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Evidence for Two Calcium-Dependent Potassium Conductances in 
Lizard Motor Nerve Terminals 

Kiichiro Morita” and Ellen F. Barrett 

Department of Physiology and Biophysics, University of Miami School of Medicine, Miami, Florida 33101 

Action potentials and afterpotentials were recorded with a 
microelectrode inserted into lizard motor axons within a few 
millimeters of their motor terminals. In the presence of 1 mM 
4-aminopyridine (4-AP), the duration of the action potential 
recorded near motor terminals was Ca-sensitive: repolari- 
zation was more rapid when bath [Cal was elevated, and 
became slower when bath [Cal was removed or when O.l- 
1 mM Mn was added. Repolarization was also slowed fol- 
lowing addition of 3-10 nM charybdotoxin or 100-300 PM 
tetraethylammonium (TEA) to the bath, and following intra- 
axonal injection of the Ca buffer BAPTA. These results, in 
agreement with published extracellular recordings, indicate 
that the motor nerve terminal membrane contains rapidly 
activating, Ca-activated K channels. 

When these (and other) K channels were blocked by 10 
mM TEA, the action potential recorded near motor terminals 
was followed by Ca-dependent depolarizing afterpotentials, 
followed in turn by a slow hyperpolarizing afterpotential 
(h.a.p.) that lasted several seconds. This slow h.a.p. was 
also Ca-sensitive: it became larger with increasing bath [Cal 
and was abolished by removal of bath [Cal and by addition 
of 1 mM Mn. Intra-axonal injection of BAPTA reduced the 
amplitude of the slow h.a.p., and prolonged injections pro- 
moted repetitive discharge. The slow h.a.p. following single 
action potentials was observed in 100 @I ouabain and in 
K-free solutions and thus is pharmacologically distinct from 
the hyperpolarization that follows tetanic stimulation. The 
slow h.a.p. was selectively inhibited by 100 nM apamin, but 
persisted in 100 nM charybdotoxin. This afterpotential was 
enhanced by 0.1-l mM 4-AP and by the dihydropyridine Bay 
K 8844 (0.1-l PM). These results suggest that the slow h.a.p. 
in lizard motor nerve terminals is mediated by Ca-activated 
K channels that can be activated near the resting potential 
and are pharmacologically distinct from the Ca-activated K 
channels that contribute to action potential repolarization. 
The slow h.a.p. was enhanced by 0.1-l mM caffeine and 
inhibited by 100 @I procaine, raising the possibility that this 
afterpotential may be activated not only by Ca entering via 
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the plasma membrane, but also by Ca released from intra- 
terminal stores. 

Vertebrate motor nerve terminals contain a much higher density 
of depolarization-activated Ca channels than their parent my- 
elinated axon (Katz and Miledi, 1969; Morita and Barrett, 1989). 
Current through these Ca channels, combined with the passive 
depolarizing afterpotential generated in the myelinated portion 
of the axon (Barrett and Barrett, 1982), would, if unopposed, 
promote repetitive discharge in motor terminals. However, un- 
der normal physiological conditions motor terminals rarely dis- 
charge repetitively, suggesting that motor terminals contain suf- 
ficient repolarizing conductance systems to offset the extra 
depolarizing effect of terminal Ca channels. The effects of tetra- 
ethylammonium (TEA) and aminopyridines on extracellular re- 
cordings indicate that vertebrate motor nerve terminals do con- 
tain several types of K current (Brigant and Mallart, 1982; 
Gundersen et al., 1982; Mallart, 1984; Tabti et al., 1989). One 
of these terminal K currents is Ca-dependent, inhibited by TEA 
and charybdotoxin, and contributes to action potential repo- 
larization in terminals whose potassium conductance has been 
reduced by aminopyridines (mouse: Mallart, 1985; Anderson 
et al., 1988; frog: David and Yaari, 1986; lizard: Angaut-Petit 
et al., 1989; Lindgren and Moore, 1989). We present intra- 
axonal recordings from lizard axons impaled near their motor 
terminals that confirm the existence of this type of Ca-activated 
K current. 

We also present evidence that these motor nerve terminals 
have an additional type of Ca-activated K current that is TEA- 
resistant and apamin-sensitive. This current contributes to a 
prolonged hyperpolarizing afterpotential (h.a.p.) in TEA-treated 
terminals and is pharmacologically similar to currents that con- 
tribute to the prolonged h.a.p. recorded in vertebrate motoneu- 
ron somata (frog: Barrett and Barrett, 1976; cat: Kmjevic et al., 
1978; Zhang and Kmjevic, 1987; turtle: Hounsgaard et al., 1988). 

An abstract describing portions of this work has been pre- 
sented (Morita and Barrett, 1988). 

Materials and Methods 

Experiments were performed on motor axons innervating the cerato- 
mandibularis muscle of small lizards (4noli.s sugrei), using techniques 
similar to those described in Morita and Barrett (1989). Unless other- 
wise noted, the physiological saline perfusing the preparation contained 
(mM) NaCl 157, KC1 4,-CaCl, ?, %XgCl, 2,-glucose-S, and PIPES [pi- 
perazine-N.N’-bis(2-ethanesulfonic acid11 buffer 1 (DH 7.0-7.4). SuDer- 
&sing solutions were changed (within a’few mi&tes) using g G&on 
peristaltic pump (MP2). 

Axonal action potentials were usually evoked by applying suprathresh- 
old depolarizing pulses (20 psec-1 msec, at SO. 1 Hz) to the nerve trunk 
via a suction electrode. Muscle contractions were blocked with carbachol 
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(30-100 PM). Intra-axonal recordings were usually obtained using glass 
micropipettes filled with 0.5 M potassium sulfate (tip resistances 50- 
100 MQ), inserted into the internode of a visualized axon using a piezo- 
electric device (Frederick Haer). In some cases this micropipette was 
used to pass current into the axon via a bridge circuit (e.g., Fig. 1A). In 
some experiments the recording micropipette was filled with the calcium 
buffer bis(o-aminophenoxy) ethane-N,N,N’,N-tetraacetic acid (BAPTA, 
100 mM in 1 M KC1 or 0.6 M K,SO,). The tip resistance of these pipettes 
was 50- 100 MB, and BAPTA was injected with a hyperpolarizing current 
of 0.2-1.5 nA for periods of up to 10 min. Intra-axonal injection of 
comparable currents from pipettes filled with only KC1 did not mimic 
the effects of BAPTA injection. Most recordings were made within 1 
mm of the most distal motor terminals. Recorded action potentials and 
afterpotentials were amplified and stored using conventional techniques 
(Morita and Barrett, 1989); action potential amplitudes were truncated 
in records illustrating the slow hyperpolarizing afterpotential. 

All recordings in TEA (Aldrich) were made after at least a 30 min 
exposure, to allow time for TEA to diffuse to potassium channels in the 
internodal axolemma (Barrett et al., 1988). Charybdotoxin was kindly 
provided by Dr. Chris Miller of Brandeis University and by Dr. Gregory 
Kaczorowski of Merck, Sharp and Dohme Research Laboratories. Bay 
K 8644 and nitrendipine were gifts from Dr. Alexander Scriabine of 
Miles Laboratories. Other reagents were obtained from Sigma. 

Results 
In 4-aminopyridine 
Repolarization of the action potential is Ca-sensitive near 
terminals 
In normal physiological saline containing no potassium channel 
blockers the repolarization of the intra-axonally recorded action 

Figure I. Ca dependence and charyb- 
dotoxin sensitivity of action potential 
repolarization in axons bathed in 1 mM 
4-AP and impaled near their motor ter- 
minals. A, Superimposed records of ax- 
onal response to 4 levels of depolarizing 
current (3 suh,threshold and 1 su- 
prathreshold) injected via the recording 
microelectrode. Upper traces show cur- 
rent, lower traces voltage. B-E, Left 
traces show action potential in control 
2 mM Ca. Middle traces show action 
potential in 6 mM Ca (B), when Ca was 
omitted from the bath (c), when 1 mM 
Mn was added to the normal 2 mM Ca 
solution (D), and 6 min after 10 nM 
charybdotoxin was added to the bath 
(E). Dashed lines in left and middle traces 
show baseline. Records at right super- 
impose control (solid line) and experi- 
mental (dashed line) action potentials. 
Action potential repolarization became 
faster in 6 mM Ca and slower in Ca-free 
media and in the presence of Mn or 
charybdotoxin. Records in A-D came 
from the same axon, whose resting po- 
tential was - 80 mV in control solution 
and hyperpolarized 2-3 mV in the 
modified solutions. Action potentials in 
E were evoked by stimulation of the 
nerve trunk, and the resting potential 
was -78 mV. 

potential is not sensitive to bath [Cal, regardless of whether the 
recording electrode is inserted close to or distant from the motor 
terminals (Barrett and Barrett, 1982). Addition of 1 mM 
4-aminopyridine (4-AP) to the bath produces changes in the 
action potential that vary with the site ofrecording. At recording 
sites remote (>5 mm) from terminals, this concentration of 
4-AP approximately doubles the duration of the action potential, 
but action potential configuration remains insensitive to bath 
[Cal (Barrett et al., 1988). For recording sites near terminals, 
the main focus of this paper, the late falling phase of the action 
potential is especially prolonged in 4-AP (Fig. 1A). This delayed 
repolarization resembles the Ca-dependent plateau that follows 
action potentials in some cells, but its response to changes in 
bath [Cal were opposite to those expected for a Ca-dependent 
plateau: repolarization became faster when bath [Cal was in- 
creased from 2 to 6 mM (Fig. 1B) and became slower when bath 
[Cal was removed (Fig. 1 C) or when 1 mM Mn was added (Fig. 
1D). Similar results were obtained in 4 additional axons. 

These results suggest that the plateau on the repolarizing phase 
of the juxtaterminal action potential is due to inhibition by 
4-AP of potassium current(s) that are especially prominent in 
motor terminals. When these currents are inhibited, action po- 
tential repolarization appears to be controlled by a separate 
potassium current activated by Ca influx into the terminals. 
When Ca influx is blocked or reduced, this Ca-dependent po- 
tassium current is not activated, and action potential repolari- 
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Figure 2. Effects of injecting BAPTA 
into axons bathed in 1 mM 4AP. A, In 
an axon impaled near its motor ter- 
minals BAPTA injection (1 nA, 30 sec- 
2 min) prolonged action potential re- 
polarization and elicited repetitive dis- 
charge. B, In an axon impaled at a site 
distant from its motor terminals BAP- 
TA injection (1 nA, 2-5 min) slowed 
action potential repolarization only 
slightly. Dashed lines indicate resting 
potential (-83 mV in A, -76 mV in 
B). 
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zation is further prolonged. This interpretation is consistent with 
Tabti et al.‘s (1989) extracellular recordings indicating that mouse 
motor terminal membranes contain both K currents blocked by 
aminopyridines and Ca-activated K currents not blocked by 
aminopyridines. 

Action potential repolarization is slowed by 
charybdotoxin 

Consistent with the above hypothesis, action potential repolar- 
ization in 4-AP was prolonged following addition of charyb- 
dotoxin, a component of scorpion venom that blocks certain 
calcium-activated potassium channels (Fig. 1E; Miller et al., 
1985). This effect was concentration-dependent: 1 nM charyb- 
dotoxin had no obvious effect (n = 3), whereas 3-10 nM con- 
sistently prolonged repolarization (n = 4) without changing 
either the resting potential or axonal input resistance. Two axons 
discharged repetitively in 10 nM charybdotoxin. Additional ex- 
periments demonstrated that 10 nM charybdotoxin had no effect 
on action potential repolarization in axons bathed in 1 mM Mn 
or in Ca-free solution, suggesting that the toxin’s effects were 
specific for calcium-activated channels. 

In contrast, apamin (1 O-l 00 nM), a component of bee venom 
that blocks a different subset of calcium-activated potassium 
channels (Romey and Lazdunsi, 1984), had no effect on action 
potential repolarization in 4-AP-treated axons (n = 3). 

Extracellular recordings from motor nerve terminals, as well 
as single channel recordings from other membranes, suggest that 
the charybdotoxin-sensitive, Ca-activated K current is also 
blocked by millimolar TEA (Mallart, 1985; David and Yaari, 
1986; Anderson et al., 1988; Miller, 1988; Lindgren and Moore, 
1989). Consistent with these reports, addition of 100-300 PM 

TEA to 4-AP-treated axons selectively prolonged the late phase 
of the action potential recorded near motor terminals, an effect 
similar to that of charybdotoxin. 

To date, charybdotoxin’s reported blocking actions have been 
restricted to K-selective channels (Miller, 1988). However, our 
attempts to test directly the K-specificity of the charybdotoxin- 
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sensitive repolarizing current in lizard motor nerve terminals 
were inconclusive: elevating bath [K] to 10 mM depolarized 
axons by an average of 7 mV (n = 5) and slightly prolonged 
action potential repolarization in 2 of 3 axons, but this prolon- 
gation could be duplicated in control solution by depolarizing 
axons by 7 mV with injected current. Similarly, elimination of 
K from the bathing solution initially hyperpolarized axons by 
an average of 15 mV (n = 5) and slightly shortened action 
potential duration in 3 of 5 axons, but this shortening could be 
duplicated by hyperpolarizing axons by 15 mV in control so- 
lution. Thus we could not separate the effects of changing bath 
[K] from the effects of the accompanying changes in membrane 
potential. 

Intra-axonal injection of BAPTA slows action potential 
repolarization near terminals 

Figure 2A shows that the late falling phase ofthe action potential 
recorded near 4-AP-treated motor terminals was prolonged by 
intra-axonal injection of the calcium buffer BAPTA. This effect 
increased with increasing durations of BAPTA injection (n = 
5). Membrane potential oscillations frequently appeared on the 
falling phase of the action potential; these developed into re- 
petitive discharge in 3 of 5 axons tested. Our interpretation of 
these results is that BAPTA slows repolarization by binding 
intra-axonal Ca and thus preventing activation of a Ca-depen- 
dent K conductance. Additional experiments showed that the 
effects of BAPTA injection on repolarization near terminals 
were reduced, but not totally eliminated, in axons bathed in 
solutions containing 1 mM Mn, or in solutions containing 4 mM 
Mg and no added Ca. This result raises the possibility that the 
Ca-dependent K conductance may be activated not only by Ca 
entering via-the terminal axolemma, but also by Ca released 
from intra-terminal Ca stores (see later section of Results). 

In 4-AP-treated axons impaled at sites remote from terminals, 
prolonged BAPTA injections increased action potential dura- 
tion only slightly (Fig. 2B, n = 2). This finding is consistent with 
the fact that depolarization-activated Ca currents are less prom- 
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inent in the myelinated portion of the axon than in the motor 
terminals. 

In tetraethylammonium 
Slow, Ca-dependent hyperpolarizing afterpotential 

TEA blocks not only the charybdotoxin-sensitive repolarizing 
current in motor terminals, but also several K currents present 
in the resting and depolarized axon (Barrett et al., 1988; Angaut- 
Petit et al., 1989). Addition of 10 mM TEA to lizard motor 
axons depolarizes the membrane potential by about 12 mV and 
increases axonal input resistance and action potential duration 
(Barrett et al., 1988). In axons impaled near their motor ter- 
minals the action potential in 10 mM TEA is followed by Ca- 
dependent depolarizing afterpotentials (Morita and Barrett, 
1989), labeled D, and D, in the upper left trace in Figure 3. The 
D, afterpotential appears to be due to Ca-dependent action po- 
tentials originating in the terminals and reflected electrotonically 
back to the axonal recording site (Morita and Barrett, 1989). In 
about 75% of axons bathed in 10 mM TEA these Ca-dependent 
afterpotentials were followed by a slow hyperpolarizing after- 
potential (h.a.p.) that lasted several seconds (upper right trace, 
Fig. 3). In a sample of 25 axons showing this slow h.a.p. the 
average peak amplitude was 4.8 ? 0.2 mV, and the average 
time to peak was 2.3 f 0.2 set (mean f standard deviation). 

The slow h.a.p., as well as the D, and D, components of the 
depolarizing afterpotential, disappeared when 1 mM Mn was 
added to the bath (lower traces of Fig. 3) or perfused over the 
terminal region, or when Ca was omitted from the bathing so- 
lution (Fig. 5). (The monotonically decaying depolarizing after- 
potential that remains in Mn-containing or Ca-free solutions is 
due to a passive discharge of the internodal axolemma; Barrett 
and Barrett, 1982.) The slow h.a.p. increased in amplitude and 
duration following elevation of bath [Cal (Fig. 4). 

Like the preceding D, and D, components of the depolarizing 
afterpotential (Morita and Barrett, 1989) the slow h.a.p. could 
not be recorded in the proximal end of axons mechanically cut 
off from their terminals, or in intact axons impaled at sites 
remote from motor terminals. The slow h.a.p. also disappeared 
when the stimulus frequency was increased from the normal 0.1 
Hz up to 1 Hz. 

The slow h.a.p. is pharmacologically distinct from posttetanic 
hyperpolarization 

High-frequency stimulation of peripheral axons is followed by 
a prolonged hyperpolarization thought to be mediated by an 
electrogenic Na,K-ATPase (reviewed by Thomas, 1972). This 
posttetanic hyperpolarization (p.t.h.) is distinct from the slow 
h.a.p. of Figures 3-5, for several reasons. First, as noted above, 
the slow h.a.p. could be recorded only at very low stimulation 
frequencies and only near motor terminals. Second, as shown 
in the middle row of traces in Figure 5, the Ca-free solutions 
that abolished the slow h.a.p. did not abolish the hyperpolari- 
zation recorded following a train of 10 action potentials at 10 
Hz. Third, ouabain (100 PM) blocked this posttetanic hyper- 
polarization (lowest trace, Fig. 5), but either did not reduce the 
slow h.a.p. (n = 3) or reduced it only slightly (Fig. 6, II = 3). 
This concentration of ouabain depolarized the resting potential 
by 2-3 mV. Applied depolarizing currents also reduced slow 
h.a.p. amplitude, perhaps by activating axonal potassium con- 
ductances and thus increasing the electrotonic distance between 
the terminals and the intra-axonal recording site. Higher [oua- 

A 

B 

Control 
10mMTEA 

Slow h.a.p. 

1 mM Mn* 

-I 10mV -I 5mV 
50 msec 1 s 

Figure 3. Ca-dependent afterpotentials recorded in 10 mM TEA are 
abolished by 1 mM Mn. In A the left record shows the Na-dependent 
action potential followed by depolarizing afterpotentials labeled D, and 
D,. The right record, recorded at greater amplification and slower time 
sweep, shows D, and the slow h.a.p. Matched records in B were recorded 
in the same axon following addition of 1 mM Mn. Mn inhibited D, and 
D, and the slow h.a.p., leaving only the passive component of the 
depolarizing afterpotential. In this and all subsequent figures the action 
potential amplitude was truncated in records illustrating the slow h.a.p. 
Dashed line indicates baseline. Resting potential -72 mV. 

bain] (300 FM-~ mM) produced a greater depolarization and 
reduced slow h.a.p. amplitude by up to 50%. 

Additional experiments demonstrated that an Mn-blockable 
slow h.a.p. could be evoked by injecting prolonged (20 msec), 
intense depolarizing current pulses into axons bathed in l-3 FM 
tetrodotoxin. Since tetrodotoxin should eliminate most Na in- 
flux, this finding also suggests that the slow h.a.p. is not due to 
activation of an electrogenic pump by internal Na. 

The slow h.a.p. appears to be mediated by K e&x 

To test whether the slow h.a.p. might instead be mediated by a 
TEA-resistant, Ca-dependent potassium current, we recorded 
the effects of varying bath [K]. Elevation of bath [K] from 4 to 
10 mM, which should decrease the driving force for K efflux, 
decreased the amplitude of the slow h.a.p. (Fig. 7A). Removal 
of bath K, which should increase the driving force for K efflux, 
increased the slow h.a.p. (Fig. 7B). The enhancement ofthe slow 
h.a.p. in K-free solution was not due solely to the associated 
hyperpolarization of the axonal membrane potential, since other 
experiments indicated that a comparable hyperpolarization pro- 
duced by passing current into axons bathed in normal [K] pro- 
duced much less enhancement of the slow h.a.p. The increase 
in slow h.a.p. amplitude observed in K-free solutions also pro- 
vides further evidence that this afterpotential is not mediated 
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Figure 4. The slow h.a.p. becomes 
larger and longer with increasing bath 
[Cal. A, Afterpotentials recorded in 
control 2 mM Ca (left), after 5 min in 6 
mM Ca (middle), and 7 min following 
return to 2 mM Ca (right). Resting po- 
tential -70 mV. B, Mean peak ampli- 
tude of the slow h.a.p. as a function of 
bath [Cal (note logarithmic scale). Am- 
plitude was measured from the resting 
potential and expressed relative to the 
amplitude measured in 2 mM Ca (2.8 
+ 0.4 mV, n = 8). Each point gives the 
mean (k standard deviation) of values 
measured from 4-6 axons. Throughout 
A and B 10 mM TEA was present. 
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by the electrogenic Na,K-ATPase, since the activity of this pump dependent K efflux from motor terminals. However, our at- 
is inhibited by removal of bath K (reviewed in Thomas, 1972). tempts to demonstrate a conductance increase during the slow 

The slow h.a.p. persisted in Cl-free solution and thus is not h.a.p. and to demonstrate a reversal potential were inconclusive: 
mediated by an increased Cl conductance. steady injected currents changed the magnitude of the preceding 

The data presented above are all consistent with the hypoth- Ca-dependent depolarizing potentials, and shorter current pulses 
esis that the slow h.a.p. is mediated by a TEA-resistant, Ca- injected during the slow h.a.p. affected other axonal channels 

Figure 5. Ca-free solutions abolish the 
slow h.a.p., but not the posttetanic hy- 
perpolarization (p.t.h.). The upper rows 
shows control records in 10 mM TEA, 
illustrating the action potential and D, 
and D, depolarizing afterpotentials at 
left, and D, and the slow h.a.p. at right. 
The middle row shows records collected 
5-6 min after exposure to a solution 
containing 10 mM TEA, 10 mM Mg, 
and no added Ca. This Ca-free solution 
abolished D,, D,, and the slow h.a.p. 
(left ana middle traces). The p.t.h. re- 
corded following a train of stimuli (10 
at 10 Hz) persisted in this Ca-free so- 
lution (right trace), but was abolished 
following a 10 min exposure to 100 PM 

ouabain (lower row, right). All records 
from the same axon. Ouabain depolar- 
ized the resting potential (originally -64 
mV) by 2-3 mV. Dashed lines indicate 
baselines. 
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Figure 6. Ouabain does not abolish the slow h.a.p. Traces at left show 
the action potential and D, and D, components of the depolarizing 
afterpotential, and traces at right show (at increased amplification and 
slower time sweep) D, and the slow h.a.p. Upper truces are controls in 
10 mM TEA; lower truces were recorded 10 min after addition of 100 
,UM ouabain. Ouabain depolarized the resting potential (originally -75 
mV) by 2-3 mV. Dashed lines indicate baseline. 

(including an inward rectifier), thus altering the electrical dis- 
tance between the intra-axonal recording site and the motor 
terminals. 

Effects of K channel blockers on the slow h.a.p. 

The next series of experiments was undertaken to determine 
how the slow h.a.p. is affected by agents known to alter K, Ca- 
dependent K, and/or Ca currents in other preparations. 

Increasing bath [TEA] from 10 to 20-25 mM increased the 
Ca-dependent depolarizing afterpotentials, but either abolished 
the slow h.a.p. (Fig. 8A) or reduced its amplitude and prolonged 
its time course. This suppression of the slow h.a.p. in very high 
[TEA] may be due to a low-affinity blockade of these (presumed) 

Control 
10 mM TEA 

10 mM K’ Wash 

K ‘free 
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K channels and/or to enhancement of a slow depolarizing cur- 
rent. Four of six axons bathed in 20-25 mM TEA showed a very 
slow, Ca-dependent depolarizing afterpotential (labeled D, in 
Fig. 8A), which lasted 20 set or more. Other axons bathed in 
20-25 mM TEA exhibited slow, spontaneous membrane poten- 
tial oscillations. 

In contrast, addition of 0.1-l mM 4-AP to a solution con- 
taining 10 mM TEA greatly increased the amplitude and du- 
ration of the slow h.a.p. (Fig. 8B). This effect was probably due 
in part to enhancement of Ca influx, since both D, and D, 
components of the depolarizing afterpotential were also greatly 
enhanced by 4-AP. The combination of 10 mM TEA and 0. l- 
1 mM 4-AP was often used in subsequent experiments to achieve 
a large, stable, slow h.a.p. (see Figs. 9A, lOB, 11, 12B). 

Apamin selectively blocks the slow h.a.p. 

Apamin (100 nM), which blocks certain Ca-dependent K chan- 
nels, inhibited the slow h.a.p. selectively and reversibly (Fig. 
9A, n = 4). In contrast, the slow h.a.p. persisted in the presence 
of 100 nM charybdotoxin (Fig. 9B), a concentration 10 times 
greater than that which slowed action potential repolarization 
in 4-AP (Fig. 1E). Charybdotoxin might partially block the 
slower Ca-activated K channels thought to mediate the slow 
h.a.p., since the toxin-induced increase in the D, and D, com- 
ponents of the depolarizing afterpotential (which presumably 
reflects increased Ca influx) did not result in an increase in the 
slow h.a.p. Nonetheless, it seems clear that apamin blocks the 
slow h.a.p. much more effectively than charybdotoxin. 

At first it seemed surprising to us that charybdotoxin had any 
effect on D, and D, in the presence of TEA, since TEA blocks 
most charybdotoxin-sensitive Ca-activated K channels. Our 
confusion was resolved by Miller’s (1988) demonstration at the 
single channel level that charybdotoxin produces a much longer- 
lasting blockade of Ca-activated K channels than does TEA and 
hence can inhibit channel activity even in the presence of TEA. 

Bay K 8644 selectively enhances the slow h.a.p. 

Bay K 8644 (100 nM), a dihydropyridine that prolongs the open- 
ing of L-type Ca channels (Hess et al., 1984) approximately 

Figure 7. Variations in bath [K] change 
the amplitude of the slow h.a.p. re- 
corded in 10 mM TEA. Traces show the 
D, component of the depolarizing af- 

5mV terpotential and the slow h.a.p. record- 
2s ed in the normal 4 mM K (left), 9 min 

after perfusion with 10 mM K (upper 

a- 

/-&---- 
middle) or K-free solution (lower mid- 
d/e), and after return to 4 mM K (right). 

, 
/’ 

The resting membrane potential was 
\ - 72 mV in 4 mM K; it depolarized and 

--e-w hyperpolarized in high and low [K], as 
indicated by the dashed lines. 
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Ca-free 

Control 
10 mM TEA 
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I Slow h.a.p. 
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Figure 8. Effects of elevated [TEA] (A) and addition of 1 mM 4-AP 
(B) on Ca-dependent afterpotentials. Traces at left show the action po- 
tential and D, and D, components of the depolarizing afterpotential, 
and traces at right show (at increased amplification and slower time 
sweep) D, and the slow h.a.p. A, Upper traces recorded in 10 mM TEA, 
middle traces in 20 mM TEA, and lower traces in Ca-free solution con- 
taining 20 mM TEA. Elevating TEA from 10 to 20 mM prolonged the 
D, component of the depolarizing afterpotential, but reduced or abol- 
ished the slow h.a.p. An additional, very slow, Ca-dependent depolar- 
izing afterpotential (labeled DJ often appeared. B, Upper traces show 
control records in 10 mM TEA, middle traces 10 min after addition of 
1 mM 4-AP, and lower traces 10 min after removal of bath Ca (TEA 
and 4-AP still present). 4-AP prolonged the D, and D, components of 
the depolarizing afterpotential and increased and prolonged the slow 
h.a.p. These changes were reversible and repeatable in these and other 
axons. Dashed lines indicate baselines. Resting potentials in 10 mM 
TEA were -64 mV in A and -70 mV in B. Increasing TEA from 10 
to 20 mM depolarized the membrane potential by about 5 mV. 

*b- _ erT& 
+ slow h.a.p. 

I 100 nM Apamin 

Control 
10 mM TEA 

-we____--- 
. Slow h.a.p. 

100 nM Charybdotoxln 

4 
-e-_-_-m mm-- J &-.. 

Figure 9. Effects of apamin (A) and charybdotoxin (B) on Ca-depen- 
dent afterpotentials. Traces at left show the action potential and D, and 
D, components of the depolarizing afterpotential, and traces at right 
show (at increased amplification and slower time sweep) D, and the 
slow h.a.p. A, Upper traces show controls in 10 mM TEA and 1 rnM 
4-AP. Middle traces were recorded 10 min after addition of 100 nM 
apamin, and right traces 7 min after washout of apamin. Apamin se- 
lectively blocked the slow h.a.p. B, Upper traces show controls in 10 
mM TEA. Lower traces were recorded 6 min after adding 100 mM 
charybdotoxin to the bath. Charybdotoxin prolonged the D, component 
of the depolarizing afterpotential, but had relatively little effect on D, 
or the slow h.a.p. Dashed lines indicate baselines. Resting potentials in 
control solutions were -65 mV in A, -68 mV in B; 100 nM charyb- 
dotoxin depolarized the membrane potential by 2-3 mV. 

doubled the amplitude of the slow h.a.p. and prolonged its time 
course (Fig. lOA, n = 4). Bay K 8644 also slightly enhanced the 
D, component of the depolarizing afterpotential (Morita and 
Barrett, 1989). Nimodipine (1 PM), a dihydropyridine that re- 
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A Control 
1 10 mM TEA 

Control 
10 mM TEA 

1 . D2 

-‘>~ -- - 

t Slow h.a.p. 
100 nM Bay K 8644 

Control 
10 mM TEA 
1 mM CAP 

B I 

---- -__-___ _ 

I I 
1 pM Nimodipine 

1 min 5 min 

Figure 10. Effects of dihydropyridines Bay K 8644 (A) and nimodipine 
(B) on Ca-dependent afterpotentials. Traces at left show the action po- 
tential and D, and D, components of the depolarizing afterpotential, 
and traces at right show (at increased amplification and slower time 
sweep) D, and the slow h.a.p. A, Upper traces show control response in 
10 mM TEA. Lower traces were recorded after exposure to 100 nM Bay 
K 8644, which produced a small increase in D, and a larger increase in 
the slow h.a.p. B, Upper traces show control response in 10 mM TEA 
and 1 mM 4-AP. Lower traces show response after 1 min and 5 min 
exposures to 1 WM nimodipine, which reduced the duration of D,, and 
reduced the amplitudes of D, and the slow h.a.p. These dihydropyridine 
effects were reversible. Neither drug altered the passive voltage response 
to injected hyperpolarizing current. Dashed lines indicate baselines. 
Resting potentials were -68 mV in A, -66 mV in B. 

duces the open time of L-type Ca channels (Hess et al., 1984) 
inhibited the D, and D, components of the depolarizing after- 
potential and the slow h.a.p. (Fig. lo& y1 = 4). A lower con- 
centration of nimodipine (100 nM) reduced the duration of D, 
(Morita and Barrett, 1989), but had no effect on D, or the slow 
h.a.p. (n = 3). Nitrendipine (0. l-l PM), another dihydropyridine 
antagonist of L-type Ca channels, had no effect. Thus the in- 
hibition of the slow h.a.p. by the Ca channel antagonists ni- 
modipine and nitrendipine was less prominent than the en- 
hancement of the slow h.a.p. by the Ca channel agonist Bay K 
8644. 

Intra-axonal injection of BAPTA reduces the slow h.a.p. 

Injection of the Ca buffer BAPTA into axons bathed in TEA 
(with or without 4-AP) prolonged the D, component of the 

h &D’ 0.1 mM 4-AP 

BAPTA 

BAPTA 
2 min 

NL ------_- ---- 

-I YOmV 
20 msec 

4 
Slow h.a.p. 

I 
I 

L I --- 
-I 5mV 

1 set 

Figure II. Effects of intra-axonal injection of BAPTA on afterpoten- 
tials measured in 10 mM TEA and 0.1 mM 4-AP. Traces at left show 
the action potential and D, and D, components of the depolarizing 
afterpotential, and traces at right show (at increased amplification and 
slower time sweep) D, and the slow h.a.p. Upper traces show control 
records; middle and lower traces were recorded immediately following 
30 set and 2 min injections of BAPTA from the recording electrode 
(0.5 nA hyperpolarizing current). The 30 set BAPTA injection pro- 
longed D,, increased the amplitude of D,, and reduced the amplitude 
of the slow h.a.p.; these changes were reversible during the 10 min rest 
that intervened between the middle and lower recordings. BAPTA in- 
jections of 2 min or more induced irreversible repetitive discharge that 
occurred both during and after the D, plateau. Dashed lines indicate 
baselines. Resting potential was - 6 1 mV. 

depolarizing afterpotential (and thus probably increased Ca in- 
flux into the terminals), but reduced the amplitude ofthe ensuing 
slow h.a.p. (Fig. 11). These effects were reversible following short 
(30 set) injections of BAPTA, but longer BAPTA injections (2- 
5 min) evoked prolonged bouts of repetitive discharge. This 
result would be expected if BAPTA bound some of the Ca that 
entered the depolarized terminal and thus reduced activation 
ofthe Ca-dependent K current hypothesized to mediate the slow 
h.a.p. This reduction of a repolarizing current would prolong 
the terminal depolarization and promote repetitive discharge. 

The slow h.a.p. is enhanced by cafeine and inhibited by 
procaine 

We wondered whether the Ca-dependent K channels hypothe- 
sized to mediate the slow h.a.p. might be activated by Ca re- 
leased from intraterminal stores, as well as by Ca entering across 
the terminal axolemma. To test this idea, we exposed the prep- 
aration to caffeine, which facilitates Ca-induced Ca release from 
both muscle sarcoplasmic reticulum (reviewed by Endo, 1977; 
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Control 
10 mM TEA Discussion 

Ca-activated K current contributing to action potential 
repolarization 
In Table 1 the column labeled “Terminal fast gK(Ca)” sum- 
marizes pharmacological support for the hypothesis that a TEA- 
and charybdotoxin-sensitive Ca-activated K conductance con- 
tributes to action potential repolarization in motor terminals 
bathed in aminopyridines. Our findings with intra-axdnal po- 
tential recordings agree with extracellular recordings from liz- 
ard, mouse, and frog motor terminals (Mallart, 1985; David 
and Yaari, 1986; Anderson et al., 1988; Lindgren and Moore, 
1989). Other secretory cells show similar Ca-activated K cur- 
rents, for example, brain synaptosomal membranes (Bartschat 
and Blaustein, 1985; Farley and Rudy, 1988; Reinhart et al., 
1989) and certain endocrine cells (reviewed by Ozawa and Sand, 
1986). A pharmacologically similar Ca-activated K current 
(sometimes abbreviated I,) contributes to action potential re- 
polarization in the somata of bullfrog sympathetic neurons 
(Adams et al., 1982; MacDermott and Weight, 1982; Goh and 
Pennefather, 1987) and rat hippocampal CA1 pyramidal cells 
(Lancaster and Nicoll, 1987; Storm, 1987). Single-channel re- 
cordings from a variety of preparations indicate that charyb- 
dotoxin-sensitive, Ca-activated K channels usually have a large 
single-channel conductance and require both depolarization and 
elevated intracellular [Ca2+] for maximal activation (BK or maxi- 
K channels, reviewed by Blatz and Magleby, 1987; Latorre et 
al., 1989). 

Ca-activated K current producing the slow h.a.p. 

The column labeled “Terminal slow gK(Ca)” in Table 1 sum- 
marizes pharmacological support for the hypothesis that the 
prolonged h.a.p. recorded near motor terminals bathed in TEA 
is produced by an apamin-sensitive, Ca-activated K conduc- 
tance distinct from the charybdotoxin-sensitive conductance de- 
scribed above. The current that produces the slow h.a.p. has a 
pharmacological profile similar to that of a subset of Ca-acti- 
vated K channels characterized in rat skeletal muscle myotubes 
(Romey and Lazdunski, 1984) and in a rat anterior pituitary 
cell line (GH3; Ritchie, 1987). These channels have a small 
unitary conductance and can be activated by intracellular Ca 
without concurrent depolarization (Blatz and Magleby, 1986; 
Lang and Ritchie, 1987). The current that generates the slow 
h.a.p. has not yet been detected in extraterminal or perineurial 
recordings from motor nerve terminals. However, prolonged 
TEA-resistant, apamin-sensitive, Ca-dependent hyperpolari- 
zations have been reported in the somata of amphibian, reptil- 
ian, and mammalian spinal motoneurons (Barrett and Barrett, 
1976; Krnjevic et al., 1978; Zhang and Krnjevic, 1987; Houns- 
gaard et al., 1988) as well as in the somata of other vertebrate 
peripheral and central neurons (Morita et al., 1982; Pennefather 
et al., 1985; Kawai and Watanabe, 1986; Lancaster and Adams, 
1986; Goh and Pennefather, 1987; Schwindt et al., 1988). 

The slow h.a.p., and the even more prolonged Ca-dependent 
depolarizations seen in 20 mM TEA (Fig. 8A), suggest that in- 
tracellular [Ca2+] remains elevated for many seconds following 
stimulation of terminals bathed in TEA. Prolonged elevations 
of intracellular [Ca2+], monitored with Ca-sensitive dyes, co- 
incide with a Ca-dependent slow h.a.p. in presynaptic terminals 
of barnacle photoreceptors (Stockbridge and Ross, 1984) and 
with a Ca-dependent posttetanic hyperpolarization in bullfrog 
sympathetic ganglion somata (Smith et al., 1983). Nerve ter- 

1 mM Caffeine 
I Slow h.a.p. 

B 

I 

Control 
10mMTEA 
0.1 mM 4-AP 

I 
b Slow h.a.p. 

100 pM Procaine 

Figure 12. Effects of caffeine (A) and procaine (B) on Ca-dependent 
afterpotentials. Traces at left show the action potential and D, and D2 
components of the depolarizing afterpotential, and traces at right show 
(at increased amplification and slower time sweep) D, and the slow 
h.a.p. A, Upper traces show controls in 10 mM TEA, lower traces were 
recorded 10 min after addition of 1 mM caffeine. Caffeine selectively 
enhanced the slow h.a.p. B, Upper traces show controls in 10 mM TEA 
and 0.1 mM 4-AP, lower traces were recorded after addition of 100 PM 

procaine. Procaine selectively reduced the slow h.a.p. and sometimes 
produced a small (3-6 mV) membrane hyperpolarization. Resting po- 
tentials: -12 mV in A, -63 mV in B. Dashed lines indicate baselines. 

see, also, Rousseau and Meissner, 1989) and intraneuronal Ca 
stores (Kuba et al., 1983; Neering and McBurney, 1984; Lips- 
combe et al., 1988). Figure 12A demonstrates that the slow h.a.p. 
recorded in 10 mM TEA was selectively and dramatically en- 
hanced by 0.1-l mM caffeine. In this concentration range caf- 
feine did not change the axonal membrane potential or passive 
properties, but prolonged exposure often led to muscle con- 
tractures, which dislodged the recording electrode. 

Figure 12B shows that 100 FM procaine, which inhibits Ca- 
induced Ca release from sarcoplasmic reticulum (reviewed by 
Endo, 1977), reduced the slow h.a.p. Similar reduction or ab- 
olition of the slow h.a.p. was observed over the concentration 
range of 30-100 I.LM procaine and was evident in both the pres- 
ence and absence of caffeine. In 2 axons (including that shown 
in Fig. 12B) the inhibitory effect of 100 WM procaine was selective 
for the slow h.a.p., but in 3 axons 100 PM procaine also reduced 
the amplitude of the preceding depolarizing afterpotentials. 
Higher concentrations of procaine also reduced the amplitude 
of the initial fast Na-dependent action potential. 
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Table 1. Pharmacological profile of 4 potassium conductances (gK) thought to be present in lizard 
motor axons and/or motor terminals 

Axonal Axonal delayed Terminal Terminal 
Agent resting gp rectifier gKh fast gK (Cap slow gK (Ca)d 

IO mMTEA Decrease Decrease Decrease 
1 mM 4-AP n.e. Decrease Increase 
Ca-free, 10 mM Mg ne. n.e. Decrease Decrease 
6mMCa n.e. ne. Increase Increase 
ImMMn n.e. ne. Decrease Decrease 
Intracellular BAPTA n.e. ne. Decrease Decrease 
K-free Increase 
10 nM charybdotoxin n.e. n.e. Decrease n.e. 
100 nM apamin n.e. Decrease 
100 nM Bay K 8644 n.e. Increase 
1 PM nimodipine Decrease 
1 mh3 caffeine n.e. sl. inc. Increase 
100 FM procaine sl. inc. Decrease 

sl. inc. = slight increase; n.e. = little or no detectable effect; blank = could not be, or was not, tested. 

y Decrease measured as depolarization of axonal resting potential with increased input resistance (Barrett et al., 1988); 
may be analogous to slow delayed rectifier described by Dubois (198 I). 

/’ Decrease measured as slowed repolarization of axonal action potential (see Barrett et al. 1988); may be analogous to 
fast delayed rectifiers described by Dubois (198 1) and probably present in terminal axolemma as well (Angaut-Petit et 
al., 1989; Lindgren and Moore, 1989). 
i Decrease measured as slowed repolarization ofjuxtaterminal action potential in 4-AP; probably analogous to terminal 
current described by Angaut-Petit et al. (1989) and Lindgren and Moore (1989). 
d Decrease measured as decreased amplitude of slow hyperpolarizing afterpotential in juxtaterminal axon in 10 rnM TEA. 

minals in other preparations stimulated singly or tetanically in 
Ca-containing media also show prolonged elevations of intra- 
cellular [Ca*+] (squid: Miledi and Parker, 198 1; Charlton et al., 
1982; Aplysia LlO neuron: Connor et al., 1986; crayfish motor 
nerve: Delaney et al., 1989). 

The effects of caffeine and procaine on the slow h.a.p. (Fig. 
12) suggest that this afterpotential may be modified by Ca re- 
leased from intraterminal stores. Membrane-bound compart- 
ments that might serve as intraterminal Ca stores have been 
identified in frog motor nerve terminals (Ornberg and Reese, 
1980) and rat brain synaptosomes (McGraw et al., 1980). With 
the present limited evidence, this hypothesis is at best only 
tentative, since caffeine and procaine affect not only intracellular 
Ca release, but also certain enzymes, membrane receptors, and 
other ion channels. However, one possible explanation for the 
rather selective enhancement of the slow h.a.p. by the dihydro- 
pyridine Bay K 8644 (Fig. 10A) is that Bay K 8644 somehow 
facilitates an intraterminal Ca-releasing mechanism. In skeletal 
muscle the dihydropyridine receptor in the transverse tubular 
membrane is believed to be an essential component of the path- 
way linking plasma membrane depolarization to release of Ca 
from the sarcoplasmic reticulum (Rios and Brum, 1987). Intra- 
terminal Ca release also provides a possible explanation for the 
disappearance of the slow h.a.p. at stimulation rates exceeding 
0.1 Hz, since intraterminal Ca stores might require several sec- 
onds to refill. Another possible explanation is that the slow h.a.p. 
is inhibited by prolonged exposure to elevated intracellular [Ca2+]. 

With presently available recording techniques Ca-activated 
repolarizing potentials and currents in motor terminals have 
been easiest to demonstrate using pharmacological agents that 
block other K channels and thus enhance Ca influx into the 
terminals. Although Ca-dependent hyperpolarizations have not 
yet been detected under more physiological conditions, we hy- 
pothesize that activation of Ca-dependent K channels during 

normal activity helps limit Ca influx and reduces the likelihood 
of terminal-initiated repetitive discharge. 

TEA- and I-AP-sensitive K currents in the myelinated portion 
of the axon 

Potentials recorded near motor terminals are also influenced by 
TEA- and 4-AP-sensitive K conductances in the myelinated 
portion of the motor axon. The properties of these axonal K 
conductances, as inferred from potential recordings presented 
in Barrett et al. (1988) are summarized in columns labeled 
“Axonal resting gK” and “Axonal delayed rectifier gK” in Table 
1. The axonal resting gK is at least partially activated at the 
normal resting potential and is blocked by TEA but not by 
4-AP. The axonal delayed rectifier gK contributes to the repo- 
larization of the action potential in normal physiological saline 
and is blocked by both TEA and 4-AP. K channels with these 
hypothesized properties have been identified in voltage-clamp 
and single-channel studies of amphibian and lizard myelinated 
axons (Dubois, 198 1; Angaut-Petit et al., 1989; Jonas et al, 
1989). 

The pharmacological sensitivities of these presumed axonal 
K currents help explain why the slow h.a.p. was not seen in 
axons exposed to 4-AP without TEA. TEA blocks at least 2 
types of K channel that 4-AP does not: the axonal K channels 
open at the resting potential, and the charybdotoxin-sensitive, 
Ca-activated K channels in the terminal. These additional K 
channel-blocking abilities of TEA would be expected to increase 
total Ca influx into the terminals and to make a slow hyper- 
polarizing potential originating in the terminals easier to detect 
at the axonal recording site, due to the increase in axonal input 
resistance and space constant. 

Table 1 summarizes data currently available for lizard motor 
axons and terminals, but it is probably incomplete. Conduc- 
tances listed as axonal may also be present in the nerve terminal, 
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and vice versa. Work of Dubois (198 1) and of Jonas et al. (1989) 
suggests that the axonal delayed rectifier gK is produced by at 
least 2 different types ofchannel. In addition, Baker et al. (1987) 
Gordon et al. (1988), and Tabti et al. (1989) suggest that some 
vertebrate axons and terminals contain a depolarization-acti- 
vated, Ca-independent K conductance that is sensitive to 4-AP 
but not to TEA. Lizard motor axons also have an inwardly 
rectifying current (Barrett et al., 1988) perhaps similar to that 
described by Baker et al. (1987) in rat spinal roots, by Eng et 
al. (1990) in rat optic nerve, and by Padjen and Poulter (1989) 
in frog peripheral axons. This multiplicity of K channels suggests 
a wide variety of mechanisms for altering the function of myelin- 
ated axons and their terminals. 
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