Berger et al. 1984 
McCann and Welsh 1986 

Callewaert et al. 1986 

Blair and Dionne 1985 

Marty 1981; Marty and Neher 1985 
Wong et al. 1982; Wong and Adler 
1986 

Maruyma et al. 1983a 
Maruyama et al. 1983a 
Maruyama et al. 1983a 
Iwatsuki and Petersen 1985; 
Maruyama et al. 1983b 
Findlay et al. 1985a 
Cook et al. 1984 
Tabares et al. 1985 
Trautmann and Marty 1984 
Findlay 1984 

Christensen and Zeuthen 1987 
Brezhestovskii et al. 1985 
Maruyama et al. 1985 
Kolb et al. 1986 
G6gelein and Greger 1987 

GaUin 1984 

Farley and Rudy 1988 

a Determined by the patch-clamp method with symmetrical high KC1 on both sides of the 
membrane. 
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to describe this large conductance channel (e.g. BK channel, for Big unitary 
conductance K + channel, or maxi-Kca channel), but in this review the ab- 
breviation used is maxi-K(Ca) channel. 

Z1.2 Single Channel Properties and Channel Blockade 

Z1.2.1 Conductance 

Maxi-K(Ca) channels have three remarkable properties: (I) large single chan- 
nel conductance in the range of  150-300 pS, (2) a steep increase in the open 
probability on depolarization and (3) blockade by TEA + . The correspond- 
ing current-voltage relationship measured in symmetrical [K +] (140mM) 
solutions is nearly linear between - 6 0  mV and +70 mV. 

The conductance increases with increasing extracellular [K+]. The channel 
conductance is a non-linear function of  [K+]o . In excised patches the reduc- 
tion of [K +] at the extracellular surface to physiological levels results in a de- 
crease in the single channel conductance from about 220 pS to 100 pS (Barrett 
et al. 1982; Marty and Neher 1985). The functional relationship between con- 
ductance and [K+]o has been described by the sum of two hyperbolic func- 
tions (Moczydlowski et al. 1984; Vergara et al. 1984), which could result from 
a double occupancy of  the channel by K + , from two channels in parallel, or 
from a combination of  both. Yet, from blockade studies single occupancy of  
the pore is suggested (see below). 

It should be noted that even within one-cell species and 140 mMKC1 solu- 
tions on both sides of  the channel, the conductance can vary within similar 
ranges, e.g. 190 -330pS  (Marty 1981) and 150-240 pS (Barrett et al. 1982). 
The meaning of  this variation in terms of  channel structure and ion selectivity 
has not been considered until now. 

Occasionally subconductanCe states are observed (Barrett et al. 1982; Kolb 
et al. 1986), but they have neither been included in kinetic schemes nor ana- 
lysed for channel types with resolved subconductance states (for a review of 
ion channels with subconductance states see Fox 1987). 

Z1.2.2 Ion Selectivity 

The maxi-K (Ca) channel is strongly selective for K + over Na + at physiolog- 
ical K + concentrations, as defined by the reversal potential. An upper limit 
for the Na +/K + permeability ratio of  0.03 has been derived (Yellen 1984). A 
sequence for its ionic selectivity has been reported in cultured rat muscle cells 
(Blatz and Magleby 1984): 

TI> K>Rb>NH4~>Na ,  Li 

This sequence is identical to the one found in the Ca 2+-activated K + channel 
of Aplysia neurons (Gorman et al. 1982; Hermann and Gorman 1981), and 
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probably holds true for nearly all types of  K + channels, although variations 
in the relative permeabilities have been reported. The sequence is the same for 
the delayed rectifying K ÷ current in squid axon (Conti et al. t975), frog 
node of  Ranvier (Hille 1973) and frog skeletal muscle (Gay and Stanfield 
1978). However, the Ca2+-activated K ÷ channel from rabbit muscle t-tubule 
is impermeable to Rb ÷ (Latorre and Miller 1983). 

For the inward rectifier, the permeability ratios are variable. The relative 
permeability of  NHa+/K + is considerably lower in inward rectifier channels 
of  starfish eggs (Hagiwara and Takahashi 1974). In snail neurons, the delayed 
rectifying K ÷ channels are more permeable to Cs ÷ than to NH4 ÷ (Reuter 
and Stevens 1980). In contrast, the reconstituted voltage-dependent K ÷ 
channel of  large conductance (120 pS in 0.1 M K÷; Labarca et al. 1980) from 
rabbit and frog sarcoplasmic reticulum (SR channel) appears to be less selec- 
tive. It is also permeable to Na ÷ , Li ÷ and many organic cations (Coronado 
et al. 1980), but it is blocked by Cs ÷ (Coronado and Miller 1979, 1982). 

7.L2.3 Channel Blockade and Structure 

Cs + reversibly blocks the open maxi-K(Ca) channel in chromaffin cells from 
either side of  the membrane in a voltage-dependent manner (Yelten 1984). The 
reduction of  the current is more pronounced at voltages which should drive 
Cs + into the channel, e.g. external Cs + can block inward but not outward 
K + currents and vice versa. The blockade is generally described as a bimo- 
lecular chemical reaction (Woodhull 1973) but is too fast to be resolved by ki- 
netic analysis. Therefore, only a reduction in the mean current through the 
channel can be measured and analysed (Coronado and Miller 1979; Horn and 
Lange 1983; for a theoretical approach see Lauger 1985). 

In the case of  other K + channels, a result similar to that in chromaffin 
cells has been reported, i.e. Csi + blocks the delayed rectifier current (Chan- 
dler and Meves 1965; Adelmann and Senft 1966; Bezanilla and Armstrong 
1972) and also the SR channel (Coronado and Miller 1979). Yet, the Cs + 
blockade in chromaffin cells is different from the Cs + blockade of  the 
t-tubule channel, where Cs + blocks only from the outside (Latorre et al. 
1985). Ba 2+ blocks this channel in skeletal muscle by binding within its lu- 
men (Miller et al. 1987). The blocking site is inaccessible to Ba 2+ when the 
channel is closed. 

Low concentrations (0 .1-1  mM) of TEA + applied to the exterior mem- 
brane surface block the Ca2+-activated K + channel reversibly (Latorre et al. 
1982; Blatz and Magleby 1984; Latorre and Miller 1983; Marty and Neher 
1982; Moczydlowski and Latorre 1983; Pallotta et al. 1981). TEA + acts from 
either side of  the membrane in rat muscle cells (Blatz and Magleby 1984), 
chromaffin cells (Yellen 1984) and rabbit muscle t-tubule cells (Vergara and 
Latorre 1983; Vergara et al. 1984). The voltage dependence of  the blocking 
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reaction is much smaller than with Na ÷. In both cases, Na ÷ (Marty 1983b; 
Yellen 1984) and TEA ÷ decrease the apparent channel conductance. TEA ÷ 
is much more effective on chromaffin cells when externally rather than inter- 
nally applied. There is evidence that TEA + binds to different sites in the 
Ca2÷-activated K ÷ channel. The blocking reaction of the blocked and open 
channel state has been described by a monomolecular chemical reaction. For 
the corresponding dissociation constant (Ka) following values have been de- 
rived: Kd (TEA +) inside= 3 0 m M  while Kd (TEA ÷) o u t s i d e = 0 . 2 m M  
(Yellen 1984). Similar data have been reported by Blatz and Magleby (1984) 
and Vergara and Latorre (1983) and also for the Ca2÷-activated K ÷ channels 
in sympathetic (Adams et al. 1982a) and molluscan neurons (Hermann and 
Gorman 1981). The properties of  these intracellular TEA + binding sites are 
similar to those of the delayed rectifier in giant axons (Armstrong 1971), 
while the properties of  the extracellular site resemble those of  the delayed rec- 
tifier in the node of Ranvier (Armstrong and Hille 1972). 

In mammalian skeletal muscle, nanomolar concentrations of charybdotox- 
in, derived from the venom of the Isreali scorpion Leiurus quinquestriatus, 
block the active channel through bimolecular interaction (Miller et al. 1985). 
Quinine, an inhibitor of the Ca2÷-induced increase in human red cell K ÷ 
permeability (Armando-Hardy et al. 1975), does not seem to specifically in- 
hibit either the maxi-K(Ca) channel or the Ca2÷-activated K ÷ channel of  
about 50 pS in a cultured insulin-secreting cell line (Findlay et al. 1985c). 

How can the different maxi-K(Ca) channels be discriminated? They appear 
to be identical with respect to their voltage sensitivity and C~ 2+ dependence, 
but distinct in their microscopic kinetics and pharmacology. In cultured 
myotubes (Blatz and Magleby 1984; Latorre et al. 1982), chromaffin cells 
(Yellen 1984) and skeletal muscle t-tubule (Vergara and Latorre 1983; Yellen 
1984) the channel is blocked by TEAi, with a Kd of 30 m M  or higher (see 
above). Yet in rat brain (Farley and Rudy 1988) and pituitary cells (Wong and 
Adler 1986) the channel is blocked by much lower internal TEA ÷ concen- 
trations. Considering that the experiments were performed in the presence of 
various concentrations of internal Na ÷, which also reversibly blocks the 
channel (Marty 1983 b), it may still be that the maxi-K(Ca) channels of differ- 
ent tissues share a common structure. 

The combination of a large single channel conductance with high K ÷ se- 
lectivity is intuitively a contradiction. The design of an appropriate selectivity 
filter for the maxi-K(Ca) channel has been discussed in detail (Latorre and 
Miller t983; Schwarz and Passow 1983; Petersen and Maruyama t984; 
Latorre et al. 1985; Latorre 1986a, b; for reviews see Yellen 1987 or Gray et 
al. 1988). The essential geometrical consideration concerning the proposed 
selectivity filter is mainly based on results obtained with blocking agents (see 
above). If the entire length of the pore had the same narrow dimensions as 
the filter part, the conductance would be low. Therefore, Miller (1982; re- 
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viewed by Latorre and Miller 1983) proposed a hypothetical structure for the 
maxi-K(Ca) channel in the sarcoplasmic reticulum of mammalian skeletal 
muscle. He suggested a pore having a wide entry and exit structure (see also 
Gray et al. 1988), connected by a narrow, very short tunnel which does not 
exceed 0.5 nm in length, compared with 5 nm for the entire membrane thick- 
ness. The mean cross-sectional area of at least 0.5 nm 2 is reduced to 0.2 nm 2 
at the narrowest part of  the tunnel, the selectivity region. 

Alternatively, Sakmann and Trube (1984a, b) suggested that high-conduc- 
tance K + channels are composed of several subunits. For the inward rectifier 
K + channel, they attributed the appearance of subconductance levels to the 
asynchronized openings of the subunits within one channel compound (see 
also Kell and DeFelice 1988). 

It is assumed that the channel contains a maximum of one ion at a time 
(Blatz and Magleby 1984; for a theoretical approach see L~uger 1973; Hille 
1975; Coronado et al. 1980). For K + channels of  small conductance, proba- 
bly more than one ion occupies the channel simultaneously (for review see 
Hille and Schwarz 1978). 

7.1.2.4 p H  Sensitivity 

The open probability increases with rising intracellular pH (pancreatic B cells: 
Cook et al. 1984), the closed time is mainly affected (leaky epithelia: 
Christensen and Zeuthen 1987). It seems that H + competes with Ca 2+ for 
the same binding site. However, binding of  Ca 2+ leads to channel opening 
but binding of H + does not. H + binding prevents Ca 2+ from binding to the 
channel and occurs mainly while the channel is in the closed state. The affini- 
ty of the channel to H + depends on its pK which is about seven. A pH above 
7.4 having little additional effect. The pH dependence is similar for the K + 
channel of  large unit conductance in sarcoplasmic reticulum (Labarca et al. 
1980), the inward rectifier in frog skeletal muscle (Blatz 1984) and the K + 
conductance of red blood cells (Stampe and Vestergaard-Boginol 1985; 
Stampe t985). 

The physiological importance of cellular acidification is still under discus- 
sion. In pancreatic B cells, a metabolically induced decrease of the intracellu- 
lar pH may be important in modulating the dynamic pacemaker current to 
regulate the production of insulin. In skeletal muscle cells, acidification takes 
place during anaerobic, glycolytic phases which might modulate the 
Ca2+-dependent K + conductance (Sahlin et al. 1975). 

7.L3 Kinetic Properties 

The large conductance of the channel yields a high signal-noise ratio in the 
recording, which allows single channel currents to be analysed with high time 
resolution. Therefore, it is the best kinetically characterized K ÷ channel. 
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7.1.3.1 Ca z+ and Mg 2+ Dependence of  Kinetic States 

The channel kinetics depend only on the Ca 2+ activity in the cytoplasm, not 
on extracellular Ca 2+ . For maxi-K(Ca) channels from rat muscle and epithe- 
lial cells, the Ca2+-binding studies are performed either in the excised state 
of the patched membrane or in reconstitution experiments of the channel in 
lipid bilayers. Reconstitution experiments with t-tubule vesicles from rabbit 
and rat skeletal muscle (Latorre et al. 1982; Moczydlowski and Latorre 1983) 
and smooth muscle plasma membranes from rabbit intestines (Cecchi et al. 
1984) in lipid bilayer membranes, demonstrate that Ca 2+ acts as a ligand 
(Latorre et al. 1982; Moczydlowski and Latorre 1983; for review see Latorre 
et al. 1985). Therefore, a Ca2+-dependent biochemical pathway, e.g. a 
Ca2+-calmodulin interaction or protein kinase C-dependent phosphoryla- 
tion, is not involved in the regulation of channel opening. However, Ca 2+-ac- 
tivated K + channels from brain synaptosomes may also be modulated by 
kinases (Bartschat et al. 1986; Farley and Rudi 1988; Lipkin et al. 1986; 
Reeves et al. 1986). 

The Ca 2÷ sensitivity of the maxi-K(Ca) channel varies considerably from 
one preparation to another (reviewed by Petersen and Maruyama 1984). 
Channel activation occurs at micromolar or lower concentrations of  Ca 2÷. 
Rat muscle cells are maximally sensitive to changes in internal Ca 2+ between 
10-6M and 10-4M (Barret et al. 1982), a cell line with properties of the 
proximal tubulus is maximally sensitive between 10-7M and 10-~M (Kolb 
et al. 1986) and cells of mammalian exocrine glands are maximally sensitive 
between 10-SM and 10-7M (Findlay 1984; Maruyama et al. 1983a, b; 
Gallacher and Morris 1986). The channel open states are characterized by 
two, three or even more bound calcium ions (Barrett et al. 1982; Methfessel 
and Boheim 1982; Magleby and Pallotta 1.983 a, b; Moczydlowski and Latorre 
1983, Vergara and Latorre 1983; Golowasch et al. 1986). 

The channel activity may also be regulated by internal Mg 2+ . At a con- 
stant [Ca2+] i of 10-SM, Mg2+ i evoked a dose-dependent increase of  the 
channel open probability (Squire and Petersen 1987). The effect is pro- 
nounced in the concentration range of 10-6M to 10-3M, which is within 
the physiological Mg2+i concentration of 0 . 4 m M - 3 . 0 m M  (Corkey et al. 
1986). Maxi-K(Ca) channels from rat skeletal muscle reconstituted in lipid 
bilayers show a similar Mg 2+ sensitivity (Golowasch et al. 1986). A physio- 
logical function involving fluctuations of the intracellular [Mg 2+ ] has yet to 
be discovered. 

At least two Ca 2+ ions have to be bound in order to reach a high open 
probability. Besides the activating effect of  Ca 2+ on the open probability, a 
decrease of channel conductance with increasing Ca~ 2+ has been reported by 
a few authors (Barrett et al. 1982; Maruyama et al. 1983 a, b). The microscop- 
ic kinetics have been most extensively studied by Latorre and co-workers 
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(1985) in reconstitution experiments fusing t-tubule vesicles from rabbit or rat 
skeletal muscle with lipid bilayers and in patch-clamp experiments by 
Magleby and co-workers (McManus and Magleby 1988) on cultured rat mus- 
cle cells. 

Four different modes of kinetic activity were discriminated in cultured rat 
myobubes: normal, intermediate open, brief open and buzz (McManus and 
Magleby 1988). It is not clear whether the frequency of these modes depends 
on the Ca 2+ activity and how it changes in the presence of the blocking in- 
tracellular Na + . The analysis of the dwell-times (Sigworth and Sine 1987) is 
based on the assumption that the channel enters a finite number of discrete 
states, with the transition probability between the states remaining constant 
in time (Cox and Miller 1965; Colquhoun and Hawkes 1981). For the normal 
mode which covers about 96°7o of all transitions, application of this Marko- 
vian kinetic analysis yields at least three to four open states and at least six 
to eight shut states, including one or more infrequently adopted long-lived 
shut states. Shorter open intervals are adjacent to longer shut intervals, indi- 
cating that several shut states make direct transitions to corresponding open 
states (McManus et al. 1985). To discriminate between these states McManus 
and Magleby (1988) used a record of more than 200000 open and shut times, 
which was tested to be homogeneously distributed over time. Kinetics of this 
type lead to multi-exponential distributions of open and closed times (Col- 
quhoun and Hawkes 1977, 1981, 1982; Horn and Lange 1983; Horn 1987). 
The corresponding characteristic time constants of the dwell-time distribu- 
tions differ by up to more than five orders of magnitude and range from a 
few tenths of a millisecond to several seconds. The number of different states, 
e.g. closed states obtained from fits to the closed-time distributions, depends 
on the length of current records used for statistical analysis (Magleby and 
Pallotta 1983 a; McManus and Magleby 1988), especially for the distribution 
of the long waiting times. 

A different approach for the analysis of dwell-time distributions of ionic 
channels has been recently proposed by Liebovitch et al. (1987 a, b). The frac- 
tal description they used correlates the effective rate constant for the transi- 
tion between open and closed to the time scale of the measurement. This 
model describes the channel kinetics by a continuum of states, needing two 
parameters. McManus and Magleby (1988) have shown that the fractal ap- 
proach does not correctly describe the closed-time distribution. The model by 
L~uger (1988) is based on the notion that the transition between the conduct- 
ing and non-conducting state of the channel creates a transient structural de- 
fect within the channel protein which migrates by random walk through the 
protein matrix in discrete steps. If the defect has returned to the original posi- 
tion the ion pathway is open again. The corresponding random walk model 
for the defect migration is determined by two parameters, the size of the do- 
main available for defect diffusion and the jumping frequencies of the struc- 
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tural defect within the domain. However, this model has not been applied to 
the maxi-K(Ca) channel. For the endplate channel (Colquhoun and Sakmann 
1983), the model agrees well with the experimental observation of non-single 
exponential dwell-time distributions. 

7.1.3.2 Voltage Sensitivity 

The channel open probability has a steep voltage sensitivity. It increases e-fold 
by depolarizations of  10-15 mV at all Ca 2+ concentrations (Methfessel and 
Boheim 1982; Blatz and Magleby 1984; Moczydlowski and Latorre 1983; Kolb 
et al. 1986). Moczydlowski and Latorre (1983) discussed the relationship be- 
tween voltage- and calcium-dependent activation. It has been shown (see 
above) that one Ca 2+ ion must bind before the channel can open and that 
further C a  2+ ions can bind to the channel in the open state, yielding an in- 
crease of the open probability(see also Begenisich 1988). The binding of cal- 
cium to the channel is the reaction step which is voltage-dependent. The li- 
gand itself, not an intrinsic gating charge within the channel structure, intro- 
duces the voltage sensitivity. Therefore, the binding constant for calcium 
should increase with depolarization. This means that an increase in calcium 
concentration shifts the voltage activation to smaller voltages. 

ZL 4 Channel Density 

The channel density has not been estimated in excitable cells. In epithelial 
cells the channel density appears to be rather small. Rat lacrimal gland cells 
have 50-150 maxi-K(Ca) channels in the cell membrane (Trautmann and 
Marry t984). Assuming a cell diameter of  about 15 ~tm, a channel density of  
about 0 .1-0.2 ~m -2 is derived. It has been calculated that about 50 chan- 
nels are present in one rat salivary acinar cell (Maruyama et al. 1983a, b), 
which yields a channel density of 0.1 ~m -2, assuming a cell diameter of  
15 ~m. A similar channel density of 0.4 ~tm -2 has been reported in ventricu- 
lar cells of choroid plexus (Christensen and Zeuthen 1987). Therefore, the 
maximal contribution, of the open maxi-K(Ca) channel to the membrane per- 
meability is calculated to be of  2.2x 10 -5 cm s-k 

7.2 AHP Channel 

Z2.1 D&tribution in Excitable Cells 

Excitable cells possess a second type of Ca2+-dependent K + channel with a 
conductance of 10-14  pS (Blatz and Magleby t986), which has been less 
thoroughly characterized. It has no apparent voltage dependence and is re- 
sponsible for a slow (late, up to I s) afterhyperpolarization (AHP) following 
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an action potential. Therefore it is called an AHP channel (Pennefather et al. 
1985b). AHP triggers repetitive firing (Barrett and Barrett 1976; Barrett et at. 
1981; Kawai and Watanabe 1986). The channel co-exists with the maxi-K(Ca) 
channel in bullfrog sympathetic ganglion cells (Pennefather et al. 1985 b; Goh 
and Pennefather 1987) and cultured cells from rat skeletal muscle (Blatz and 
Magleby 1986). It was identified in outside out membrane patches of primary 
rat muscle cukures (Romey and Lazdunski 1984) after blocking the maxi- 
K(Ca) channel with TEA +. 

The existence of the AHP channel in non-excitable cell membranes still 
needs to be demonstrated. 

7.2.2 Single Channel Conductance, Kinetics and Ca 2+ Sensitivity 

The single channel current-voltage relationship shows linearity in the applied 
potential range of -20  mV to -60  mV. For the single channel conductance, 
10-14 pS is derived in symmetrical 140 mM KC1 solutions. 

At the single channel level, neither the sequence for ion selectivity nor the 
kinetics has been investigated in detail. The small single channel conductance 
and the high channel density in membrane patches complicate its separation 
from other K + channels. In cultured rat skeletal myotubes, most patches typ- 
ically contain 10-60 of these channels, rendering the kinetic analysis very 
complex. The channels have Ca 2+ sensitivity approximately ten times higher 
at negative membrane potentials. They show a half-maximal response with 
2 -  5 x 10-7 M Cai 2+ (Blatz and Magleby 1986). Maxi-K(Ca) and AHP chan- 
nels cannot be discriminated by their Ca 2+ sensitivity in depolarized mem- 
branes, since maxi-K(Ca) channels show an increase of Ca z+ sensitivity with 
depolarization (Barrett et al. 1982; Methfessel and Boheim 1982; Moc- 
zydlowski and Latorre 1983). 

7.2.3 Channel Blockade 

Externally applied TEA + at concentrations up to 20-25 mM has no signifi- 
cant blocking effect on the AHP channel in muscle cells (Romey and Lazdun- 
ski 1984; Blatz and Magteby 1986) or on the related AHP-current in sympa- 
thetic neurons (Pennefather et al. 1985 b). This fact allows the AHP channel 
to be distinguished from the maxi-K(Ca) channel. 

Nanomolar concentrations of apamin, a peptide from bee venom, can 
block the AHP channel in these cell systems (Burgess et al. 1981; Romey and 
Lazdunski t984; Pennefather et at. 1985b; Blatz and Magleby 1986; Kawai 
and Watanabe 1986; Goh and Pennefather 1987) and in cat spinal 
motorneurons (Zhang and Krnjevic 1987). Apamin-binding sites have been 
identified in vitro, and may provide the possibility of biochemical isolation 
of this channel (Hugues et at. 1982; see Glossmann and Striessnig, this vol- 
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ume). In contrast, in guinea pig olfactory cortex neurons no blocking effect 
by apamin or tubocurarine on the AHP-current was observed, whereas 
TEA ÷ reduced this current (Constanti and Sim 1987). 

7.3 Ca2+-Dependent K + Channels of 20-90pS 

Ca2+-dependent K ÷ channels of intermediate conductance and different 
Ca 2÷ sensitivity have been observed in a great variety of tissues. Only a few 
will be mentioned here. Excised membrane patches of Helix ganglia contain 
Ca2+-activated K ÷ channels of 40-60 pS, which are apparently very similar 
to those described by Lux et al. (1981) and are modulated by cAMP-depen- 
dent protein phosphorylation (Ewald et al. 1985). L-Alanine-mediated activa- 
tion of Ca2+-activated K ÷ channels of 30 pS was observed in rat liver cells 
(Bear and Petersen 1987). 

Ca 2÷ activated K ÷ conductances are present in the apical membranes of 
cells from several nephron segments. Single channel conductances in the corti- 
cal collecting tubule of the rabbit (Hunter et al. 1984, 1986) and the rat 
(Frindt and Palmer 1987) of about 90 pS, in cultured chick kidney cells of 
110 pS (Guggino et al. 1985), in the thick ascending limb of 80 pS (Cornejo 
et al. 1987), and in Necturus proximal tubule of 60 pS (Kawahara et al. 1987) 
were recorded with a high K ÷ electrolyte in the pipette. Evidence is available 
which indicates that forskolin, an activator of adenylate cyclase, and an- 
tidiuretic hormone, which acts on distal segments (reviewed by Handler and 
Orloff 1981), stimulate this Ba2+-sensitive K ÷ conductance through cAMP- 
mediated pathways (Herbert and Andreoli 1984). Besides the maxi-K(Ca) 
channel, two further types of voltage-sensitive and Ca 2+ dependent K ÷ 
channels (75- 80 pS and 120- 125 pS) have been observed in rat brain synap- 
tosomes. The activity of these channels increased on exposure to the catalytic 
subunit of cAMP-dependent protein kinase (Farley and Rudy 1988). 

8 Physiological Function of Ca2+-Dependent K ÷ Channels 

8.1 Excitable Cells 

Since excitability is correlated to the generation of action potentials, the role 
of the maxi-K(Ca) channel is mainly related to its voltage sensitivity, whereas 
the Ca 2÷ dependence is thought to fine tune excitability. During the early de- 
polarization of an action potential maxi-K(Ca) channels open, causing fast 
repolarization of the membrane potential towards the EK. The channels are 
turned off rapidly at resting potential. Thus the voltage-dependent entry of 
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Ca 2÷ is terminated and the excitability, e.g. the firing frequency, returns to 
resting levels (Pallotta et al. 1981; Romey and Lazdunski 1984). 

The pharmacological differences between the maxi-K(Ca) channel and the 
AHP channel suggest that the attributed macroscopic currents (I~ and IAHP; 
for a review of macroscopic currents in excitable tissues see Kaczmarek and 
Levithan 1987 and Fig. 1 of F. Dreyer in this volume) are composed of these 
two channel populations (Fournier and Crepel 1984; Obaid et al. 1985; Lan- 
caster and Adams 1986; Lancaster et al. 1986; Storm 1987; Lancaster and 
Nicoll 1988). It is furthermore concluded that the fast AHP current is identi- 
cal to the TEA ÷, charybdotoxin- and voltage-sensitive caa+-activated K ÷ 
current, I¢. The block of  I¢ has no effect on the slow AHP current which is 
caused by the apamin sensitive K ÷ channels. 

The contribution of the maxi-K(Ca) channel to the overall cellular current 
depends not only on intracellular Ca 2÷ and membrane potential, but also on 
cytoplasmic [Na+], [Mg2+], pH and external [K+]. The necessary elucida- 
tion of the interplay between modulation of these six (at least) parameters and 
the corresponding cellular function will only be possible if methods are devel- 
oped which allow simultaneous intracellular monitoring of several parame- 
ters. 

8.2 Secretory Epithelial Cells 

It is proposed that the maxi-K(Ca) channel mainly regulates Ca 2÷ entry in 
secretory cells (Marty and Neher 1982; Wong et al. 1982; Maruyama et al. 
1983 a, b; Petersen and Maruyama 1984; Findlay et al. 1985 a) and thereby reg- 
ulates secretion. 

As in excitable cells, the K(Ca) channels in secretory epithelial cells are 
mainly activated by an increase of cytoplasmic Ca 2÷. This elevation might 
be partially caused by activation of voltage-gated Ca 2+ channels (Douglas 
1968; Baker et al. 1971; Baker and Knight 1981; Lux 1983; Reuter 1983), as 
shown for endocrine cells. Since endocrine cells generally fire action poten- 
tials it has been suggested that the physiological function for the maxi-K(Ca) 
channels in these cells is similar to that in excitable cells. During the depolar- 
ization phase, the voltage-gated C a  2+ influx opens the C a  2÷ activated K ÷ 
channels. For example, in adult pancreatic islet B cells and in an insulin-se- 
creting cell line stimulation increases Ca 2+ two- to threefold to about 
2 - 5  x 10 -7 M. Within this range of  [Ca2+]i the maxi-K(Ca) channels become 
activated (Findlay et al. 1985a). The corresponding K + efflux leads to 
hyperpolarization and thus attenuates further Ca 2+ influx. 

Secretion is under strict nervous and hormonal control in exocrine cells 
(fluid-secreting non-excitable epithelia, like the exocrine pancreas, gastric mu- 
cosa, tracheal epithelium and lacrimal, sweat and salivary glands). Stimu- 
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lus-secret ion coupling in these cells is accompanied by a release of  cellular 
K ÷ (Young and van Lennep 1979; Petersen 1980). The release of  K ÷ is linked 
to the activation of Ca2+-activated K ÷ currents by increased cytoplasmic 
Ca 2÷ . The contribution of  cytoplasmic Ca 2÷ release appears to play a major 
role in exocrine cells. It has been shown by application of neurotransmitters 
that an increase in Ca~ 2+ originates only in part from Ca 2÷ influx (Petersen 
and Maruyama 1984; Trautmann and Marty 1984; Dubinsky and Oxford 
1985). 

8.3 Non-secretory Epithelial Cells 

Ca2÷-activated K ÷ channels are present in the apical cell membrane of  the 
proximal tubule, the diluting segment and the cortical collecting tubule of  the 
kidney. In these types of  kidney cells, the presence of  Ba2+-sensitive K÷-con - 
ductance correlates with the presence of  Ba 2÷ sensitive Ca 2÷ activated K ÷ 
channels. Increases in cell Ca 2÷, intracellular pH, or cAMP increase K ÷ 
channel activity and could thus stimulate secretory K ÷ flux from the cell in- 
to the lumen, down a favourable electrochemical gradient (reviewed by Hun- 
ter et al. 1988a). 

For most of the epithelial cell systems investigated under normal physiolog- 
ical conditions, it was found in cell-attached measurements that the maxi- 
K(Ca) channels have an extremely small open probability (<  10 -7) at resting 
membrane potential (Kolb et al. 1986; Christensen and Zeuthen 1987). As- 
suming a density of  0.1 Ixm -2, it then appears that the maxi-K(Ca) channel 
does not significantly contribute to the resting K ÷ current. Even at strong 
depolarization and high internal Ca 2÷ concentration, the channel is only 
marginally open and does not, therefore, contribute significantly to the exist- 
ing K ÷ conductance. At present it seems difficult to ascribe a regulato- 
ry-function to this channel type in non-secretory epithelia. In contrast, this 
type of  channel has a much higher open probability at physiological values 
of cytoplasmic Ca 2÷ in secretory cells (see above). 

8.4 Leucocytes 

The activation of  macrophages appears to be related to phagocytosis. Since 
phagocytosis is related to a rise in cytoplasmic Ca 2+ (Oliveira-Castro 1983), 
activation of  Ca 2+ dependent K ÷ channels has been proposed and also ob- 
served (Gallin 1984; Gallin and Sheehy 1985). 
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9 ATP-Sensitive K ÷ Channels 

K ÷ channels sensitive to intracellular ATP occur in heart (Trube and 
Hescheler 1983, 1984; Noma 1983), pancreatic islet B cells (Cook and Hales 
1984; Rorsman and Trube 1985; Findlay et al. 1985b; Misler et al. 1986) and 
skeletal muscle (Spruce et al. 1985). The slope conductance of the linear por- 
tion of  the current-voltage relationship is about 35 pS at physiological [K÷]o 
(Kakei et al. 1985) and about 50pS for [K+]o = 145 m M  (Rorsman and 
Trube 1985). The apparent rectification of the outward K ÷ current through 
the channel at depolarization is attributed to the reversible blockade by 
Mgi 2÷ and Na~ +, acting on the inner side of the channel (Horie et al. 1987; 
Noma and Shibasaki 1988). Such a response to internal Na ÷ is also known 
for the maxi-K(Ca) channel (Marty 1983b; Yellen 1984). 

These channels open only when the cytoplasmic concentration of ATP falls 
below a critical level. In excised patches from heart, this level is approximately 
0.2 mM. An increase of ATP i decreases the channel open probability without 
affecting the single channel current amplitude. From the dose-response curve 
a Hill coefficient of  3 - 4 was calculated. An increase of ATP affects both the 
channel open times and closed times. The characteristic open times are short- 
ened, whereas the closed times are increased (Kakei et al. 1985), i.e. channel 
closure is prolonged. The channel open probability can also be reduced by 
5'-adenyl imidodiphosphate in the same concentration range as ATP, by aden- 
osine diphosphate (ADP) and adenosine monophosphate (AMP) at higher 
concentrations, and by guanosine triphosphate (GTP) and uridine triphos- 
phate (UTP). But ADP either inhibits or stimulates channel opening, depend- 
ing on whether it is applied in combination with ATP (Findlay 1988). There- 
fore, the binding site is not specific for the base in the nucleotide, though the 
nature of the site is not known. Nucleotide regulation of K ÷ channels has re- 
cently been reviewed (Stanfield 1987). The channel density in heart and skele- 
tal muscle cells appears to be quite high. A value of 20 -60  ~tm -2 has been 
estimated (Spruce et al. 1985). In cardiac cells, K ÷ channels are inhibited by 
glycolysis, which is at the same time a source of  ATP (Weiss and Lamp 1987). 
At physiological resting levels of intracellular ATP the channels are closed. 
Their activation has been implicated as a possible cause of  K ÷ efflux during 
ischaemia. Opening of  K ÷ channels should counteract increased excitability 
and shorten the time during which the heart is susceptible to lethal ar- 
rhythmias of  ischaemic origin. 

Insulin release from pancreatic islet B cells is regulated by these channels 
(Rorsman and Trube 1985; Misler et al. 1986). The cells respond to insulin-re- 
leasing concentrations of D-glucose with depolarization. It is suggested that 
glucose increases cytoplasmic ATP and thereby leads to channel closure. 
Therefore, the glucose-dependent channel (Ashcroft et al. 1984) is identical 
to the ATP-dependent channel. 



78 H.--A. Kolb 

10 Stretch-Activated K + Channels  

Ion channels sensitive to membrane tension were first described by Guharay 
and Sachs (1984) in cultured cells from embryonic chick skeletal muscle, and 
have since been found in a variety of cells: oocytes, red blood cells, snail heart 
muscle, smooth muscle cells, lens epithelium, cultured tobacco cells, hair 
cells, dorsal root ganglion neurons, Escherichia toll, vascular endothelium, 
neuroblastoma cells, yeast, choroid plexus epithelium, and isolated and cul- 
tured proximal tubule cells (Kirber et al. 1988). The stretch-activated ion 
channels identified differ in their ion selectivities. Permeabilities for Na ÷ as 
well as for K ÷ and also partially for Ca a÷ are mostly observed (Christensen 
1987; Ubl et al. 1988). So far no correlation between specific ion selectivity 
and corresponding physiological function has been established. 

It is generally assumed that these channels play a crucial role in volume reg- 
ulation, which is often associated with the regulation of K ÷ fluxes. Only a 
few examples of K÷-selective stretch-activated channels have been reported. 
In renal proximal tubule, Sackin (1987) observed basolateral Ca2+-indepen - 
dent stretch-activated K ÷ channels with a conductance between 26 and 
47 pS, depending on the solutions on either side of the membrane. It has been 
suggested that direct, mechanosensitive coupling may exist between cell vol- 
ume and basolateral K + conductance (Sackin and Palmer 1987). In muscle 
cells the stretch-activated channels may be the mechanoelectrical transducing 
elements responsible for the initiation of  stretch-induced contraction (Sachs 
1986). 

11 Conc lus ion  

Due to possible changes of single channel properties during development 
(Blair and Dionne 1985), inherent kinetic and conductance properties of 
channels are not be expected. Therefore, single channel conductance and 
open-c lose  kinetics are inappropriate parameters for classification. Discrim- 
ination between the channels by their gating properties and biochemical mod- 
ulation is also not suitable because of  frequent overlap. Sensitivity towards 
channel blockers may occasionally be a suitable parameter, as in the case of 
various Ca2+-activated K ÷ channels which can be distinguished by their dif- 
ferential response to charybdotoxin or apamin. But as long as the binding 
sites for the blockers are unknown and may depend on stages of cell differen- 
tiation, this approach will be of limited use. 

Comparison of K ÷ channels in different tissues will yield an open-ended 
discussion as long as the channels are not cloned and expressed, the channel 
architecture and single channel properties are not determined, and the order- 
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ing parameters are not selected. The genetic approach is in full progress. How- 
ever, molecular biology can be fully exploited only if the physiological func- 
tions of a cell have been detailed, the changes involved in the macroscopic 
membrane currents characterized, and the underlying single channel popula- 
tions attributed. This combined approach would yield a valuable classifica- 
tion of the channels with respect to their contribution to the specific function 
of the cell concerned and would provide a practicable way to improve under- 
standing of the relationship between intercellular and intracellular commu- 
nication. 
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1 Introduction 

After the first detailed description of  the delayed outward potassium current 
in squid axon by Hodgkin and Huxley (1952) it took electrophysiologists 
more than 20 years to realize that in addition to it several types of K ÷ cur- 
rents can exist in the same cell and that they have a number of functions in- 
cluding modulation of cell excitability and modulation of integrating neuro- 
nal function. That as late as 1985 an international symposium on membrane 
control of  cellular activity completely excluded K + currents highlights the 
comparatively late interest of electrophysiologists in these ion currents. More- 
over, our knowledge of  the structure and function of K + channels was very 
limited compared with what we know about Na 2+ and Ca 2÷ channels and 
the acetylcholine receptor. One major reason has been the lack of suitable li- 
gands that act on K ÷ channels with high affinity and selectivity such as 
tetrodotoxin on Na + channels, dihydropyridines on one type of Ca 2÷ chan- 
nels and a-bungarotoxin on nicotinic acetylcholine receptors. This has now 
profoundly changed mainly due to the development of  the patch-clamp re- 
cording technique by Neher and Sakmann (Hamill et al. 1981), giving the tool 
to differentiate between an increasing number of receptor- and/or voltage-op- 
erated ion channels. Particularly the K + channels have now mushroomed in- 
to a large, branching family of at least 11 members (Cook 1988). The dilemma 
is now that cell membranes, not only excitable ones, are equipped with a vari- 
ety of K + channels differing in their gating properties, which often compli- 
cates the interpretation of  whole-cell K + currents and their modulation by 
drugs. This difficulty underlines the importance to find both potent and se- 
lective ligands for identification and purification of different classes of K + 
channels. The ligands should serve as substrates for radioactive labelling, for 
raising antibodies and as tools for photoaffinity labelling. Peptides might be 
particularly useful for such purposes. Description over the past few years of 
the peptide toxins such as apamin, dendrotoxin and charybdotoxin as block- 
ers of certain types of  K + channels has made it clear that nature did not for- 
get to equip at least some familiar venomous creatures such as bees, snakes 
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and scorpions with K ÷ channel toxins. This aroused the interest of  elec- 
trophysiologists and biochemists in venom research and venom researchers 
were sought after. However, to demonstrate the enormous development in and 
the power of  molecular biology and gentechnology, complete amino acid se- 
quences of  functional "A-type" and delayed rectifier K ÷ channels which 
have been expressed from Shaker cDNA of Drosophila melanogaster (Timpe 
et al. 1988) or of  rat brain cDNA (Stiihmer et al. 1988) in Xenopus oocytes, 
have been determined without using any specific high affinity label. 

I will praise deadly creatures since their venoms are important probes for 
the study of  ion channels in cell membranes. This review deals with those pep- 
tide toxins that have been found to be specific for the K ÷ channel family. 
Two excellent reviews dealing with the same subject appeared when this article 
was in preparation (Moczydlowski et al. 1988; Castle et al. 1989). 

2 Diversity o f  P o t a s s i u m  Channe ls  

2.1 Physiological Properties 

With modern electrophysiological techniques an incredible and nearly terrify- 
ing number of different types of K ÷ channels were identified in excitable, 
but surprisingly also in non-excitable cell membranes. All cell membranes so 
far studied exhibit at least two, often multiple distinct types of K ÷ channels, 
but the ratio of their frequency varies widely. This probably accounts for the 
rather diverse macroscopic K ÷ currents found in various types of  cells. K ÷ 
channels and their macroscopic currents have been classified according to the 
inputs required for their gating. Figure 1 shows a simplified classification 
scheme with some generalized characteristic features. 

The "classical" K + currents are activated by membrane-potential changes. 
They can be subdivided into 3 types: (1) The delayed (outward) rectifying cur- 
rent I~: activated by depolarization of the membrane. (2) An inward (or 
anomalous) rectifying current IIR which is produced by a rapid conductance 
increase when the membrane potential is hyperpolarized beyond the potassi- 
um equilibrium potential EK. The outward current is inhibited due to ion 
channel block by intracellular Mg 2÷ . (3) A fast transient outward current IA 
(the A-current) that increases upon membrane depolarization and that is al- 
ready activated close to the resting potentials (activation range - 7 0  to 
- 50 mY). 

At least in the frog node of  Ranvier the delayed rectifying K ÷ current con- 
sists of three different components which can be distinguished on the basis 
of  their kinetic behaviour and voltage dependence (Dubois 1981). This dis- 
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v o l t a g e - o p e r a t e d  potass ium channels  

. . . .  IIR 

I K ~ . . . . .  I A 

Ca2+-act ivated potassium channels 

iK (Ca) 

delayed (outward) anomalous [inward} transient (outward/ 
rectifier rectifier current 

10 - 50 pS 5 -  20 pS 5 - 20 pS 

TEA,4-AP Cs ÷ 

dendrotoxin 1) 
dendrotexin I 
M C D -  peptide 
13 -bungarotoxin 
crotoxin, taipoxin 
charybdotoxin 

4-AP >TEA 

(dendrotoxin) 2~ 

large intermediate small 
100-250pS 20-60pS 5-15pS 

TEA TEA TEA- resistant 
tubocurarine 
strychnine 

charybdotoxin charybdotoxin apamin 
noxiustoxin leiurotoxin T 

Fig. 1. Classification of the main types of voltage-operated and Ca2+-activated K + channels 
according to their biophysical and pharmacological properties. Top row shows typical K + cur- 
rents elieiated by appropriate changes of membrane potential and/or intracellular Ca 2+ con- 
centration. Below the values of unitary channel conductance (which should be regarded as a 
guideline only) some common blocking substances and those peptide toxins that have found to 
be specific for K + channels are listed. (1) In the case of the outward rectifying K + channel the 
toxins listed inhibit only one subtype which most probably exist only in neuronal membrane. 
(2) In contrast, an inhibition of an IA-current by the toxin has been shown so far only in hip- 
pocampal neurones using high toxin concentrations. Furthermore, a transient, Ca 2+-dependent 
K + current present in magnocellular neurosecretory neurones of rat supraoptic nucleus, is den- 
drotoxin-sensitive in nanomolar concentrations. Tetraethylammonium (TEA), 4-aminopyridine 
(4-AP), cesium (Cs) 

t inct ion was conf i rmed  by their  different sensitivities to toxins (Benoit  and  
Dubois  1986) and pharmacolog ica l  agents (Dubois  1982). Also the propert ies  
o f  "A-currents"  are different in var ious  cell types. In  Drosophila two distinct 
K ÷ channels  underlying the "A-current"  in cultured myotubes  and neurones 
have been characterized differing in their conductance,  voltage dependence  

and  gating kinetics (Solc et al. 1987). 
The  next class are the ligand-operated K ÷ channels which can fur ther  be 

subdivided: (1) Ca2+-activated K ÷ channels which open following increases 
in intracellular Ca2+-concentrafion.  (2) Receptor-control led K ÷ channels di- 
rectly act ivated or inactivated via  associated guanine nucleotide binding (G) 
proteins or, physically distinct f rom the receptor, via  second messengers.  (3) 
K ÷ channels gated by intracellular binding o f  the nucleotide A T E  Only  
Ca2+-activated K ÷ channels  have been incorpora ted  in Fig. 1 because for  the 
latter two groups no pept ide toxin has so far  been shown to act on these chan-  
nels a l though this cannot  be excluded. 



Peptide Toxins and Potassium Channels 97 

The existence of  at least three different types of Ca2+-activated K + chan- 
nels is now well established. Those channels exhibiting a high unitary conduc- 
tance of about 100-250 pS are often called "Big" or "Maxi" K ÷ channels. 
"Big" and "Intermediate" channels require both Ca 2+ (0.1-101~M in- 
tracellularly) and membrane depolarization to open. The "Small" channels 
with a conductance of  about 15 pS are activated by cytosolic Ca 2÷ only and 
show a very low voltage dependence. They are, in contrast to all other types 
of K ÷ channels, insensitive to tetraethylammonium (TEA). The single chan- 
nel conductances given in Fig. 1 should only be regarded as a guideline. A de- 
tailed description of  the biophysical properties of  the different K ÷ channels 
is given in the preceeding chapter by H.-A. Kolb (see p. 51 ff.) and in other 
recent reviews (Hille 1984; Rudy 1988; Castle et al. 1989). 

2.2 Agents Affecting K + Channels 

K + channels are protein molecules that span cell membranes. The ion chan- 
nels exist in closed and open conformations and when open ions flow through 
the channels causing single channel currents of  about few picoamperes. Dif- 
ferent mechanisms have been shown, or suggested, how drugs interact with 
K ÷ channels leading frequently to a decrease in K + current. Some of  these 
modes of  action are illustrated in Fig. 2 and may be summarized as follows: 

1. Binding of drug molecules to open ion channels inhibits the flow of ions 
as long as the blocking drug is bound, but also prevents the closing of the 
channels. 

Interactions of drugs with K + channels 

T " I  ~ • • d,~gs 

~TTTT ~TT 
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open closed 

ion channels 

change 
of 
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Fig. 2. Possible modes of  interaction of drugs with voltage- and/or  Ca2+-activated K + chan- 
nels. Left: Drugs may block directly open or closed ion channels. Right: Change in channel gat- 
ing that  can result in an increase or a decrease of  channel open time or probability of  channel 
opening; this may result from drug binding to one or more allosteric sites at subunits of the 
channel protein complex or from alterations of the lipid environment of the channel 



98 F. Dreyer 

2. Binding of drug molecules to the ion channel in its closed conformation 
prevents the opening of the channel. 

3. Binding of  drug molecules to some allosteric sites of the channel protein 
changes the channel gating. This can lead to a decrease of the channel 
open time or of the probability of  channel opening (K ÷ channel blocker), 
or instead to an increase of the probability of channel opening (K ÷ chan- 
nel opener). 

4. Alteration of the lipid environment of the K ÷ channel by lipid-soluble 
compounds may change the gating and conductance of the ion channels 
('anaesthetic action'). 

Drugs which simply block the channels (mechanism 1 and 2) are often 
called K ÷ channel blockers, while the mechanisms 3 and 4 describes drugs 
that may be named "gate modifiers" of K ÷ channels. With receptor-operat- 
ed K ÷ channels, not shown in Fig. 2, further modes of  action are the interac- 
tion of drug molecules with the recognition site of  the receptor itself, with a 
G-protein, coupling receptor and channel protein, or with a protein kinase 
coupled to the K ÷ channel complex. 

Only few substances are available which show a high specificity for K ÷ 
channels. Classical drugs known to have distinct pharmacological effects are 
TEA and derivatives of aminopyridine. It is generally believed that TEA is 
usually more effective in blocking non-inactivating K ÷ currents, whereas 
aminopyridines affect preferentially transient, fast-inactivating K ÷ currents. 
However, the specificities are not always clear cut, especially when high con- 
centrations of these drugs are employed. It is therefore impossible to use ei- 
ther of  the substances to block a specific type of K ÷ channel completely 
without affecting other K ÷ channels. Further, their affinities differ tremen- 
dously between different animal species and different types of cells (for 
reviews, see Stanfield 1983; Hille 1984; Rogawski 1985; Cook 1988; Rudy 
1988; Castle et al. 1989). Other compounds such as quinine, local 
anaesthetics, non-depolarizing muscle relaxants and some ions like Cs ÷ and 
Zn 2+ also effectively block all or at least some types of  K + channels, but un- 
fortunately they have additional, often more specific effects on other classes 
of ion channels. This heterogeneity of K ÷ channel blockade underlines the 
importance of studies to find both potent and specific agents and toxins. 

3 Toxins from Bee Venom 

Venom of the bee (Apis mellifera) is composed of several toxic components 
which have been purified to homogeneity and extensively characterized by 
Habermann and coworkers (for reviews, see Habermann 1968, 1972). Besides 
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histamine, hyaluronidase and phospholipase A2 the venom contains also 
some peptide toxins like melittin, apamin and the mast cell degranulating 
(MCD) peptide. Apamin and MCD peptide constitute not more than 2% each 
of the crude venom. The toxins are relatively small peptides compared with 
neurotoxins of other venomous animals such as snakes, scorpions and spi- 
ders. Apamin (MW 2039) is a basic, single chain peptide consisting of 18 ami- 
no acids and MCD peptide (MW 2593) is composed of 22 amino acids. Both 
toxins contain two disulfide bridges and - although they differ by their ami- 
no acid sequence - their general structure is very similar. Studies with 
apamin congeners have shown that the arginine residues at position 14 and 
t 5 are essential for the biological activity. Both toxins show neurotoxicity up- 
on central application (Habermann 1977), but they differ in their potencies 
and also qualitatively in the symptoms they cause. This suggests different sites 
of action that was confirmed by recent electrophysiological data (see below). 

3.1 Apamin 

Since its purification apamin is known as a preferentially if not exclusively 
centrally acting neurotoxin (Habermann and Reiz 1965). The characteristic 
symptoms of apamin poisoning consist of extreme uncoordinated hyper- 
motility and hyperexcitability culminating in generalized convulsions. These 
symptoms can be evoked by peripheral (LDs0 ~ 4 mg/kg mouse intravenous- 
ly) and intraventricular application, but in the latter case with an about 
3000-fold lower concentration. The central effects can be taken as a test of 
apamin's biological activity (for detailed description, see Habermann 1972, 
1984). 

3.L1 Binding of Apamin 

An important step forward in the elucidation of apamin action was the iodin- 
ation of apamin at its histidine residue (Habermann and Fischer 1979). This 
allowed autoradiographic localization and quantification of binding sites for 
~25I-apamin in specific parts of the central nervous system of a variety of 
species (Habermann and Horvath 1980; Janicki et al. 1984; Mourre et al. 
1984, 1986). The very high affinity of apamin to rat, guinea pig and canine 
brain membranes with a dissociation constant KD in the range of 20 to 
50 pM was in agreement with its neurotoxicity (Habermann and Fischer 1979; 
Hugues et al. 1982a; Wu et al. 1985). The binding to peripheral organs was 
much less, however with some exceptions, namely the guinea pig liver (Cook 
et al. 1983) and colon (Hugues et al. 1982b), the rabbit liver and the bovine 
adrenal cortex (Habermann and Fischer 1979) and rat smooth muscles and 
hepatocytes (Romey et al. 1984). High affinity binding of apamin was also 
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found in mouse neuroblastoma cells (Hugues et al. 1982c), cultured rat em- 
bryonic neurones (Seagar et al. 1984) and in cultured rat muscle cells (Hugues 
et al. 1982e). Potassium ions served as pronounced and specific promoters of 
binding (Habermann and Fischer 1979). This observation indicated a 
functional interaction between the peptide and the cation. 

Purification and Characterization of Apamin-Binding Protein 

The high-affinity binding of apamin to brain cell membranes is inviting to pu- 
rify the apamin acceptor, most probably linked to a Ca2+-activated K ÷ chan- 
nel, and to characterize its structure. Using the radiation inactivation tech- 
nique (target size analysis) Schmid-Antomarchi et al. (1984) reported a mo- 
lecular mass of about 250000, quite different to the value of about 86000 Da 
found by Seagar et al. (1986). Affinity labelling of the apamin receptor by 
crosslinking the toxin with its binding site on the K ÷ channel (Hugues et al. 
t982d; Schmid-Antomarchi et al. 1984) or by photoaffinity labelling tech- 
nique (Seagar et al. 1985, 1987a; Marqueze et al. 1987) gave divergent results 
with polypeptides of different molecular mass which are considered to be 
subunits of a CaZ+-activated K ÷ channel. Also solubilization of the apamin 
receptor has been performed (Schmid-Antomarchi et al. 1984; Seagar et al. 
1987b), but due to its very low density in membrane preparations so far the 
binding protein could not be purified to homogeneity. 

3.L2 Apamin Blocks One Type of Cae+-Activated K + Channels 

Although the neurotoxicity of apamin is pronounced, initial evidence of its 
putative molecular mechanism of action came from studies on intestinal 
smooth muscles and isolated hepatocytes of the guinea pig. Apamin was the 
most selective agent acting in nanomolar concentrations that inhibited a- 
adrenoreceptor agonist and ATP-induced hyperpolarization in smooth mus- 
cle cells (Vladimirova and Shuba 1978; Banks et al. 1979; Maas and Den Her- 
tog 1979; Shuba and Vladimirova 1980) as well as the K ÷ loss from 
hepatocytes (Banks et al. 1979; Burgess et al. 1981). The K ÷ loss evoked by 
the Ca 2+ ionophore A 23187 was also abolished by apamin whilst the recep- 
tor-mediated 45Ca efflux was unaffected by the toxin. Therefore, Jenkinson 
and co-workers suggested that apamin directly blocks Ca2+-dependent K ÷ 
channels involved in drug action (Banks et al. 1979; Burgess et al. 1981). Their 
additional finding that apamin did not, however, block Ca2+-dependent K ÷ 
permeability of red blood cells gave initial evidence that at least two different 
types of Ca2+-activated K ÷ channels may exist. That apamin blocks certain 
K ÷ channels was also concluded from studies on adrenaline or ATP-induced 
42K+ efflux in smooth muscle cells of guinea pig taenia caeci (Maas et al. 
1980; Den Hertog t981). 
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The first electrophysiological evidence for an action of apamin on neurones 
was provided by Hugues et al. (1982 c) who studied action potential and mem- 
brane currents of differentiated neuroblastoma cells (clone N1E 115). In high 
extracellular Ca 2+ concentration about 20°7o of the cells exhibited action po- 
tentials followed by prolonged, TEA-insensitive after-hyperpolarizations that 
were completely blocked by 100 nM apamin. The underlying, TEA-insensi- 
tive, Ca2+-dependent K + current was suppressed by the toxin with an ICs0 
value of about 10 nM, whereas the fast Na + current and the TEA-sensitive 
delayed outward K + current were unaltered. The apamin-sensitive K + cur- 
rent which seems to play some role in the control of repetitive discharge pat- 
terns of action potentials is easily overlooked when using physiological Ca 2+ 
concentration. This is consistent with the finding that apamin binding experi- 
ments at the same cell preparation revealed a low binding capacity of about 
12 fmol/mg protein, a value about 1/5th of that found for the tetrodotoxin- 
sensitive Na + current (Hugues et al. 1982c). The dissociation constant of the 
apamin-receptor complex was determined to be about 20 pM. Such a large 
discrepancy between the effective concentrations of apamin found in physio- 
logical measurements and in binding experiments was also reported for the 
guinea pig colon (Hugues et al. 1982b). The discrepancy seems typical for 
most toxin studies and may arise because binding studies are performed most- 
ly at unphysiological conditions like using cell homogenates and solutions of 
low ionic strength. Avoiding this Seagar et al. (1984) at rat embryonic neu- 
rones and Cook and Haylett (1985) at guinea pig hepatocytes demonstrated 
a fairly good agreement within a factor of 3 between the pharmacological 
concentration-response curve of native apamin and the competition between 
~25I-apamin and native apamin in binding experiments. 

Apamin has further been shown to block Ca2+-dependent K + currents in 
cultured rat muscle cells (Hugues et al. 1982e) and the Ca 2+ ionophore-in- 
duced 86Rb release from cultured rat embryonic neurones (Seagar et al. 
1984). The toxin, however, did not block Ca2+-activated K + currents in 
erythrocytes (Burgess et al. 1981), in molluscan neurones (Aplysia, Helix) 
(Hermann and Hartung 1983) and in pancreatic B-cells (Lebrun et al. 1983). 
Further studies at rat myotubes (Romey and Lazdunski 1984; Romey et al. 
1984) and bullfrog sympathetic ganglia (Pennefather et al. 1985) revealed then 
the existence of at least two different kinds of Ca 2+-dependent K + currents. 
One type, responsible for the long-lasting after-hyperpolarization, is blocked 
by apamin, but refractory to TEA, whereas the other one is blocked, just vice 
versa, by TEA, but not by apamin. 

3.L3 Properties o f  the Apamin-Sensitive K + Channels 

That the different electrophysiological and pharmacological properties of 
CaZ+-activated K + currents are really due to quite distinct types of K + chan- 
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nels is strongly supported by two findings. Firstly, a scorpion peptide toxin, 
charybdotoxin, specifically blocks a Ca2+-activated K ÷ channel that is 
dominantly characterized by its large single channel conductance of 
100-250 pS and its strong voltage dependence (Miller et al. 1985). Secondly, 
Blatz and Magleby (1986) identified the target for apamin in cultured rat skel- 
etal muscle as a Ca2+-activated, TEA-insensitive K + channel of  small con- 
ductance (10-  t4 pS). This type of  K + channel is further characterized by its 
weak voltage sensitivity and a ten times higher Ca 2+ sensitivity at negative 
membrane potentials compared to the Ca2+-activated K ÷ channel of  large 
conductance. These properties of the apamin-sensitive K ÷ channel are best 
suited to generate long-lasting after-hyperpolarization that follows the action 
potential in many types of  cells. 

Studies on hepatocytes revealed that apamin-sensitive K ÷ channels are 
also blocked by other agents including quinine and non-depolarizing muscle 
relaxants (Jenkinson et al. 1983; Cook and Haylett 1985). Tubocurarine, pan- 
curonium and atracurium are the most potent ones, acting in micromolar 
concentrations. This very characteristic feature correlates well with the ability 
of  these neuromuscular blockers to inhibit the binding of  labelled apamin. 
The explanation is that these neuromuscular blockers have two charged nitro- 
gens the distance between which is similar to that between the two charged 
arginines in the peptide chain of apamin. 

Apamin-sensitive, TEA-insensitive K + channels have been described in a 
variety of  other cells, both excitable and inexcitable, yet it is not known if all 
of  them have the same biophysical properties as those studied in detail in rat 
myotubes. Nevertheless, it is presently almost a dogma that apamin is highly 
selective for the CaZ+-activated, TEA-resistant, d-tubocurarine-sensitive, 
nearly voltage-independent K ÷ channel of  small conductance. So far it is not 
clear whether the effect of  apamin results from a change of K + channel gat- 
ing properties (reduction of the open time, decreased probability of  channel 
opening or both) or from a block of the channel conductance from outside. 
So far, only two reports deal with the question if apamin can also block the 
Ca2+-activated K ÷ channels from the cytoplasmic side. Zhang and Krnjevic 
(/987) reported that extra-, but not intracellular injection of  the toxin by 
ionophoresis, abolished selectively the after-hyperpolarizations of  cat spinal 
motoneurones in situ. However, Szente et al. (1988) observed that pressure in- 
jection of apamin into cat neocortical neurones in situ led to a selective block 
of  an outward K ÷ current that mediated a slow after-hyperpolarization. To 
solve this discrepancy patch-clamp experiments on inside-out membrane 
patches must be waited for. Furthermore, to date effects of  apamin on other 
types of ion channels cannot be excluded. 
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3.L4 Expression o f  Apamin-Sensitive K + Channels 

The apamin-sensitive Ca 2+-dependent K ÷ channel has been best character- 
ized in cultured rat skeletal muscle cells (Hugues et al. 1982e; Romey and Laz- 
dunski 1984; Blatz and Magleby 1986). The expression of this type of K ÷ 
channel in muscle cells depends on the stage of their innervation (Schmid-An- 
tomarchi et al. 1985). When rat myotubes were cocultured with nerve cells 
from the rat spinal cord, the action potentials were no longer followed by 
long-lasting after-hyperpolarizations. Furthermore, while action potentials of 
innervated rat EDL muscle fibres were not followed by after-hyperpolariza- 
tions, this was regularly observed in muscle fibers 8 - 1 0  days after denerva- 
tion. In keeping with these after-hyperpolarizations, apamin was effective in 
nanomolar concentrations. This was also in line with binding experiments us- 
ing 125I-labelled apamin (Schmid-Antomarchi et al. 1985). An expression of 
apamin-binding sites could be demonstrated in rat leg muscles starting after 
2 days of transection of the sciatic nerve. Schmid-Antomarchi et al. (1985) fol- 
lowed also the binding capacity for lzSI-apamin in rat skeletal muscles during 
in utero and postnatal life. Beginning at 15 days of development the apamin 
binding capacity decreased as muscle maturation proceeded and completely 
disappeared around 5 days of the postnatal life. The conclusion was that the 
apamin-sensitive K ÷ channels are fully expressed in denervated mammalian 
muscle cells, but completely absent in innervated ones. 

The myotonic muscular dystrophy, called Steinert disease, is characterized 
clinically by muscle stiffness and difficulty in muscle relaxation after volun- 
tary contractions. The pathologic muscle fibers tend to fire repetitive action 
potentials in response to direct electrical and mechanical stimulation. The use 
of radiolabelled apamin enabled Renaud et al. (1986) to demonstrate that dis- 
eased human muscle fibres although still innervated, have expressed apamin 
binding sites which are completely absent in normal human muscle. Assum- 
ing that the apamin binding sites in myotonic dystrophic muscle fibres corre- 
spond to apamin-sensitive K + channels these ion channels may contribute to 
the abnormal behaviour to generate repetitive bursts of activity. Which factor, 
however, controls the expression of this type of Ca 2+-activated K ÷ channel is 
still unknown. 

Seagar et al. (1984) followed the in vitro ontogenesis of apamin receptors 
in embryonic neurones dissected from brains of 16-day-old rat embryos. They 
found that apamin binding sites were present at the earliest stage of develop- 
ment and that the number did not change during 8 days in culture. In the 
same period, however, the binding of the toxin II of the scorpion Androc- 
tonus australis Hector, specific for Na ÷ channels, increased by a factor of 
10, suggesting that the ontogenesis of CaZ+-dependent K + channels and of 
voltage-dependent Na ÷ channels are independent processes. 
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Different time courses of ion channel development have also been reported 
by Mourre et al. (1987). In rat brain these authors followed the postnatal de- 
velopment of (1) the voltage-dependent Na ÷ channel, (2) one type of Ca 2+ 
channels and (3) one type of Ca2+-activated K ÷ channels by autoradiogra- 
phy and by binding studies using tetrodotoxin, verapamil and apamin as spe- 
cific markers, respectively. The general observation was that the maximal 
binding capacity of verapamil increased by a factor of 20 from day 0 to the 
postnatal day 30 while the apamin-sensitive K ÷ channels were present in 
high density without any major change during the same period. Also the af- 
finity of the Ca2+-activated K + channel for 125I-apamin remained constant 
during postnatal ontogenesis while tetrodotoxin binding sites not only in- 
creased in density but also showed a decrease in affinity for tetrodotoxin. 

3.L5 Endogenous Apamin-Like Factor 

Apparently stimulated by the history of opioid or benzodiazepine receptors 
and the existence of high-affinity binding sites for apamin, Fosset et al. (1984) 
looked for an endogenous substance that may use the apamin receptors to 
modulate cell excitability in neurones. Indeed, they presented evidences for an 
apamin-like peptide existing in pig brain. The isolated peptide had the same 
immunological and pharmacological properties as apamin itself. However, 
the amount that could be purified from one pig brain had an activity that was 
equivalent to apamin as low as 1.5 ng only. It is tentative to suggest, but still 
unproven, that this apamin-like factor does play a physiological role by mod- 
ulating apamin-sensitive Ca2÷-activated K + channels. 

3.L6 Apamin as a Pharmacological Probe 

The many studies in which apamin has been used as a specific probe to distin- 
guish Ca2÷-activated K ÷ currents are listed in Table 1. In some experiments 
the dissection was combined with charybdotoxin (see Sect. 4.2.1 and Table 2). 
Since the finding that apamin blocks responses caused by enteric inhibitory 
nerves or by noradrenaline and ATP in gut smooth muscle cells, the toxin has 
been used as a pharmacological tool in a large number of studies on the neu- 
ral control of the gastrointestinal tract (see for example Kitabgy and Vincent 
1981; Goedert et al. 1984; Costa et al. 1986). 

3.2 Mast Cell Degranulating Peptide 

The results of various studies with mast cell degranulating (MCD) peptide 
can be summarized by the statement that its action on K ÷ channels is most 
probably identical with the action of the dendrotoxins (see Sect. 5.1; Table 3). 
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In contrast to apamin, MCD pepfide is hardly neurotoxic upon intravenous 
administration in mice, but following intraventricular injections it causes 
epileptiform seizures leading to death. The LDs0 ( - 1 0  Ixg/kg mouse) is ap- 
proximately l0 times higher than that of apamin (Habermann 1977). Quite 
distinct from its action on K + channels is the degranulation of mast cells 
(hence its name) and the histamine release (Breithaupt and Habermann 1968) 
that can be taken as a test of the biological activity of MCD peptide. 

3.2.1 Binding of Mast Cell Degranulating Peptide to Brain Membranes 

Toxin-binding sites of high affinity ( K  D = 0.15 nM) that could be copurified 
with synaptosomal membranes, are distributed throughout the rat brain (Tay- 
lor et al. 1984). Quantitative autoradiography of brain slices from rats reveals 
that the toxin-binding sites are localized mainly in the stratum radiatum of 
Ammon's horn, neocortex, molecular layer of the cerebellum, colliculi and 
pons (Bidard et al. 1987 a; Mourre et al. 1988). Chemical modification of the 
toxin molecule always resulted in a complete loss of its binding properties 
(Taylor et al. 1984). 

While distinct binding sites for MCD peptide and apamin exist in synap- 
tosomal membranes of rat brain (Taylor et al. 1984), common acceptor sites 
have been reported for MCD peptide and the snake venom toxins dendrotoxin 
and dendrotoxin I (Bidard et al. 1987b; Stansfeld et al. 1987; Rehm et at. 
1988) and p-bungarotoxin (Schmidt et al. 1988). However, while Bidard et al. 
(1987b) found that MCD peptide and dendrotoxin I inhibit binding of 2251- 
labelled MCD peptide with Ks0-values of 0.25 and 0.16nM, respectively, 
Stansfeld et al. (1987) found a much weaker affinity of MCD peptide for 
these acceptors. Binding studies mostly give about 100 fold higher binding af- 
finities compared to effective concentrations necessary in electrophysiological 
experiments. If binding experiments, however, are performed at intact brain 
slices they reveal about 10 times higher toxin concentrations to obtain half- 
maximal inhibition, closing the large gap between binding and physiological 
experiments (Bidard et al. 1987 b). 

Binding studies with nerve fibre membranes of Xenopus reveal high-affini- 
ty binding sites for 125I-dendrotoxin which could be displaced from its sites 
completely by unlabelled MCD peptide (Br~iu et al. 1990). Competition exper- 
iments performed in Ringer solution allowed to calculate an apparent equilib- 
rium dissociation constant K~ of 1.8 nM for MCD peptide. Similar results 
were obtained with nerve fibre membranes of rat (H. Repp and E Dreyer, un- 
published data). 

By cross-linking experiments with MCD peptide and dendrotoxin I the tox- 
in-binding sites have been identified and solubilized with almost identical mo- 
lecular weights (about 77000) and properties (Rehm et al. 1988). Studying 
then binding of iodinated dendrotoxin I and MCD peptide to their solubilized 
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acceptor proteins, Rehm et al. (1988) presented evidences that the two dif- 
ferent toxins act on the same protein complex that is assumed to be part of  
a K + channel. 

3.2.2 Mast Cell Degranulating Peptide Blocks a Subtype of the Delayed 
Outward Rectifier Potassium Current 

The first electrophysiological study with MCD peptide was conducted by 
Stansfeld et al. (1987) on peripheral neurones using A cells of rat nodose gan- 
glia. Their finding that MCD peptide has a dendrotoxin-like action on the 
same type of  K ÷ currents was surprising because the toxin does not show 
any structure homology to dendrotoxin. Like the dendrotoxins (Sect. 5.1) 
MCD peptide induces repetitive generation of  action potentials in response to 
depolarizing currents, which in the control are subthreshold for spike genera- 
tion. Under voltage-clamp conditions it inhibits an almost non-inactivating 
outward rectifier K ÷ current with an ICs0-value of  37 nM that is 17 fold 
higher than for dendrotoxin. These differences in potency are close to those 
found for the binding affinities (Stansfeld et al. 1987). In contrast, the tran- 
sient, rapidly inactivating A-current, present in C cells of  nodose ganglia as 
well as in superior cervical ganglia, is not affected by either toxins (Stansfeld 
et al. 1987). 

Mammalian motor nerve terminals exhibit at least three different types of  
K + currents. Here MCD peptide (3 -300nM) ,  like the snake toxins den- 
drotoxin and fl-bungarotoxin (see Table 3), affects only one type, i.e. the slow- 
ly activating outward K ÷ current, whereas the fast transient and the 
Ca2+-activated K ÷ currents remain unaffected (J. Beise and E Dreyer, un- 
published data). In frog myelinated nerve fibres MCD peptide inhibits the 
dendrotoxin-sensitive component IKf 1 of  the delayed outward K ÷ current 
with an ICs0-value of 33 nM (Br~tu et al. 1990). Recently MCD peptide-sensi- 
tive K + channels with delayed rectifier properties have been expressed from 
rat brain cDNA in Xenopus oocytes (StOhmer et al. 1988). The K ÷ channels 
are blocked by the same MCD peptide concentrations as found for the K ÷ 
current in the frog node of  Ranvier (Table 3; Sect. 5.1.3). 

So far all biochemical and electrophysiological data indicate that MCD 
peptide and dendrotoxins although structurally unrelated peptides, act on the 
same subtype of  the delayed outward K ÷ current in a variety of  tissues. They 
have the same efficacy, but a quite different potency. Therefore, the main fea- 
tures of  the MCD peptide-sensitive K ÷ channel are identical with those de- 
scribed in detail for dendrotoxin (see Sect. 5.1.6). The mast cell degranulating 
activity and the blockade of  K ÷ channels are quite distinct modes of  action 
of  MCD peptide in accordance with the finding that dendrotoxin is unable 
to degranulate mast cells or to serve as an inhibitor of  MCD peptide-induced 
histamine release. 



Peptide Toxins and Potassium Channels 109 

3.2.3 Mast Cell Degranulating Peptide as a Pharmacological Probe 

As MCD peptide produces arousal at low doses and convulsions at higher 
ones and binds with high density to high-affinity acceptor sites, particularly 
in hippocampus, Cherubini et al. (1987, 1988) were interested in the influence 
of the toxin on neuronal activity in the CAI and CA3 region of rat hippocam- 
pal slices. Indeed, in the CA1 region the toxin causes long-term potentiation 
of synaptic transmission which is undistinguishable from that caused by 
trains of high-frequency nerve stimulation. In the CA3 region the toxin pro- 
duces long-lasting spontaneous and evoked bursts of action potentials of 
epileptiform pattern. 

In search for an endogenous ligand for the high-affinity binding sites of 
MCD peptide Cherubini et al. (1987) isolated from pig brain a peptide which 
was pharmacologically and immunologically similar to MCD peptide. Al- 
though suggesting some physiological importance the amount that could be 
purified per one brain was as low as 0.7 ng. 

By quantitative autoradiography and biochemical analysis Mourre et al. 
(1988) followed the expression of MCD peptide acceptors in rat brain during 
postnatal life. The density of toxin-binding sites is low during the perinatal 
period, but increased rapidly by postnatal day 10 accompanied by a decrease 
of binding affinity. At postnatal day 30 the adult state of toxin distribution 
in the rat brain is reached. This development is correlated with an increased 
neurotoxicity of MCD peptide. 

4 Toxins of Scorpion Venoms 

Scorpion venoms contain multiple toxins as do those of other venomous ani- 
mals such as snakes, spiders and bees. As early as 1968 KoppenhOfer and 
Schmidt presented initial evidence showing that the crude venom of the mid- 
eastern yellow scorpion Leiurus quinquestriatus affects both Na ÷ and K ÷ 
permeabilities in the frog node of Ranvier. Similar effects were observed with 
the crude venom of the scorpion Buthus tamulus on voltage-clamped squid 
axon membrane (Narahashi et al. 1972). The first report that a purified scor- 
pion toxin depresses selectively a voltage-dependent K ÷ current in the squid 
giant axon was made by Carbone et al. (1982). 

4.1 Noxiustoxin from the Mexican Scorpion Centruroides noxius 

Noxiustoxin, a minor component (2% of the total venom protein) of the ven- 
om of the Mexican scorpion Centruroides noxius, is a short-chain polypep- 
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tide with a molecular mass of  about 4000 consisting of  39 amino acids 
(Possani et al. 1982). Its action on K ÷ current of squid giant axon was quite 
selective (no significant effect on Na ÷ current), its potency, however, is low 
(K D of about 400 nM) and its action is reversible (Carbone et al. 1982). At 
concentrations below 1.5 I~M noxiustoxin blocked the K ÷ current inde- 
pendent of  the membrane potential and with little effect on the kinetic behav- 
iour (Carbone et al. 1987). At higher concentrations the block by the toxin 
became more complex depending now on membrane potential and the fre- 
quency of  pulsing. The conclusion was that noxiustoxin interacts directly with 
the open K + channel. 

Single channel recording provided evidence that noxiustoxin, like charyb- 
dotoxin (Sect. 4.2.1), affects also Ca2+-activated K ÷ channels from the trans- 
verse-tubules of skeletal muscle, yet with a 200 times lower potency (Valdivia 
et al. 1988). The apparent KD of 450 nM for noxiustoxin was the same as re- 
ported for its effect on the delayed rectifying current of  the squid axon. While 
charybdotoxin, due to its much higher potency, produced long-term blockade 
of K ÷ channels, noxiustoxin reduced the open probability by causing brief 
closed states. The application of both toxins revealed that they can obviously 
interact simultaneously with the same K + channel (Valdivia et al. 1988). 

In the central nervous system the potency of  noxiustoxin may be much 
higher for as yet unspecified K ÷ channels. Sitges et al. (1986) reported that 
noxiustoxin blocked the efflux of 86Rb from mouse brain synaptosomes and 
also increased the GABA-release, probably due to the blockade of a K ÷ per- 
meability. The ECs0-value was about 3 nM which is much lower than that 
found for the squid axon (ECs0 = 400 nM). 

4.2 Toxins from the Scorpion Leiurus quinquestriatus 

4.2.1 Charybdotoxin 

Charybdotoxin has gained wide acceptance as a specific blocker of  a 
Ca2÷-activated K + channel (Miller et al. 1985). The toxin is a minor compo- 
nent constituting about 0.1% of the total venom protein of  the mideastern 
scorpion Leiurus quinquestriatus vat. hebraeus. After some discrepancies in 
molecular mass determination it has now been settled that charybdotoxin is 
a basic single-chain polypeptide of  4353 Da consisting of  37 amino acids 
(Gimenez-Gallego et al. 1988; Valdivia et al. 1988). Its primary sequence 
shows a high homology to noxiustoxin of  the scorpion Centruroides noxius 
(Sect. 4.1) and to a number of other neurotoxins of  diverse origin including 
snakes and marine worms. Charybdotoxin may represent a member of  a wider 
family of  proteins that modify ion channel activity (Gimenez-Gallego et al. 
1988). On the other hand, little structure homology was found with other well 
known K ÷ channel blockers such as apamin that effects TEA-insensitive, 
Ca2+-activated K ÷ channels of  small unitary conductance, or dendrotoxin 
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and MCD-peptide that block one component of the delayed outward current. 
Nevertheless we should always keep in mind that structure homology between 
toxins is not necessarily correlated to their physiological effects. 

Charybdotoxin was introduced as a potent blocker of the high-conductance 
(~  200 pS) Ca2t-activated K t channel in transverse tubule membrane of the 
rat skeletal muscle (Miller et al. 1985). Kinetic analysis of  single channel re- 
cordings revealed a mode of  action in which one charybdotoxin molecule oc- 
cludes the K ÷ channel by binding to its external mouth similar to the mecha- 
nism by which tetrodotoxin and saxitoxin block Na t channels (Miller et al. 
1985; Smith et al. 1986). The idea of  physical occlusion of the ion channel 
is further supported by competition experiments between charybdotoxin and 
TEA. The results demonstrated that when TEA blocks the K ÷ channel from 
the outside, charybdotoxin cannot attain its binding site (Miller 1988). The 
toxin molecules interact with the K ÷ channels in a simple bimolecular reac- 
tion regardless whether the channels are in their open or closed conformation 
(Anderson et al. 1988, MacKinnon and Miller 1988). The association rate 
strongly depends on the ionic strength of  the external medium while the disso- 
ciation of the toxin molecule from its binding site at the channel is enhanced 
by depolarization. The appearance of long-term non-conducting states is con- 
sistent with the high affinity of the toxin for its K ÷ channels. 

High-conductance Ca2÷-activated K + channels have been described in a 
variety of  cells of  neuronal and non-neuronal origin (see preceding chapter 
by A. Kolb). This type of  K t channels, found in bovine aortic smooth mus- 
cle cells or GH3 pituitary cells, were used by Gimenez-Gallego et al. (1988) 
to follow the biological activity of charybdotoxin during its purification. The 
effective ECs0 of purified toxin was 2 nM for both types of cells. In neurones 
of  the marine mollusc Aplysia californica Ca2t-activated K ÷ channels of  in- 
termediate unitary conductance ( ~  35 pS) are also sensitive to charybdotoxin 
(Hermann and Erxleben 1987). Like in the studies with GH 3 pituitary cells 
the toxin affected neither the transient nor the delayed outward K ÷ currents 
nor the Na t and Ca 2+ inward currents. 

Hgwever, charybdotoxin inhibits also Ca2÷-insensitive K ÷ channels. Two 
types of voltage-activated, Ca2t-insensitive K ÷ channels (unitary conduc- 
tance 18 pS) from murine T lymphocytes were found to be completely blocked 
by 5 nM charybdotoxin (Lewis and Cahalan 1988) as well as the Drosophila 
Shaker K t channels underlying A-current, expressed in Xenopus oocytes 
(MacKinnon et al. 1988). Recently Schweitz et al. (1989) reported that in rat 
dorsal root ganglion cells the toxin also blocks voltage-activated K + chan- 
nels that are known to be the target of  other peptide neurotoxins such as den- 
drotoxin and MCD peptide. Also in frog nodal membrane charybdotoxin in- 
hibits the component f l  of  the delayed outward K + current and displaces 
125I-labelled dendrotoxin from its binding sites in nanomolar concentrations 
(Brau et al. t990). This suggest structural similarities between K t channels 
of quite different properties. However, dendrotoxin did not inhibit charybdo- 
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toxin-sensitive, Ca2+-activated K + channels in smooth muscle cells of  GH3 
pituitary cells (see Sect. 5.1.7). So far charybdotoxin maintains only its exclu- 
sive action on K+-specific channels. 

The advantage of  a probe for CaZ+-activated K + channels is best demon- 
strated by several studies in rat hippocampal neurones (Lancaster and Nicotl 
1987; Storm 1987; Alger and Williamson 1988) and in bullfrog ganglion neu- 
rones (Gob and Pennefather 1987) dealing with the analysis of  action poten- 
tial-repolarization and afterhyperpolarization currents. The use of charyb- 
dotoxin and apamin made it possible to differentiate between two distinct 
types of  Ca:+-activated K + currents involved in the repolarization of action 
potentials. 

4.2.2 Leiurotoxin I 

Venom of Leiurus quinquestriatus inhibits 86Rb uptake through apamin-in- 
sensitive channels of human erythrocytes, Ehrlich cells and rat thymocytes 
and through the apamin-sensitive channels of guinea pig hepatocytes (Abia 
et al. 1986). Castle and Strong (1986) used apamin as a tool to identify and 
to partially purify a protein component in the venom of the scorpion Leiurus 
quinquestriatus hebraeus which inhibited apamin binding to and blocked 
angiotensin II-induced K + effiux from guinea pig hepatocytes. This compo- 
nent has been purified to homogeneity and named leiurotoxin I (Chicchi et 
al. 1988). The toxin is a very basic, single-chain peptide consisting of 31 ami- 
no acids with a molecular mass of 3.4 kDa and represents less than 0.02% of 
the venom protein. It inhibits 125I-apamin binding to rat brain synaptosomal 
membranes (Ki = 75 pM) and blocks the adrenaline-induced relaxation of 
guinea pig taenia coli (ECs0 = 6.5 nM) (Chicchi et al. 1988). 

Although leiurotoxin I and apamin are structurally unrelated peptides they 
both seem to act on the same CaZ+-activated K + channel of  small conduc- 
tance, but leiurotoxin I is approximately 5 - 10-fold less potent in binding and 
biological activity than apamin (Chicchi et al. 1988). 

Leiurotoxin I is a good example how an unknown toxin which constitutes 
only a very small fraction of  the total venom protein, can be purified and 
pharmacologically characterized if the binding properties of a known toxin 
are used as a guideline. In this way, however, only other toxins of already 
known properties will be found. 

4.3 Other Scorpion Toxins and Venoms 

A scorpion toxin that affects both Na + and K ÷ permeabilities in nerve ax- 
ons was purified from the venom of the North African scorpion Androctonus 
australis Hector (Romey et al. 1975). The toxin, named neurotoxin I, blocked 
both Na + and K ÷ conductances in Sepia giant axons. In contrast, in giant 
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axons of  crayfish and lobster the toxin inhibited the closing of  open Na ÷ 
channels, while it still blocked the K ÷ currents. The effective concentration 
was fairly low with about 500 nM. 

In frog myelinated nerve fibres (Pappone and Cahalan 1987) and in cul- 
tured rat anterior pituitary (GH3) cells (Pappone and Lucero 1988) the crude 
venom of the scorpion Pandinus imperator blocked voltage-dependent K ÷ 
currents in a voltage- and concentration-dependent manner. It has been 
claimed that in the nerve fibres Pandinus venom acts on the same component 
of  the delayed outward current that is the target of dendrotoxin I (a compo- 
nent of  a snake venom, see Sect. 5.1). The effect on the K ÷ current is irre- 
versible suggesting that the responsible toxin possesses a high affinity for K + 
channels which makes it an interesting candidate for purification. 

5 Toxins from Snake Venoms 

Snake venoms are sources of numerous substances including neurotoxins, car- 
diotoxins, myotoxins, coagulants and enzymes. This was found with snakes 
of  the family Elapidae which includes the cobras, mambas and kraits, and of  
the family Crotalidae with the known rattle snakes. One class of  proteins has 
attracted particular interest as they inhibit transmitter release from peripheral 
and central nerve terminals due to their intrinsic phospholipase Az (PLA2) 
activity (for reviews see Chang t979; Karlsson 1979; Howard and Gundersen 
1980; Harris I985). According to their different molecular structure they can 
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Fig. 3. Molecular structure of the most studied representatives of so called presynaptic-active 
neurotoxins. The schematic figure includes the molecular weight (MW), the number of amino 
acids of the peptide chains and indicates which peptide chains possess phospholipase A 2 activ- 
ity (PLA2) 
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be divided into four groups. The main and most studied representatives are 
shown in Fig. 3. 

1. Notexin is a product of the Australian tiger snake Notechis scutatus. It is 
a basic, single chain protein with strong PLA2 activity. 

2. fl-Bungarotoxin, a component of the Formosan banded krait Bungarus 
muiticinctus, consists of two polypeptide chains covalently linked together 
by a disulfide bridge. The A-chain is a basic PLA2, while the smaller B- 
chain has a high sequence homology to dendrotoxin and to certain prote- 
ase inhibitors like the bovine pancreatic trypsin inhibitor. 

3. Crotoxin from the South American rattle snake Crotalus durissus terrificus 
is a complex of two components which are not covalently linked. The larg- 
er chain, crotoxin B, is a basic, single-chain polypeptide with PLA2 activi- 
ty of only low lethal potency. The smaller acidic chain, called crotapotin 
or crotoxin A, consists of three much smaller, disulfide linked chains. 
Combination of both subunits increases tremendously the toxicity of 
phospholipase A2 whereas crotapotin itself is non-toxic. 

4. Taipoxin from the Australian taipan Oxyuranus scutellatus is a complex of 
three non-covalently linked subunits. Although all of them have a high 
homology to PLA2, in fact only the a-subunit possesses PLA 2 activity. 
Together the three subunits yield the most potent snake toxin known. 

These toxins described so far have in common that their blocking action 
on transmitter release is preceded by a facilitatory phase in which the ampli- 
tudes of nerve-evoked endplate potentials are increased. On the other hand 
there is another group of snake toxins that only facilitate evoked quantal re- 
lease, but lack the final inhibition (Harvey and Karlsson 1980, 1982). The 
main representatives are dendrotoxin from the green mamba Dendroaspis 
angusticeps and toxin I (also often named dendrotoxin I) from the black 
mamba Dendroaspis polylepis. These toxins are basic, single-chain peptides, 
but most importantly, they are devoided of PLA2 activity. 

Generally, the PLA2-toxins as well as the dendrotoxins inhibit K ÷ currents 
that may be responsible for their facilitatory action at neuromuscular junc- 
tions. However, they can no longer be regarded as toxins acting exclusively on 
the transmitter release, because they also block K + currents in non-synaptic 
nerve membranes. 

5.1 Dendrotoxins 

First indications that the venom from the Eastern green mamba Dendroaspis 
angusticeps contains a peptide toxin which facilitates neuromuscular trans- 
mission came from studies of Barret and Harvey (1979). Soon after Harvey 
and Karlsson (1980) separated the venom into several components of which 
one polypeptide, named dendrotoxin, gained particular interest because it en- 
hanced the quantal acetylcholine release at vertebrate neuromuscular junc- 
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tions (Harvey and Karlsson 1980; Harvey and Gage 1981). Dendrotoxin con- 
stitutes about 2.5°7o of the total venom protein. It is composed of 59 amino 
acids with a molecular mass of 7077 (Harvey and Karlsson 1980; Joubert and 
Taljaard 1980). Two similar polypeptides, called toxin I and K, have been iso- 
lated from the venom of the black mamba Dendroaspis polylepis (Strydom 
1973). Toxin I is the main protein of the venom with a yield of about 8°70, 
while toxin K contributes about 3°7o. They consist of 60 and 57 amino acid 
residues with molecular weights of 7573 and 6542, respectively. Like den- 
drotoxin these compounds facilitate quantal acetylcholine release. In keeping 
with this they exhibit a high degree of sequence homology with dendrotoxin, 
differing only by 6 and 20 amino acids, respectively (Harvey and Karlsson 
1982). Although all these dendrotoxins have a high degree of sequence 
homology with several protease inhibitors like the bovine pancreatic trypsin 
inhibitor (BPTI), the latter ones do not share their pharmacological proper- 
ties (Harvey and Karlsson 1982; Anderson 1985; Dreyer and Penner 1987). A 
detailed comparison of members of the proteinase inhibitor family with four 
presynaptically active mamba snake toxins in respect to their amino acid se- 
quences and structure-activity relation has been presented by Dufton (1985). 

Reviews of Harvey et al. (1984b) and Harvey and Anderson (1985) deal ex- 
tensively with the pharmacological effects and toxicities of mamba venoms, 
the purification and classification of the various peptide toxins, the chemical 
characterization of these toxins, structure-activity relationships and action on 
different nerve-muscle preparations. 

From the venom of the green mamba Benishin et al. (1988) isolated four 
different polypeptides, one of them identical with dendrotoxin, the others of 
similar molecular mass ( = 7000) and structure. These toxins are probably spe- 
cific to different kinds of K ÷ channels. However, they have not yet been 
studied in such detail as dendrotoxin and dendrotoxin I (toxin I) which de- 
serve a more extended description. 

5.1.1 General Effects 

Dendrotoxins applied intravenously (Othman et al. 1982) or intraperitoneally 
(Velluti et al. 1987; Silveira et al. 1988) produce hyperactivity and induce typi- 
cal convulsive symptoms in mice. In keeping with this an increased excitability 
of hippocampal neurones in vitro has been reported (Dolly et al. 1984). The 
toxins are much less toxic (about 10-fold) than the whole venom itself. Den- 
drotoxin and dendrotoxin I have LDs0-values of more than 20 mg/kg 
(mouse) following subcutaneous or intravenous administration (Strydom 
1973; Joubert and Taljaard 1980). As with apamin (Sect. 3.1) their neurotox- 
icity is increased by more than thousandfold when injected intraventricularly 
into rat brain (Mehraban et al. 1985). Dendrotoxin I is always about a factor 
5 more potent than dendrotoxin. 
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Dendrotoxins applied to chick biventer cervicis nerve-muscle preparation 
or mouse phrenic nerve-hemidiaphragm augment the nerve-induced twitch 
height if the bath temperature is above 30°C (Harvey and Karlsson 1980, 
1982). Thus these preparations can be used as a convenient test of the toxin's 
biological activity. The minimal effective concentrations, however, are fairly 
high, i.e. 1 ~tg/ml. 

The effects of dendrotoxin and dendrotoxin I have also been studied on pe- 
ripheral autonomic neurotransmission (Harvey et al. 1984a; Anderson 1985) 
in mouse and rat vas deferens (predominantly sympathetic) and in chick 
oesophagus (parasympathetic). Both toxins augment the smooth muscle con- 
tractions in response to nerve stimulation, but once again the minimal effec- 
tive toxin concentrations were found to be above 1 ~tM. 

5.L2 Binding of Dendrotoxins 

Binding studies with dendrotoxins are often reported jointly with those per- 
formed with p-bungarotoxin and MCD peptide. Initial evidence that den- 
drotoxin and/~-bungarotoxin share common binding sites in different prepa- 
rations have been provided by Harvey and Karlsson (1982), demonstrating 
that dendrotoxin can antagonize the blocking effects of p-bungarotoxin on 
acetylcholine release in chick neuromuscular junctions, and by Othman et al. 
(1982), studying the binding of tritiated p-bungarotoxin to rat cortex synap- 
tosomes and its inhibition by dendrotoxin I. Using 125I-labelled dendrotoxin 
the presence of high-affinity (KD-~ 0.4 nM) acceptor proteins for dendrotoxin 
on synaptosomal membranes of rat cortex (Mehraban et al. 1984; Black et al. 
1986) and chick brain (Black and Dolly 1986) has been shown. The binding 
to these acceptors that are thought to be associated with K ÷ channel pro- 
teins is inhibited by homologous polypeptides isolated from mamba snake 
venoms of Dendroaspis polylepis and Dendroaspis viridis. While dendrotox- 
in, dendrotoxin I or MCD peptide completely inhibit the binding of 
radiolabelled/~-bungarotoxin to synaptic membrane fractions of rat and chick 
brain (Othman et al. 1982; Rehm and Betz 1984; Stansfeld et al. 1987; 
Schmidt et al. 1988), ~bungarotoxin is relatively inefficient in inhibiting lzsI- 
dendrotoxin binding to its high-affinity acceptors. The difference suggests the 
existence of at least two distinct acceptor proteins for dendrotoxin in synaptic 
membrane distinguishable by/~-bungarotoxin (Black et al. 1986; Black and 
Dolly 1986; Stansfeld et al. 1987; Rehm and Lazdunski 1988b). In accordance 
with this the maximal binding capacity measured for 3H-/~-bungarotoxin is 
about sevenfold lower than that for lzSI-dendrotoxin. 

As dendrotoxin has a potent and selective action on the delayed rectifying 
K + current in frog nerve fibres (see Sect. 5.i.3) Br/iu et al. (t990) studied the 
binding of 125I-dendrotoxin to the same preparation. The binding of den- 
drotoxin to the peripheral nerves (KD = 22 pM) shows a 20-fold higher ac- 
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ceptor affinity than that to brain membranes, while the maximum binding ca- 
pacity (Bma x = 23 fmol/mg proteins) is about 30 to 50-fold lower than that 
determined for brain tissue. Binding of radiolabelled dendrotoxin could be 
displaced completely by dendrotoxin I (KI = 14pM) and MCD peptide 
(KI = 1.8 nM). Remarkably, fl-bungarotoxin (KI = 0.64 nM) could inhibit on- 
ly about 50% of the binding of labelled dendrotoxin. The binding of den- 
drotoxin was not affected by TEA, 3,4-DAP nor by capsaicin that blocks spe- 
cifically the dendrotoxin-insensitive component of the delayed outward K ÷ 
current in frog nerve fibres (Dubois 1982). Br~iu et al. (1990) also applied im- 
munocytochemical methods to visualize dendrotoxin-sensitive K + channels 
in the nodal and paranodal region of frog nerve fibres. Similar results, but 
with much higher binding capacity were obtained with rat nerve fibres (H. 
Repp and F. Dreyer, unpublished data). The advantage of peripheral nerve tis- 
sue in comparison to brain membranes which have so far been used in binding 
studies, is that the former are equipped with a well characterized population 
of K ÷ channels. 

Cross-linking of I25I-labelled dendrotoxin (Mehraban et al. 1984; Black 
and Dolly 1986), toxin I and MCD peptide (Rehm et al. 1988) to their accep- 
tors in rat and chick membranes and subsequent analysis by SDS-gel electro- 
phoresis consistently reveals a polypeptide of the same apparent size of 
76 kDa that has been solubilized and purified. This suggests that at least the 
snake toxins and the bee venom toxin bind to the same protein complex 
(Rehm et al. 1988; Rehm and Lazdunski 1988a), but they seem to bind to dif- 
ferent sites (Bidard et al. 1987b; Schmidt et al. 1988). Further investigations 
of the binding protein have revealed that the dendrotoxin-sensitive K ÷ chan- 
nel is an oligomeric protein complex of 450000 Da (Black et al. 1988) consist- 
ing of polypeptide chains of 76 000 Da and 38 000 Da (Rehm and Lazdunski 
1988 a). Further purification analysis provided evidences for the existence of 
different populations of dendrotoxin I and MCD peptide binding proteins 
(Rehm and Lazdunski 1988b). The 76 kDa protein is of comparable mass to 
those that have been expressed in Xenopus oocytes from rat brain cDNA 
(Baumann et al. 1988) forming functional, dendrotoxin- and MCD peptide- 
sensitive, voltage-operated K ÷ channels (Stiihmer et al. 1988). 

5.L3 Dendrotoxin Blocks Selectively Delayed Rectifying 
Potassium Currents 

The interest in dendrotoxin has been stimulated by the discovery that the toxin 
induces epileptiform activity and blocks a transient, voltage-operated K ÷ 
current in hippocampal CA1 neurones while leaving other types of K ÷ cur- 
rents unaffected (Dolly et al. 1984; Halliwell et al. 1986). 

Further studies on various types of nerve cell membranes revealed that den- 
drotoxin is more specific for the delayed rectifying K ÷ current than for a 
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transient outward K + current (Table 3). In myelinated frog nerve fibres the 
toxin prolongs remarkably the nerve action potential (Weller et al. 1985). Un- 
der voltage-clamp conditions it reduces the amplitude of the delayed K ÷ cur- 
rent with nanomolar concentrations. It does not affect the leakage current 
nor the amplitude or the kinetic behaviour of the Na ÷ current. About 30 to 
80% of the delayed K ÷ current is dendrotoxin-sensitive which supported the 
idea that different subtypes of delayed rectifier K ÷ channels may exist. As 
already demonstrated by Dubois (1981) the delayed K + current in frog nerve 
fibres is composed of at least three kinetically distinct currents, one (IKf2) of 
them selectively inhibited by capsaicin (Dubois 1982). Using dendrotoxin I 
from the black mamba Benoit and Dubois (1986) showed that another com- 
ponent, called IKn, is selectively and potently blocked by this toxin 
(ICs0 = 0.4 nM). The same specific action is obtained with dendrotoxin from 
the green mamba, yet this toxin is about 20 times less potent (Br/iu et al. 
1990). The dendrotoxin-sensitive K + current has the typical feature of  be- 
coming activated at membrane potentials around - 6 0  mV. 

Dorsal root ganglion cells of  guinea pig exhibit three different types of K ÷ 
currents, a transient outward current, a Ca2+-dependent current and a de- 
layed non-inactivating outward current. At concentrations of  0.14 to 1.4 nM 
dendrotoxin, if applied from the outside, selectively blocks a portion (maxi- 
mal 50O/o) of the non-inactivating K ÷ current, leaving the transient outward 
current unaffected (Penner et al. 1986). Once the action of dendrotoxin is 
complete the inhibition of the K ÷ current cannot be reversed within 
2 0 -  30 min of continuous washing. Higher concentrations, up to 1.4 IxM, did 
not further reduce the delayed outward K ÷ current. Thus there are probably 
two distinct sets of  K + channels. In fact the current-voltage relations are 
quite different for the dendrotoxin-sensitive and -insensitive component. The 
dendrotoxin-sensitive current has a threshold of about - 50 mV. Its amplitude 
increases almost linearly with voltage (ohmic behaviours). The dendrotoxin- 
resistant current increases non-linearly with membrane depolarization up to 
+60mV. Experiments performed with K + channel blockers revealed that 
dendrotoxin affects a type of K + channels which is more specific for 
3,4-diaminopyridine than for TEA. 

Stansfeld et at. (1986, 1987) studied the action of dendrotoxins on isolated 
visceral sensory neurones of rat nodose ganglia. In a minor subpopulation (A- 
cells) the toxins induce repetitive firing during prolonged depolarization on 
current injection. The toxins block about 50o/o of an outward rectifying K + 
current that shows slow, but incomplete inactivation within several seconds. 
This reminds us to the findings obtained with dendrotoxin in frog nodes of  
Ranvier and dorsal root ganglion cells. This current is further characterized 
by its inhibition by 4-aminopyridine at concentrations as low as 10 to 30 IxM, 
and its resistance to agents such as TEA (10 raM), barium (3 mM) or cesium 
(4 mM). 
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In giant axons of the marine annelid Myxicola dendrotoxin inhibits the de- 
layed rectifier K ÷ current completely with an ICs0-value of  150 nM (Schauf 
1987). Interestingly, the toxin was found equally effective when applied exter- 
nally or internally in contrast to dorsal root ganglion cells where it acts only 
from the outside (Penner et al. 1986). In the Myxicola preparation dendrotox- 
in also slows the inactivation of the Na ÷ current without altering other Na ÷ 
channel properties (Schauf 1987). 

Benishin et al. (1988) studied the 86Rb efflux from rat forebrain synap- 
tosomes which obviously possess four physiologically and pharmacologically 
distinct types of  K ÷ channels. From the crude venom of the green mamba 
(Dendroaspis angusticeps) they isolated four different polypeptides, all of  
similar molecular weight and structure. Two of them, one identical to den- 
drotoxin, block preferentially 4-aminopyridine-sensitive, inactivating outward 
rectifier K ÷ channels (IC50=15 nM). The other ones, whose amino acid 
sequences are so far only partially known, are selective for the non-inactivat- 
ing rectifier K ÷ channels. These observations, however, have to be confirmed 
in other tissues under voltage-clamp conditions. 

As the increase of nerve-induced twitch height and of quantal acetylcholine 
release at neuromuscular junctions were the initial effects described for den- 
drotoxin (Harvey and Karlsson 1980, 1982), it was of interest to study the 
mechanism by which the alterations were brought about at motor endplates. 
A likely possibility is an inhibition of K ÷ permeability which prolongs 
presynaptic depolarization and thereby increases the Ca 2÷ influx. 

Some of the currents flowing through the membrane of motor nerve termi- 
nals upon nerve stimulation can be investigated by the subendothelial record- 
ing technique (for details see Mailart 1985; Penner and Dreyer 1986). Apart 
from the activation of  the Na ÷ current in the nodes of  Ranvier, two different 
types of Ca ÷ currents and three different types of K ÷ currents can be 
recorded. Dendrotoxin up to 1.5 ~tM affects neither the Na ÷ current nor the 
fast K ÷ current (Dreyer and Penner 1987; Anderson and Harvey 1988) nor 
the Ca2+-activated K ÷ current (Dreyer and Penner 1987) that is unmasked 
after blockade of  the fast K ÷ current by 3,4-diaminopyridine. Only a third 
slowly activating, 3,4-diaminopyridine-sensitive K ÷ current that is revealed 
by inhibition of the other K ÷ currents by TEA (30 mM), is blocked by den- 
drotoxin in a concentration-dependent manner (1.5-150nM). Identical re- 
suits were obtained with the PLA2 snake toxins such as fl-bungarotoxin 
(Sect. 5.2), taipoxin and crotoxin (Sect. 5.3), but the effective concentrations 
were three to four times higher (Dreyer and Penner 1987). In contrast, bee 
venom phospholipase A2 (1 txg/ml) and the protease inhibitor aprotinin 
(1.5 IxM) were found devoid of noticeable effects on the described presynaptic 
currents. 

Dendrotoxin (3.9 pxM) consistently causes repetitive firing of action poten- 
tials following single nerve stimulation that correlates with the occurrence of 
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multiple endplate potentials (Anderson and Harvey 1988). The mechanism is 
most probably due to the blockade of the slowly activating K + current that 
has been characterized as dendrotoxin- and aminopyridine-sensitive (Dreyer 
and Penner 1987) which thus may have the function to prevent repetitive fir- 
ing of nerve action potentials. The increase in quantal content of  nerve- 
evoked endplate potentials (by 20 -50%)  with dendrotoxin is not maintained. 
It can not always be recorded neither in frog nor in mouse nerve-muscle prep- 
arations (Anderson and Harvey i988). Therefore, the repetitive activity, but 
not the more or less pronounced increase in nerve induced quantal transmitter 
release, seems to be the main cause for the augmentation of twitch height in 
dendrotoxin-treated nerve-muscle preparations. This explains also why the 
maximal augmentation is always two or three times above control. 

Dendrotoxin-sensitive K + channels obviously also exist in the axons and 
terminals of  rat neurointermediate lobes. Here dendrotoxin (EC50~2 nM) 
like 4-aminopyridine (EC50~-2 gM) augments the electrically evoked secre- 
tion of vasopressin and oxytocin (Bondy and Russel 1988). 

5.L4 Dendrotoxin-Sensitive Potassium Channels 

From the initial description of an action of dendrotoxin on K + currents it 
took four years to identify the underlying K + channels on the single channel 
level. Stansfeld and Feltz (1988) described single channel properties of  den- 
drotoxin-sensitive channels in dorsal root ganglion cells. In physiological K + 
gradient single channel records gave a slope conductance of 5 - 1 0  pS which 
increased to 18 pS (outward current) in symmetrical high-K + solution. These 
dendrotoxin-sensitive, voltage-operated K ÷ channels are active at resting po- 
tential, show little inactivation within 500 ms, and are inhibited by 2 nM tox- 
in. The action of the toxin is marked by disappearance of single channel cur- 
rents rather than by flickering or reduction of  the current amplitude. Sttihmer 
et al. (1988) expressed in Xenopus oocytes an ion channel protein encoded by 
cDNA of rat cerebral cortex. It exhibits properties similar to those of the 
"classical" very slowly or non-inactivating delayed rectifier K + channel. In 
physiological solutions the single channel conductance is about 9 pS and it is 
increased to 22 pS in symmetrical 100 mM K ÷ medium. Pharmacologically 
this K ÷ channel is characterized by (1) its sensitivity to dendrotoxin 
(IC50~ 12 nM), MCD peptide (IC50~45 nM), TEA (IC50~-0.6 mM) and 
4-aminopyridine (IC50~ 1.0 mM), (2) its insensitivity to apamin (i ~tM)or fl- 
bungarotoxin (200 nM) (St0hmer et al. 1988). The pharmacological as well as 
the physiological properties are in best agreement with those of the IKfl cur- 
rent, a subtype of the delayed outward rectifying K ÷ current described in 
frog node of  Ranvier (Brau et al. 1990). The underlying K + channels have 
recently been investigated by patch-clamp experiments on axonal membranes 
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from the nodal and internodal region of  frog myelinated nerve fibres (Jonas 
et al. 1989). In symmetrical high-K + solution the unitary conductance of  the 
dendrotoxin-sensitive K ÷ channel was 23 pS. 

5.L5 Action o f  Dendrotoxin on Cells o f  the Central Nervous System 

Apart from the action of dendrotoxin on delayed outward K ÷ currents in pe- 
ripheral nerve tissue two reports deal with the effect of  the toxin on K ÷ cur- 
rents in central neurones. In fact the transient, voltage-activated K + current 
(A-current) in hippocampal CA1 neurones was the first K ÷ current that has 
been found to be blocked by dendrotoxin while other types of  K + currents 
in these neurones remained unaffected (Dolly et al. 1984; Halliwell et al. 
1986). In hippocampal slices, however, it takes 30 min treatment with 300 nM 
dendrotoxin to reduce the A-current by more than 70%. Toxin I was found 
about 5 times more potent. 

Magnocellular neurosecretory neurones, located in the supraoptic nucleus 
of  rat hypothalamus, display a fast transient, Ca2+-dependent K ÷ current 
which is distinct from the I A current in vertebrate neurones. It is activated 
from a threshold of  - 75 mV and completely inactivated at potentials positive 
to - 5 5  mV. This current is completely unaffected by TEA at concentrations 
up to 12 mM, but markedly sensitive to 4-aminopyridine (IC50--1 mM) and 
to dendrotoxin (IC50~ 4 nM) (Bourque 1988). 

Apart from its central action, dendrotoxin did not suppress a transient, fast 
inactivating A-current in C cells of  rat nodose ganglia and in neurones of  rat 
superior cervical ganglia (Stansfeld et al. 1987), nor the transient K ÷ current 
in guinea pig dorsal root ganglion ceils (Penner et al. 1986; Stansfeld and 
Feltz 1988) and in mammalian motor nerve terminals (Dreyer and Penner 
1987). 

5.L6 Properties o f  the Dendrotoxin-Sensitive Potassium Channel: 
a Summary 

From available electrophysiological data the properties of  the dendrotoxin- 
sensitive K ÷ current and its underlying K ÷ channels may at present be sum- 
marized as follows: 

1. T h e  dendrotoxin-sensitive K ÷ channel most probably exists only in neuro- 
nal membranes. 

2. Although in central neurones effects on a transient, Ca2+-activated K ÷ 
current and on A-current have been observed, the main target of  den- 
drotoxin action is a subtype of  the slowly or non-inactivating outward rec- 
tifier K ÷ channel. 
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3. The activation of the K + channel is steeply voltage-dependent starting 
from a threshold varying between - 7 0  mV and - 3 0  mV for different types 
of  cells. The current-voltage relationship is almost linear for more positive 
membrane potentials. 

4. The unitary conductance of the dendrotoxin-sensitive K + channel is 
about 10 pS and 20 pS in physiological K ÷ gradient and in symmetrical 
high-K + solutions, respectively. 

5. The primary structure of this K ÷ channel has been reported. The channel 
molecule seems to be formed by four subunits consisting of 495 amino ac- 
id residues each. 

6. Al l  dendrotoxin-sensitive K ÷ channels are inhibited by aminopyridines, 
often with higher potency and, noteworthy, higher efficacy compared to 
TEA. 

7. While apamin is without effect, MCD peptide blocks the dendrotoxin-sen- 
sitive K ÷ channel with the same efficacy, but with a 5 to 10 times lower 
potency. It is more or tess affected by snake toxins with phospholipase A 2 
activity depending strongly on the cell type. 

5.1.7 Cell Preparations Where Dendrotoxin is Ineffective 

To further define the specificity of  dendrotoxin the toxin was applied to a va- 
riety of  excitable and non-excitable cell preparations where different types of  
K ÷ currents and channels can be studied (unpublished data). No toxin effect 
was observed in (1) smooth muscles of guinea pig bladder (G. Isenberg, U. 
KlOckner, E Dreyer), (2) atrial and ventricular cells of  guinea pig heart (G. 
Isenberg, U. K16ckner, E Dreyer), (3) bovine adrenal chromaffin cells (E 
Dreyer), (4) chick embryonic fibroblasts (F. Dreyer and G. Seidel), (5) rat ante- 
rior pituitary GH3 tumor cells (G. Oxford and W. Vogel) and (6) 
neuroblastoma cells of  clone Neuro2-A and NIE 115 (F. Dreyer). It should be 
mentioned that these neuroblastoma cells do not bind tetanus toxin, which is 
assumed to be a specific marker of neuronal membranes. 

5.2 Beta-Bungarotoxin 

In the past fl-bungarotoxin has aroused some interest because it inhibits trans- 
mitter release from peripheral and central nerve terminals. Using radiola- 
belled toxin, high-affinity binding to protein acceptors (KD----0.5 nM) on rat 
and chick brain membranes has been shown (Oberg and Kelly 1976; Othman 
et al. 1982; Rehm and Betz 1982), and the purified acceptors were solubilized 
and characterized (Rehm and Betz 1984; Black and Dolly 1986; Black et al. 
1988; Rehm and Lazdunski 1988b). The results have already been mentioned 
in Sects. 3.2.1 and 5.1.2 in connection with the binding of  MCD peptide and 
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dendrotoxin, respectively. The binding experiments demonstrated that the 
binding of fl-bungarotoxin on synaptic membrane fractions is completely in- 
hibited by dendrotoxin and MCD peptide (Othman et al. t982; Rehm and 
Betz 1984; Stansfeld et al. 1987; Schmidt et al. 1988; Schmidt and Betz i988), 
but in reverse fl-bungarotoxin can only partially prevent the binding of den- 
drotoxin and MCD peptide suggesting the existence of two subpopulations of 
dendrotoxin acceptor sites (Black et al. 1986; Black and Doily 1986; Rehm 
and Lazdunski 1988b; Schmidt et al. 1988). 

The fl-bungarotoxin binding site is part of a large membrane protein com- 
plex (molecular mass ~-430000) (Rehm and Betz 1984) that presumably con- 
sists of several polypeptide subunits. One of them, with a molecular mass of 
95000, seems to be the toxin binding site (Rehm and Betz 1983). 

fl-Bungarotoxin binding sites, according to autoradiographic studies in rat 
brain are prominent in cerebral cortex, parts of the hippocampus and in the 
molecular layer of cerebellum. Much less binding is found in various other 
regions (Othman et al. 1983; Pelchen-Matthews and Dolly 1988). Very little 
binding is associated with myelinated tracts. ~Bungarotoxin binding sites are 
not exclusively localized on nerve terminals because toxin acceptors have also 
been identified on ganglion cells which had lost their presynaptic endings 
(Rehm and Betz 1982) and on peripheral myelinated frog and mammalian 
nerve fibres (Br~iu et al. 1990; H. Repp and E Dreyer, unpublished data). 

5.2.1 Beta-Bungarotoxin Blocks Voltage-Operated Potassium Currents 

Direct evidence that fl-bungarotoxin blocks, like dendrotoxin, K ÷ channels 
has first been provided by Petersen et al. (1986) in guinea pig dorsal root gan- 
glion cells and by Dreyer and Penner (1987) in mouse motor nerve terminals. 
In dorsal root ganglion cells fl-bungarotoxin inhibits a portion of the non-in- 
activating outward K ÷ current. However, additional application of den- 
drotoxin further reduced this outward rectifier (Petersen et al. 1986). Thus in 
this preparation fl-bungarotoxin is much less potent than dendrotoxin and 
also less efficient (Table 3). In myelinated frog nerve fibres the dendrotoxin- 
sensitive delayed outward K ÷ current is also blocked by fl-bungarotoxin 
(IC50 = 818 riM) (Br~iu et al. 1990). 

A potent, concentration-dependent inhibitory effect of p-bungarotoxin 
(5-500 nM) on a slowly activating, aminopyridine-sensitive, but less TEA- 
sensitive K ÷ current has been demonstrated in mouse motor nerve terminals 
with the subendothelial recording technique (Dreyer and Penner 1987). The 
toxin (500 riM) suppressed neither the Na ÷ current nor the fast voltage-acti- 
vated nor the Ca2÷-activated K + current components. Rowan and Harvey 
(1988), who studied the fast K + component of the nerve terminal membrane 
current, did observe an approximate 25°70 reduction in mammalian nerve ter- 
minals, but no effect in frog nerve endings. 
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The action of fl-bungarotoxin and related PLA2 toxins (see Sect. 5.3) is un- 
related to the enzymatic activity as (1) the bee venom phospholipase A2, de- 
spite of its higher enzymatic activity compared to the toxins, did not affect 
K ÷ currents and (2) the inhibition of K ÷ currents is still observed at 20°C 
at which temperature the PLA2 activity is less than 5% compared to that at 
37 °C. 

5.3 Crotoxin, Taipoxin, Notexin 

The presynaptically active neurotoxins with PLA 2 activity differ consider- 
ably in their molecular structure (Fig. 3). This suggests that they may act 
through different receptors. Indeed, some indirect evidence for this came 
from double-poisoning experiments with dendrotoxin, fl-bungarotoxin, 
crotoxin, taipoxin and notexin (Chang and Su t980; Harvey and Karlsson 
1982). The results were confirmed by binding experiments with ~25I-labelled 
neurotoxins to synaptosomal membrane preparations from guinea pig brain 
(Tzeng et al. 1986). While the binding of radiolabelled fl-bungarotoxin, 
crotoxin and taipoxin is completely inhibited by their unlabelled molecules 
with ICs0-values of 11, 0.5I and 45 nM, respectively, these neurotoxins do 
not significantly compete with each other for binding to their acceptors. This 
suggests that in synaptosomal membranes separate binding sites of high-af- 
finity exist for the three toxins. Crotoxin is also unable to inhibit the binding 
of dendrotoxin to chick synaptosomes (Black and Dolly 1986). It should be 
noted that in contrast to/%bungarotoxin that obviously acts selectively on 
neuronal cells, both crotoxin and taipoxin display additional specific binding 
to liver, kidney, lung and erythrocyte ghosts. Using the photoaffinity labelling 
technique Tzeng et al. (1986) identified for crotoxin an acceptor protein of 
about 85 kDa in brain membranes. 

Like dendrotoxin and fl-bungarotoxin, crotoxin and taipoxin affect an 
aminopyridine-sensitive, slowly activating K ÷ current in mouse motor nerve 
terminals (Dreyer and Penner 1987). Rowan and Harvey (1988) tested all four 
phospholipase toxins shown in Fig. 3 on mouse motor nerve terminals and 
found a reduction of a K ÷ current by about 50% (Table 3). The binding ex- 
periments of Tzeng et al. (1986) suggest that the toxins may affect the K ÷ 
channels by binding to different sites of the same channel protein complex. 
Alternatively the toxins might share the same binding site concerning the 
block of K ÷ channel, but might have quite different acceptor sites responsi- 
ble for their enzymatic activity on cell membranes. 
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6 Toxins from Cone Snails 

The venoms of the fish-eating gastropod cone snails which are spread over 
the Australian and Pacific Area, are rich sources of  different biologically ac- 
tive peptides. These colourful, beautifully patterned animals which might ap- 
pear perfectly harmless can be lethal for man. There are numerous species 
and so far from only a few of them peptide neurotoxins have been isolated, 
sequenced and biologically characterized. Among these conotoxins, specific 
blockers of  nicotinic acetylcholine receptors (a-conotoxin), of  voltage-activat- 
ed Na ÷ channels in muscle membrane (p-conotoxin) and of a subtype of  ver- 
tebrate neuronal voltage-sensitive Ca 2÷ channels (co-conotoxin) were found 
(for reviews see Cruz et al. 1985; Olivera et al. 1985; Gray et al. 1988). 

First hints that the cone snail venoms may also contain components specif- 
ic for K ÷ channels, came from the work of  Chesnut et al. (1987). They stud- 
ied the effect of  crude venom, extracted from the venom ducts of  the species 
Conus striatus, on the delayed rectifier current in neurones of  Aplysia califor- 
nica. The venom reduced, or increased in a concentration dependent manner 
the K ÷ current depending on the type of  neuron. Regardless in all cells it 
slowed both the activation and inactivation of  the current. As some differenti- 
ation in the venom effect could be observed after heat treatment and a filtra- 
tion procedure (using a cutoff of 50000 molecular mass) it was suggested that 
the various effects on the K ÷ current are caused by different components of 
the venom. This conclusion should be regarded as preliminary and ought to 
be confirmed with purified peptide components. In view of the variety of  spe- 
cies still to be explored we can hope that the horn of  plenty contains at least 
some toxins highly specific for K ÷ channels, thus making systematic studies 
for such conotoxins worthwhile. 

7 Concluding Remarks 

In the past potent biological toxins such as tetrodotoxin and a-bungarotoxin 
have been important in the isolation and characterization of  ion channel pro- 
tein complexes such as the sodium channel and the nicotinic acetylchotine re- 
ceptor. The K ÷ channel peptide toxins have never played a comparable role 
due to the fast development of  gentechnology and molecular biology which 
now allows the biochemical characterization of  ion channels without any spe- 
cific ligand. The toxins may allow a simple classification of  the K ÷ channels. 
This is highly desirable particularly since the patch clamp technique has re- 
vealed already so many kinds of  K ÷ channels. Classification based only on 
single channel conductance and kinetic behaviour becomes more and more 
difficult. 
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Furthermore, excitable as well as non-excitable cells possess generally sever- 
al types of  K + channels causing complex membrane currents that are often 
difficult to separate. K ÷ channel toxins as highly specific probes can help to 
dissect complex K + conductance changes and to evaluate the physiological 
role of the different K + channels and their currents in the function and ac- 
tivity of developing and mature cells. 

Many papers dealing with the action of  toxins start or end with remarks 
like "toxins are important tools for biochemists and electrophysiologists to 
study structure and function of  drug and voltage-operated ion channels". So 
far only few toxins got this approval. To reach this level the specificity of  the 
toxin's action must be known in detail. Only broad application in different 
species and cell types will finally decide whether the toxin gains permanent 
value as a tool or not. 

The past 10 years have provided us with some peptide toxins that affect 
some types of the large family of  K ÷ channels with high specificity and af- 
finity, but there are still many other family members still waiting for their lids. 
In this respect it should be kept in mind that putative toxins are mostly found 
by luck rather than by systematic research. This means that at present we are 
still in the age of  hunters and gatherers. However, I am sure that the many 
venomous animals - which are less dangerous than mankind itself - can of- 
fer us further peptide toxins to close the gap which still exists for the K ÷ 
channel family. 
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