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Summary. Voltage-dependent K + channels are blocked by several drugs, including 4-aminopyridine (4-AP) and tetraethylammo- 
nium (TEA). 4-AP is most  widely used to localize K + channels in mammalian and non-mammalian nerve fibers, but 4-AP and TEA 
alter various K + channels and/or  preparations in specific ways. The reason is not known, in part  because dissociation constants for 
4-AP and TEA have not been measured for nodal  and internodal K + channels in the same fibers. Smith and Schauf I showed that  the 
density of nodal  versus paranodal  K + channels in frog nerves depends on fiber diameter. This size dependence was used to determine 
the relative sensitivity of nodal  and internodal K + channels to 4-AP and TEA, and to compare voltage- and time-dependent 
activation. The results show nodal and internodal K + channels activate similarly. However, internodal channels are selectivity 
btocked by 4-AP while TEA is more effective on nodal  channels. A high sensitivity of internodal K + channels may explain why 4-AP 
improves symptoms in diseases such as multiple sclerosis. 
Key words. Potassium channels; 4-aminopyridine; tetraethylammonium; Rana pipiens nerves; voltage clamp; lysolecithin; nodal  
channels; internodal channels, 

The drug 4-aminopyridine (4-AP) blocks the classical delayed 
rectifier K + channel in nonmyelinated axons and amphibian 
nodes of Ranvier and has been used to determine their distribu- 
tion 2 7. In mammalian myelinated nerve K + channels are ex- 
cluded from nodes 8-~~ Exposure of a mammalian internode in 
demyelination results in the appearance of outward K § currents 
and 4-AP sensitivity 11-17. 4-AP prolongs action potentials in 
immature and regenerating mammalian nerve 1~4'16' 18-20. How- 
ever, sensitivity to 4-AP does not  localize K + channels to nodes; 
it indicates electrical and chemical accessibility. Immature  and 
regenerating fibers may lack nodal K + channels and differ from 
mature nerve in the access of internodal channels to 4-AP. Po- 
tassium channels are also blocked by tetraethylammonium 
(TEA) and the relative effect of 4-AP and TEA varies. For 
example, TEA does not affect many 4-AP sensitive mammalian 
nonmyelinated or myelinated axons 2~ and is relatively ineffec- 
tive on internodal K + channels 12' t3,22,23. 
In animal models 4-AP restores conduction in demyelinated 
blocked fibers 12' is, z4 and symptoms in multiple sclerosis (MS) are 
improved by 5-20 mg 4-AP 25'26. Invertebrate axons and frog 
fibers have dissociation constants of 0.5 mM 5 and 10 gM 6'27, and 
1-mM 4-AP is usually used to detect K + channels 16' 17,~9,a0,26,28. In 
MS patients plasma 4-AP levels were about  1 gM. The small 
amount  of 4-AP needed could result from a higher sensitivity of 
internodal K + channels to 4-AP. Since K § currents and 4-AP 
access both  vary, comparison of 4-AP sensitivity requires a sys- 
tem where nodal and internodal K + channels can be voltage- 
clamped, so a fiber serves as its own control. Nodal K + conduc- 

tance in 16-18-gm frog fibers is 20-30 % of the Na + conductance 
and is increased by lysolecithin (LPC). In 8-10-gin fibers there is 
no K + current unless LPC is used 1. This diameter-dependence 
was used to compare K + channels. LPC-dependent channels 
were more sensitive to 4-AP than LPC-independent nodal  chan- 
nels, while TEA acts primarily on nodal channels. The size- 
dependent segregation of K § channels in frog fibers also allows a 
comparison of K + activation. While similar, there is a slight 
increase in the relative number  of paranodal  channels activated 
at  low voltages compared to nodal  channels. 
Methods. Single 8-10-gin or 16-18-gin fibers of Rana pipiens 
were voltage-clamped in 115 mM NaC1, 2.5 mM KC1, 1.8 mM 
CaC12, and 5 mM Tris 1'29'3~ Fiber ends were in isotonic KC1; pH 
was 7.30; and the temperature was 18-20 ~ C. Fibers were classed 
as sensory or motor  based on the initial rate of decline of the 
action potentiaP 1. Fibers were held at - 8 0  m V  32. A 50-ms hyper- 
polarization was followed by 10-ms depolarizations to voltages 
between - 4 0  mV and +100 mV. Leakage and capacity currents 
were determined for each fiber and subtracted during ionic cur- 
rent measurements. Currents were converted to conductances 
using experimentally determined values for the Na + equilibrium 
potential and a calculated value o f - 9 7  mV for the K + equili- 
brium potential 1'3~ Nodal and internodal resistances were 
measured 33 because nodal  capacitance determines exposed mem- 
brane area and internodal resistance gives current. The Na + 
equilibrium potential was monitored because internal Na + 
blocks K + channels, leading to an apparent  lack of K § conduc- 
tance 34. Data  was used only if there was no change. 
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Figure 1. Currents for depolarizations to -30 mV, +20 mV, and +70 mV in normal and lysolecithin-treated frog myelinated nerve fibers and the effect 
of 4-AP. The records in the upper portion of the figure show the currents in a 17-~tm fiber, while those in the lower portion were recorded from a 9-gm 
fiber. In the first case there is normally a significant outward K + current (left-hand records) that is blocked by 4-AP (center and right-hand records) 
without any effect on nodal Na + currents. Normal, freshly dissected 8--10-gin fibers lack K + currents (records in the lower left-hand part of the figure), 
but K + currents appear after exposure to 1 mg/ml lysolecithin (lower, center records labeled LPC). LPC-induced currents are completely blocked by 
20 ~tM 4-AP (records at the lower right), a concentration that only blocks 50% of the K + current in 16-18-gm fibers. The current calibration is 16 nA for 
the 17-gm fiber and 8 nA for the 9-~tm fiber, while the time scale is 2 ms for both. The K + conductance for the 9-gm fiber was 0.05 x 10 -7 S before LPC 
and increased to 0.20 x 10 -7 S following the application of LPC. The K + conductance of the 17-gin fiber was 1.50 x 10 - 7  S prior to the application of 
4-AP. The Na + conductance of the 9-gm fiber was 0.89 x 10 -7  S, while that for the 9-~tm fiber was 4.95 x 10 - 7  S. 

The size-dependence of the K + conductance is not always appa- 
rent 35. The reason is unknown since all studies have paid careful 
at tention to Na + accumulation and other possible artifacts ~'35. 
To avoid this problem, nodal and paranodal  K § currents were 
defined operationally with nodal currents referring to those seen 
in untreated fibers and paranodal  currents those following para- 
nodal disruption induced by adding 1% lysolecithin to the 50 
100 gm recording pool. In untreated fibers the capacity transient 
was one exponential (40-60-gs time constant), nodal capacity 
was 1.4-1.6 pF, and nodal  resistance 34-46 megohms. After 
LPC the capacity current has fast (40-60-gs time constant) and 
slow (1 ms) components. The integral of the fast component  was 
the same as untreated fibers, but the integral of the slow compo- 
nent varied with the paranodal  area exposed. LPC elevated 
nodal capacitance (up to 55 pF) and all of the increase occurred 
in the slow component.  Since nodal capacitance often increased 
without a visible change, LPC may disrupt the axoglial junction 
but  not cause demyelination. 
Results. Experiments were performed on untreated fibers lack- 
ing outward current where large K § conductances can be in- 
duced by LPC; and on LPC-insensitive fibers. Figure 1 shows 
that  4-AP selectivity blocks LPC-dependent, presumably para- 
nodal K § channels. The left-hand records are from untreated 
16-18-gm (top) and 8-10-p,m (bottom) fibers with Na + equili- 
brium potentials of +52 mV and +54 mV respectively. In 16-18- 
~tm fibers external 20-gM 4-AP decreased the outward K § cur- 
rents by 45-50 % at all voltages, but had no effect on the magni- 
tude and time course of the Na + currents (top center records) or 
on nodal  capacity and internodal resistance. At 1 mM, 4-AP 
completely eliminated outward K § currents, again without alter- 
ing the Na § current (upper right records). The filled circles in 
figure 2 show the dose-response curve for 4-AP obtained in two 
different 16-18-gm fibers. The solid line, calculated assuming a 
single binding site and an effective dissociation constant of 
20 lam, provides a good fit to the experimental data over the 
entire range of concentrations tested. 
LPC causes a large increase in the outward current in 8-10-gm 
fibers, but there was no change in Na + currents and the Na + 
equilibrium potential remained at +54 mV (bottom center 
records). LPC-induced outward currents were accompanied by a 

14-fold increase in nodal capacitance measured by integraling 
the total (fast and slow components) uncompensated capacity 
current. In LPC-treated fibers, 20-gM 4-AP completely elimi- 
nated the outward current (bottom right records in fig. 1). The 
dose-response curve for 4-AP for two different fibers, shown by 
the open circles in figure 2, is consistent with a decrease in the 
apparent  dissociation constant  from 20 gM to 4--5 p,M. That  is, 
paranodal  K + channels exposed by LPC are more sensitive to 
4-AP than are LPC-independent nodal  K + channels. 
While 4-AP sensitivity of K § currents in untreated 16-18-gm 
fibers and LPC-treated 8-10-gin fibers differs, K + activation i s  
nearly identical. Figure 3 shows the time constants for K § activa- 
tion in both  cases (Tn with n = 2, see Bergman 34). For  voltages 
above - 5 0  mV steady-state conductance-voltage curves also 
superimposed. Below - 5 0  mV there appeared to be a slightly 
larger K + conductance in LPC-treated 8-10-gin fibers, but  un- 
certainties in estimating the leakage current make this result less 
secure. A difference in the 'foot '  of the activation curve would 
support the contention that  paranodal  K + channels contribute 
to the resting potential 18. In a few experiments the internodes in 
the lateral pools of the chamber were cut as short as possible to 
let K § enter the periaxonal space. After 15-20 rain, the node in 
the recording pool depolarized by 14-17 mV. 
While paranodal  K § channels are more readily blocked by 4-AP, 
they are less sensitive to TEA. Figure 4 shows the dose-response 
curve for TEA in two different untreated 16-18-gm fibers (filled 
circles) and two 8-10-gin LPC-treated fibers (open circles). The 
dissociation constant for TEA on LPC-induced K § currents was 
5 mM, ten times higher than for nodal K + channels (0.5 mM - 
shown as the solid line in fig. 4). 
The effects of 4-AP and TEA on 12-gm fibers with small but 
measureable K + currents were examined in a few cases. Un- 
treated fibers had resting conductances of 0.10-0.15 x 10 .7 S. 
The dissociation constants for 4-AP and TEA were 20 gM and 
0.5 mM respectively in untreated 12-gm fibers, results identical 
to those in 16-18-gm fibers. After LPC treatment the K + con- 
ductance ranged from 0.22 0.31 x 10 7 S in 12-gm fibers. Dose- 
response curves for 4-AP and TEA on LPC-induced K § currents 
in 12-gm fibers were compared with those in LPC-treated 8-10- 
gm frog fibers. The dissociation constant for 4-AP on the incre- 
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Figure 2. Dose-response curves for 4-AP in two different 16-18-gm (filled 
circles) and 8 10-1~m (open circles) fibers. The ordinate shows the K + 
conductance in the presence of 4-AP relative to that prior to drug applica- 
tion (the effects of 4-AP were reversible and values of the K + conductance 
before and after 4-AP differend by less than 10%). The solid line is 
expected for a single site having an effective binding constant of 2 x 10 5 
M and accurately describes the response of 16-18-gm fibers. The behavior 
of 8-10-gm fibers is consistent with a shift of this dissociation curve to the 
left along the abcissa so that the effective binding constant is reduced to 
5 x 10 -6 M. 

mental K + current in 12-gm fibers was 4 gM, while that for TEA 
was 3-5 mM. Paranodal K + channels in 12-gm fibers thus resem- 
ble those in 8-10-gm fibers, while nodal K + channels in 12-gin 
fibers have the same drug specificity as nodal K + channels in 
16-18-gm fibers. 
Discussion. In prior studies of frog fibers dissociation constants 
for external 4-AP were 10-20 gM and 400 gM respectively 4'6, 
consistent with the data from nodal K + channels in 16-18-gin 
fibers. We have shown that LPC dependent, presumably para- 
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Figure 3. Comparison of tile time constants for potassium activation in 
untreated 16-18-gm (solid circles) and LPC-treated8 10-gin fibers(open 
circles) as a function of membrane potential. There was no significant 
difference in the temporal behavior of the K + conductance in either of the 
two fibers illustrated. 

nodal K + channels have a four-fold lower dissociation constant 
for 4-AP than nodal K + channels, while TEA is less effective on 
paranodal K + channels. Others have seen decreased sensitivity 
of paranodal and internodal K + channels to TEA 13'23'36. For 
example, 6 mM TEA failed to block outward currents in demye- 
linated rat fibers and 20 mM only decreased outward currents of 
paranodally demyelinated rabbit fibers by 30 %. Internodal K + 
currents in frog fibers were reduced by 80 % by 10 mM TEA, but 
data on intact nodes predicts a 96 % decrease. Reduced sensitiv- 
ity of internodal channels to TEA has been attributed to limited 
drug access. Since internodal channels are more sensitive to 
4-AP, it is quite likely that differential responses to TEA exist. 
Several 4-AP derivatives are K + channel blockers s'22'37-39. The 
drug 3,4-diaminopyridine (3,4-DAP) has a dissociation constant 
in squid axons of 6 ~M 5'39. In two 16-18-~tm frog fibers, 5 ~tM 
3,4-DAP reduced the K § currents by 60-70 %, consistent with 
a 5-6-fold lower dissociation constant. In two LPC-treated 
8-10-gM fibers, 5 gM 3,4-diaminopyridine completely blocked 
the outward K § currents. A similar differential effect on nodal 
and paranodal K + channels seems to hold for 4-AP derivatives. 
Dose-response curves for 4-AP are not available for paranodal 
or internodal K + channels in mammalian nerve, so direct com- 
parison is not possible. However, 300 gM 4-AP doubles the 
action potential duration in normal nonmyelinated guinea pig 
vagus ss, increases it by 30 % in remyelinated rabbit nerves, and 
prolongs it 40-70 % in fibers regenerating from a crush injury TM. 
While a value for the dissociation constant cannot be obtained 
from the effects of 4-AP on action potential duration, these data 
suggest internodal K + channels are highly sensitive to 4-AP. 
In paranodally demyelinated mammalian fibers K + activation 
resembles that in frog nodes 9. Using values of the internodal 
capacitance and resistance obtained from leak and capacity cur- 
rents in demyelinated frog internodes, Chiu and Ritchie 23 incor- 
porated standard nodal K + channel kinetics to calculate K + 
currents similar to those of demyelinated internodes. The actual 
currents activated faster than predicted, but it is difficult to 
decide whether such differences are real because of series resis- 
tance errors and inadequate spatial control of demyelinated 
internodes. The results here show that the voltage and time 
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Figure 4. Dose-response curves for tetraethylammonium (TEA) in two 
different 16 18-~m (filled circles) and 8-10-gin (open circles) fibers. The 
ordinate shows the K + conductance in the presence of TEA relative to 
that obtained prior to drug application (the effects of TEA were also 
readily reversible). The solid line is the expected dissociation curve for 
a single drug binding site having an effective binding constant of 
0.5 • 10 3 M and accurately describes the response of 16-18-p_m fibers. 
The behavior of 8-10-gin fibers is consistent with a shift of this dissocia- 
tion curve to the right along the abcissa so that the effective binding 
constant is increased to 5 x 10 3 M. 
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dependence of activation of paranodal  K + channels is the same 
as nodal channels, even though their pharmacological behavior 
is quite distinct. Are internodal and paranodal  K + channels 
identical? To answer this question one needs to achieve good 
spatial control by clamping demyelinated internodes in a cham- 
ber where the width of the recording pool is 10-20 gin. Even so, 
such experiments would not be internally controlled and subject 
to criticism. 
Frog nodes have several types of K + channels which differ in 
kinetics and pharmacological sensitivity, and vary in sensory 
and motor  fibers 36. In this study there were no significant differ- 
ences in 4-AP and TEA sensitivity between sensory and motor  
fiber nodal or paranodal  channels. Activation of nodal  and 
paranodal  K + channels appeared similar, but studies of K + 
channel kinetics in myelinated nerve is complicated by K + accu- 
mulation ~6. Since K + tail currents were not  measured, it is possi- 
ble that  K + channel subpopulation density varies between nodes 
and paranodes and produces the pharmacological differences 
observed. 
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Summary. Scrutiny of the data from these studies reveals that  the C58/J alcohol-preferring mice have significantly lower baseline 
methionine-enkephalin levels in both  the corpus striatum and hypothalamus compared to C3H/CHRGL/2  non-alcohol-preferring 
mice. In other brain regions in these two strains, specifically, pituitary, amygdala, midbrain, and hippocampus, analysis of 
methionine-enkephalin levels did not show any significant differences. This suggests that  the hypothalamus may indeed be a specific 
locus involved in the regulation of alcohol intake, via the molecular interaction between neuroamines, opioid peptides, as they are 
influenced by genetics and environment. 
Key words. Opioid peptides; methionine-enkephalin; alcohol-avoiding mice; alcohol-preferring mice; hypothalamus;  corpus stria- 
tum. 

Numerous studies have attempted to establish a relationship 
between brain neurotransmitters and neuropeptides and alco- 
hol-drinking behavior. Blum et al. 1 have previously shown that  
there is correlation between whole brain methionine-enkephalin 
([Met]-enk) and amounts of alcohol consumed. Using a 14-day 
preference test, an estimated correlation of 0.909 was found 
between mouse whole brain [Met]-enk levels and alcohol con- 
sumption in alcohol-preferring (C57BL/6J, C58/6J) and alcohol 
avoiding strains (DBA2/J and C3H/CHRGL/2) .  In that  study, 

C57BL/6J and C58/6J mice, which drank more alcohol than the 
DBA2/J and C3H strains, exhibited significantly less brain 
[Met]-enk. In later studies, Blum et al. 2 discovered that  a sub- 
strain of the C57BL group, specifically C57BL/6N, supplied by 
the Simonsen laboratories, reverted to more normal alcohol 
consumption levels. Examination of [Met]-enk brain levels in 
this substrain revealed significantly higher levels as compared to 
C57B/6J mice 3. C57BL/6J and DBA/2J exhibited individual dif- 
ferences in alcohol-drinking behavior when tested in a 1-day 


