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Calcium-Dependent Depolarizations Originating 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 via a
microelectrode inserted into motor axons innervating the
lizard ceratomandibularis muscle. Intra-axonal injection of
Lucifer yellow dye indicated that these axons innervate mul-
tiple (at least 6-25) motor terminals. In 10 mm tetraethylam-
monium (TEA), the action potential was followed by a se-
quence of afterpotentials, whose amplitude and duration
increased with increasing proximity to motor nerve termi-
nals. In axons impaled within 1 mm of their most distal ter-
minals, these afterpotentials included a depolarizing plateau
(mean amplitude and duration: 32 mV, 24 msec) and a sub-
sequent smaller depolarization that decayed over a time
course of several hundred milliseconds. These depolarizing
afterpotentials were Ca dependent: They increased with in-
creasing bath [Ca] and were abolished by low [Ca]-high
[Mg] solutions, by «-conotoxin (GVIA, 1 um), by addition of
Cd (1 um) or Mn (0.3-1 mm) to the bath, and by selective
perfusion of Cd over the terminal region. In [Ca]-free solu-
tions the afterpotentials were restored by selective perfu-
sion of Ca over the terminal region but not by Ca applied to
the more proximal nerve trunk. When Na influx was elimi-
nated by 1-10 um tetrodotoxin or by substitution of TEA for
bath Na, passage of depolarizing currentinto the axon evoked
prolonged depolarizing afterpotentials that were blocked by
Mn. Bay K 8644 (0.1~1 um), a dihydropyridine that prolongs
the opening of certain caicium channels, enhanced mainly
the slower component of the depolarizing afterpotential. Ni-
modipine (0.1-1 um), a dihydropyridine that favors the closed
state of some calcium channels, shortened the plateau phase
of the depolarizing afterpotential. Another antagonist dihy-
dropyridine, nitrendipine (0.1-1 um), had little or no effect
on the depolarizing afterpotential but did antagonize the
actions of Bay K 8644. These results suggest that the intra-
axonally recorded Ca-dependent afterpotentials are caused
by electrotonic spread of depolarizations produced by cal-
cium influx into that axon’s terminals and that some motor
nerve terminal calcium channels are sensitive to certain di-
hydropyridines.
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Much of our knowledge concerning mechanisms of chemical
synaptic transmission has been derived from experiments using
the vertebrate neuromuscular junction (reviewed in Katz, 1969;
Rahamimoff et al., 1978; Silinsky, 1985). However, the small
size of motor nerve terminals has hindered attempts to study
the transmembrane currents that influence their membrane po-
tential, calcium influx, and transmitter release. Recordings of
end-plate potentials and extracellular recordings from pipettes
situated adjacent to motor nerve terminals or in the subperi-
neurial sheath near terminals indicate that these terminals are
enriched in calcium channels and that calcium currents can
become regenerative in the presence of potassium channel
blocking drugs (Katz and Miledi, 1969b; Brigant and Mallart,
1982; Gundersen et al., 1982; Mallart, 1984, 1986; Penner and
Dreyer, 1986; Hamilton and Smith, 1987; Lindgren and Moore,
1989). We describe here intra-axonal recordings of Ca-depen-
dent potentials originating in the terminals of single lizard motor
axons. The large, Ca-dependent potentials recorded in the pres-
ence of tetraethylammonium (TEA) exhibit pharmacological
sensitivities characteristic of L-type channels and persist for
hundreds of milliseconds following the action potential. Some
of these results have been presented in abstract form (Barrett
and Morita, 1987).

Materials and Methods

Preparation and solutions. Experiments were performed on the cera-
tomandibularis nerve-muscle preparation dissected from small lizards
(Anolis sagrei). The standard perfusing saline contained (in mm); NaCl,
157; KCl, 4; CaCl,, 2; MgCl,, 2; glucose, 5; and PIPES buffer, 1. Bath
pH was adjusted to 7.0~7.4 and monitored colorimetrically using the
indicator dye phenol red. In addition, most solutions contained 10 mm
tetraethylammonium bromide (TEA, see below). All experiments were
carried out at room temperature (20-25°C). Superfusing solutions were
changed (within 1 min) using a Gilson perfusion pump. When the com-
position of the bathing solution was altered, total osmolarity was main-
tained in the range of 300-310 mOsm by adjusting the concentration
of NaCl. In some cases, ions or drugs were applied to a localized region
by pressure ejection (General Valve) using a micropipette with a tip
diameter of 10-20 um. The micropipette was moved into position just
prior to drug application. Pressures of 760-1520 mm Hg were applied
in 1-3 pulses 50-100 msec in duration, and applied drugs were removed
with a nearby suction pipette.

Axonal action potentials were usually evoked by applying supra-
threshold depolarizing pulses (20 usec~1 msec at <0.1 Hz) to the nerve
trunk via a suction electrode. Muscle contractions were prevented by
blocking the end-plate ACh receptors with carbachol (30-100 um), which
in this concentration range does not alter recorded intra-axonal poten-
tials.

Most reagents were obtained from Sigma. TEA came from Aldrich.
w-Conotoxin (GVIA) was kindly provided by Dr. Baldomero Olivera
of the University of Utah, and the dihydropyridines nitrendipine and
Bay K 8644 by Dr. Alexander Scriabine of Miles Laboratories. Dihy-
dropyridines were added from fresh stock solutions (100 ym~1 mm in
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ethanol) and were always shielded from light; control solutions con-
tained equivalent ethanol concentrations.

Intra-axonal recordings. Intra-axonal recordings were made with glass
micropipettes filled with 0.5 m potassium sulfate, with a tip resistance
in the range of 30-100 MQ, using techniques similar to those described
in Barrett et al. (1988). Low-resistance pipettes were selected for those
experiments in which the recording pipette was also used to pass current
into the axon via a bridge circuit. The micropipette was inserted into
the internode of a visualized axon using a piezoelectric device (Frederick
Haer) at varying distances (up to 10 mm) from the most distal motor
terminals. (In some cases the location of motor terminals was verified
by recording end-plate potentials in an underlying muscle fiber.) The
intra-axonal recordings illustrated in Figures 3—-10 were made within 1
mm of the most distal motor terminals. In a few experiments, axons
were mechanically separated from their motor terminals.

Recorded action potentials and afterpotentials were amplified using
a Dagan 8800 amplifier, displayed on an oscilloscope (Tektronix,
R5103n), and recorded on tape (Hewlett Packard 3960). Changes in
resting potentials and the slower afterpotentials were monitored using
a Gould 22008 chart recorder. The final resting membrane potential
was determined as the microelectrode was withdrawn from the axon.
Changes in tip potential resulting from changes in the composition of
the bathing solution were controlled for by recording differentially be-
tween the microelectrode in the axon and a matched microelectrode in
the bath. Average measurements are reported as mean + SEM.
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Figure 2. A, Effect of TEA on the de-
polarizing afterpotential in an axon im-
paled near its motor terminals. Lef? trace
recorded in the absence of TEA; middle
and right traces, 2-3 sec after localized
pressure ejection of TEA onto either the
terminal region or the nerve trunk 2-3
mm distant from terminals, respective-
ly. Afterpotential components labeled
D1 and D2 were prominent only when
TEA was present around the terminals.
The ejecting pipette was filled with 100
mm TEA. Resting potential, —~73 mV.
B, The thick line shows a typical nerve
trunk branching pattern. Insets show
action potentials and depolarizing af-
terpotentials recorded at the 4 indicated
recording sites in axons bathed in 10
mm TEA. Each recording came from a
separate axon but was typical of re-
cordings made at that location in 5-10
other axons. The D1 and D2 compo-
nents of the depolarizing afterpotential
were largest at the more distal recording
sites. The trace labeled “isolated” was
recorded in an axon cut off from its
terminals; here, the depolarizing after-
potential decayed monotonically, re-
flecting passive discharge of the inter-
nodal axolemmal capacitance (Barrett
and Barrett, 1982). In this and subse-
quent figures, dashed lines indicate
baselines. Scale bars: 10 mV, 20 msec
in A; 1 mm, 20 mV, 50 msec in B.
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TEA was used to enhance the recorded depolarizing afterpotentials.
As discussed in Barrett et al. (1988), TEA blocks a variety of K channels,
including K channels open in the resting axon, thus increasing the axonal
space constant and reducing the effective electrical distance between the
motor nerve terminals and the intra-axonal recording site. Most axons
were exposed to TEA for at least 1 hr prior to recording because the
TEA-induced reduction of axonal input conductance reaches a steady-
state slowly, probably due to delayed diffusion of TEA to sites on the
internodal axolemma (Barrett et al., 1988). TEA depolarized the axonal
resting potential (by about 12 mV in 10 mm TEA), but all axons included
in this study had resting potentials of —50 mV or better, and action
potential amplitudes of at least 50 mV. The mean resting potential in
TEA was 63 = 0.8 mV SE (n = 25). Preparations in TEA remained
electrically healthy for 5-6 hr. Some solutions also contained 0.1-1 mm
4-aminopyridine.

Intra-axonal dye injection. In separate experiments, single axons were
impaled near their terminals with a microelectrode filled with 10 mg/
ml Lucifer yellow. Dye was iontophoresed into the axon with a 0.3-0.5
nA hyperpolarizing current for 1-3 hr. The preparation was then viewed
under a fluorescence microscope and dye-filled motor terminals (Fig.
1) were counted. These counts were probably underestimates: terminals
may have been missed due to inadequate penetration of dye into pro-
cesses distant from the injection site, and the opacity of occasional
damaged muscle fibers obscured the fluorescence of terminals ending
on them. Staining of motor terminals was specific for the injected axon.

Figure 1. A, Montage of fluorescence micrographs showing a portion of the terminal field of a lizard motor axon injected for 2 hr with Lucifer
yellow dye. This axon had 23 distinct dye-filled terminals, 3 of which are indicated by arrowheads. B, Phase-contrast micrograph of the upper-
right region of 4, which includes the site of axonal impalement. Arrowheads indicate the positions of the 3 motor terminals labeled in 4. C,
Enlargement of the middle dye-filled terminal labeled in 4. D, Dye-filled terminal from another injected axon. Both C and D show numerous
varicosities along the terminal branches. Scale bar in A indicates 100 um in 4 and B and 50 um in C; bar in D indicates 50 um.
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Figure 3. Changes in afterpotential configuration in a motor axon
during passage of steady currents through the intra-axonal recording
electrode before (4) and 5-10 min after (B) addition of 1 mMm Mn to
the bath. TEA, 10 mm, was present throughout. The number at the left
of each trace indicates the baseline membrane potential measured at
the recording site; changes in membrane potential at the terminals were
smaller. Mn blocked the D1 and D2 components of the depolarizing
afterpotential, leaving a passive component. Changes in this passive
component dominate the recorded response to injected current, and
these changes in axonal passive properties would alter the electrotonic
distance between the intra-axonal recording site and the terminals. The
Ca-dependent component of the depolarizing afterpotential can be es-
timated by subtracting the afterpotential recorded in Mn from that
recorded at the same potential in the absence of Mn. At the resting
potential (—64 mV), this subtraction procedure yielded a D1 amplitude
of 22 mV, a D1 duration of 30 msec, and a peak D2 amplitude of 4
mV. Amplitudes measured by this subtraction procedure are unlikely
to be exactly proportional to terminal Ca currents because of the variable
electrotonic distance between the recording site and the various ter-
minals, and because these terminals also have Ca-dependent K con-
ductances that are inhibited by Mn (Morita and Barrett, 1988). Scale
bar: 10 mV, 20 msec.

Addition of dye to the bath (either intentionally or as a result of slippage
of the dye-injecting electrode) faintly stained all myelinated portions of
the nerve trunk but never stained motor terminals.

Results

Figure 1 shows fluorescence (4) and phase-contrast (B) micro-
graphs of portions of the terminal field of a lizard motor axon
injected with Lucifer yellow dye via an intra-axonal micropi-
pette. Axons innervated terminals along several millimeters of
the muscle surface; in 5 experiments the injected axon gave rise
to (at least) 6, 11, 22, 23, and 25 terminals. This result suggests

that the intra-axonally recorded potentials described below rep-
resent a summation of potentials arising in the myelinated axon
and its multiple motor terminals. The detailed morphology of
injected terminals (Fig. 1, C, D) resembled that of Walrond and
Reese’s (1985) zinc iodide-stained motor terminals on lizard
intercostal muscle, consistent with their suggestion that the in-
terconnected boutons are varicosities along the terminal branch-
es of a single axon.

Depolarizing afterpotentials originating in motor nerve
terminals

Action potentials evoked in lizard motor axons are followed by
aprolonged, monotonically decaying depolarizing afterpotential
(left trace of Fig. 24; lower traces of Fig, 3B). Previous work
suggests that this is a passive potential, arising from discharge
of the capacitance of the internodal axolemma (Barrett and
Barrett, 1982). The configuration of the afterpotential changed
dramatically when the terminal regions of the axon were per-
fused with TEA (middle trace, Fig. 24). An early plateau-like
depolarization (labeled D1) appeared, followed by a partial re-
polarization and a subsequent, slowly decaying depolarization
(labeled D2). This dramatic change in afterpotential configu-
ration did not occur when TEA application was restricted to
the proximal nerve trunk (right trace, Fig. 24).

Figure 2B shows further evidence that the D1 and D2 com-
ponents of the depolarizing afterpotential arose in motor ter-
minals. Here, the entire preparation was bathed in 10 mM TEA,
and action potentials and depolarizing afterpotentials were sam-
pled at the indicated sites, Both D1 and D2 components of the
depolarizing afterpotential increased in amplitude as the re-
cording site moved distally along the axon. Sometimes addi-
tional action potentials were observed during the DI plateau.
Also, there were occasionally notches on the falling phase of
D1, perhaps reflecting different D! durations in the various
motor terminals contributing to the recorded potential. Axonal
sites remote from terminals, or mechanically isolated from their
terminals (upper trace of Fig. 2B), showed only the monoton-
ically decaying passive depolarizing afterpotential.

D1 and D2 afterpotentials were also seen when the action
potential was evoked by injecting depolarizing current through
the intra-axonal recording electrode rather than by stimulating
the entire nerve trunk (compare left and middle traces in Fig.
44).

In a sample of 25 axons bathed in 10 mm TEA and impaled
within 1 mm of their most distal terminals, the D1 afterpotential
had a mean peak amplitude of 32 + 0.5 mV (mean + SE,
measured from the resting potential) and declined to 80% of
this peak amplitude an average of 24 + 1.2 msec after the falling
phase of the action potential. The D2 component reached an
average peak amplitude of 14 = 0.5 mV at an average latency
of 59 + 2.1 msec and decayed over a time course of hundreds
of msec.

Figure 34 shows the changes in the depolarizing afterpotential
produced by passing steady depolarizing or hyperpolarizing cur-
rents through the intra-axonal microelectrode. Figure 3B shows
records obtained from the same axon after addition of 1 mm
Mn, which blocks D1 and D2, but not the passive component
of the depolarizing afterpotential (Barrett and Barrett, 1982,
Barrett et al., 1988). In both solutions the depolarizing after-
potentials became larger with membrane hyperpolarization and
smaller with membrane depolarization. A similar variation of
afterpotential amplitude with membrane potential was noted in
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Figure 4. Calcium dependence of D1 and D2 components of the depolarizing afterpotential. 4, D1 and D2 recorded in 10 mm TEA and 0.1 mMm
4-aminopyridine were similar whether the action potential was evoked by stimulating the proximal nerve trunk via a suction electrode (/ef) or by
passing depolarizing current into the axon via the recording microelectrode (center). D1 and D2 disappeared when Ca was omitted from the bath
and [Mg] was increased from the normal 2 mm to 4 mwm (right). Lower traces show voltage; upper traces, injected current (0.5 nA, 20 msec). Low-
Ca, high-Mg solutions hyperpolarized the resting potential by up to 10 mV (mean, 3.2 + 0.8 mV, » = 10) and sometimes produced slight changes
in input resistance. However, the disappearance of D1 and D2 was not due to this small hyperpolarization because hyperpolarizing currents applied
in 2 mM Ca did not abolish D1 and D2 (Fig. 34), and depolarizing currents applied in Ca-free solutions did not restore D! and D2. B, D1 and
D2 were absent in (nominally) Ca-free medium containing 10 mm TEA (left); they appeared following localized pressure ejection of Ca over the
motor terminals (center) but not when Ca was ejected over the nerve trunk at a site distant from terminals (right). The ejecting pipette contained
50 mm Ca. Resting potentials: ~62 mV in 4; —64 mV in B. Scale bars: 10 mV, 1 nA, 50 msec in A; 10 mV, 20 msec in B.

comparisons of records from axons with different resting po-
tentials, sampled at comparable locations (not shown). The rec-
ords of Figure 3 show that much of the voltage dependence of
the afterpotential amplitude was due to the voltage dependence
of the passive component. This passive component, generated
throughout the myelinated axon, would be expected to be more
sensitive to injected current than the terminal-specific D1 and
D2 components because the terminals were electrically distant
from the intra-axonal site of current injection. Both D1 and D2
afterpotentials were present at a membrane potential of —50
mV, where the passive depolarizing afterpotential was no longer
present. The hyperpolarizing afterpotential seen at —50 mV in
Mn may be due to a TEA- and Ca-insensitive K conductance
described in mammalian myelinated axons by Baker et al. (1987)
and Gordon et al. (1988).

Terminal-specific depolarizing afterpotentials are
Ca-dependent

The D1 and D2 components of the depolarizing afterpotential
were reversibly abolished within 10 min after perfusing the prep-
aration with a solution containing no added calcium and 2-10
mM Mg (right trace, Fig. 44). The afterpotential remaining in
low [Ca] solutions was usually similar to the passive depolarizing
afterpotential described above (Fig. 3B); in some axons (espe-
cially those with resting potentials more depolarized than —60
mYV), there was instead a brief hyperpolarizing afterpotential (as
in top trace of Fig. 3B). The D1 and D2 afterpotential com-
ponents reappeared when Ca was restored to the bath or locally

perfused over the terminal region but not when Ca was locally
perfused over the myelinated nerve trunk (Fig. 4B). Low [Ca],
high [Mg] solutions had little or no effect on the action potential
and passive afterpotential recorded in the absence of TEA (not
shown).

The amplitude and duration of D1 and D2 increased with
increasing bath [Ca]. Figure 54 shows typical afterpotentials
recorded in one axon as Ca was gradually added to a (nominally)
Ca-free solution, and Figure 5B plots the normalized average
changes in the amplitudes of D1 and D2 and the duration of
D1 recorded in 3-5 such experiments. Note that D2 became
evident at a lower [Ca] (100 um) than D1. D1 reached its max-
imal amplitude at about 1 mmM Ca; further elevation of bath [Ca]
increased the duration of the D1 plateau (Fig. 5, B-D). In high
bath [Ca] repolarization following the D1 plateau was pro-
longed, making it difficult to measure the amplitude of the slower
D2 component. Also, the stimulation rate had to be reduced
from the normal 0.1 Hz to avoid progressive changes in after-
potential configuration. The D1 plateau was also greatly pro-
longed when bath Ca was replaced by 2 mm Ba (K. Morita and
E. F. Barrett, unpublished observations).

D1 and D2 were reversibly reduced by locally perfusing the
terminals with Cd but not by similarly perfusing the myelinated
nerve trunk (Fig. 64). D1 and D2 were also reversibly abolished
by adding to the bath 1 um Cd (Fig. 6B) or 1 mm Mn, Ni, or
Co (Fig. 3B; Barrett et al., 1988; Morita and Barrett, unpublished
observations). This inhibition of D1 and D2 could be partially
reversed by elevating bath [Ca] (not shown).
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Figure 5. Dependence of D1 and D2 components of the depolarizing afterpotential on bath [Ca] in the presence of 10 mm TEA. 4, Afterpotentials
recorded in one axon in a nominally Ca-free medium, and 5 min after exposure to 100 M, 1 mm, and 2 mm Ca (2 mm Mg present throughout).
Between each exposure to Ca the axon was perfused 5-7 min with a Ca-free solution. Resting potential —63 mV. B, Increases in peak D1 amplitude
(open circles), D1 duration (filled circles), and peak D2 amplitude (¢riangles) with bath [Ca] in the range 100 um-2 mM (logarithmic scale). DI
duration was measured as the interval between the falling phase of the action potential and the time at which D1 had declined to 80% of its peak
amplitude. D1 and D2 amplitudes were measured as the difference between the recorded peak amplitudes and the (passive) afterpotential recorded
at the corresponding time in (nominally) Ca-free solution. Amplitudes and duration are plotted relative to values measured in 2 mm Ca [DI
amplitude, 26 = 2.4 mV (mean = SEM); D2 amplitude, 12 + 1.4 mV; D1 duration, 26 + 3.3 msec, #n = 7). Bars indicate SEM from measurements
in 3-5 axons. C, Superimposed traces of afterpotentials recorded in another axon in 2 and 6 mmM Ca. Elevation of bath [Ca] tended to hyperpolarize
axons slightly (2-3 mV), with no detectable change in input resistance. Resting potential, —70 mV. D, Increase in mean duration of D1 afterpotential
with bath [Ca] in the range 2-12 mm (logarithmic scale). Duration is plotted relative to value measured in 2 mm Ca. Bars indicate SEM from

measurements in 4-6 axons. Lines in B and D were drawn by eye. Scale bars: 10 mV in 4, C; 20 msec in 4, 50 msec in C.

To determine whether the terminal-specific, Ca-dependent
potentials could be elicited simply by depolarization, without
the Na influx associated with the action potential, we passed
depolarizing current into axons bathed in 1-10 uM tetrodotoxin
(TTX)in addition to 10 mMm TEA. In axons near their terminals,
but not in remote or isolated axons, this applied depolarization
evoked a regenerative depolarization during the current pulse
and a slowly decaying depolarizing afterpotential, both of which
were reduced or abolished by focal application of Cd or by
addition of 1 mM Mn to the bath (Fig. 7). Similar Mn-blockable
potentials were evoked in axons depolarized in a solution in
which TEA bromide was substituted for NaCl (Fig. 8).

Effects of organic Ca channel-blocking agents

w-Conotoxin (GVIA), which blocks several types of Ca chan-
nels, including those that mediate transmission at the frog neu-
romuscular junction (Kerr and Yoshikami, 1984; Feldman et
al., 1987; McCleskey et al., 1987), blocked both D1 and D2
components of the depolarizing afterpotential in a dose-depen-
dent manner. Inhibition was first evident at 30 nMm, with com-
plete block at 1 um (Fig. 9). The inhibition produced by 1 um

conotoxin was not reversible following toxin washout. This re-
sult agrees with Lindgren and Moore’s (1989) results on extra-
cellularly recorded Ca-dependent currents at lizard motor nerve
terminals. Interestingly, w-conotoxin does not block transmis-
sion or presynaptic Ca channels at the mouse neuromuscular
Jjunction (Anderson and Harvey, 1987; Sano et al., 1987).
Certain types of Ca channel are altered by dihydropyridine
drugs, which are classified as agonists (e.g., Bay K 8644) or
antagonists (e.g., nitrendipine, nimodipine), depending on
whether they favor the prolonged open or the inactivated mode
of these Ca channels (Hess et al., 1984). Bay K 8644 (0.1-0.3
uM) reversibly increased the amplitude of the D2 component of
the depolarizing afterpotential (Fig. 104). At higher concentra-
tion (1 um), Bay K 8644 sometimes produced a slight prolon-
gation of the D1 component (not shown). These effects of Bay
K 8644 were antagonized by nitrendipine (0.1-1 um), which by
itself had little or no effect on D1 and D2 (not shown). Nimo-
dipine (0.1 um) reversibly shortened the D1 plateau by about
25% (Fig. 10B) but did not alter D2. At higher concentration
(1 M), nimodipine shortened D1 by about 60% and reduced
D2 amplitude by about 30% (not shown). All reported effects
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of dihydropyridines were observed in 2 or more axons. The
differential effects of nimodipine and nitrendipine might be re-
lated to the observation that at low concentrations nitrendipine
can act as a partial agonist for L-type calcium channels (Hess
et al., 1984).

Discussion

Origin of D1 and D2 components of the depolarizing
afterpotential

Many experimental observations indicate that the intra-axo-
nally recorded, Ca-dependent potentials illustrated here origi-
nate mainly in (or near) motor nerve terminals. These potentials
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Figure 6. Inhibition of D1 and D2
components of depolarizing afterpoten-
tial by cadmium. 4, DI and D2 (left
trace) were reduced when Cd was lo-
cally ejected over the terminal region
(middle trace) but not when Cd was
ejected over the nerve trunk 2-3 mm
distant from terminals (right trace). The
perfusion pipette contained 100 um Cd.
Similar results were obtained in 3 ad-
ditional experiments. B, D1 and D2
were reversibly abolished by addition
of 1 um Cd to the bathing solution. TEA,
10 mm, was present throughout 4 and
B. Resting potential, —62 mV in 4, —68
mV in B. Scale bars: 10 mV, 20 msec
in 4 and B.

appear and increase in amplitude as the intra-axonal recording
site approaches the terminal region (Fig. 2B). Also, the potentials
appear in a Ca-free solution following selective perfusion of the
terminal region with Ca (Fig. 4B) and in a TEA-free solution
following perfusion of the terminal region with TEA (Fig. 24).
The potentials are blocked by perfusion of the terminal region
with Cd (Fig. 64). Because each motor axon gives rise to mul-
tiple motor terminals (Fig. 14) and because these axons have a
long (several millimeters) space constant for slow events (Barrett
and Barrett, 1982), it is likely that the recorded Ca-dependent
afterpotentials reflect the summed activity of multiple terminals.

In the presence of 10 mm TEA the Ca-dependent afterpoten-

Figure 7. Potentials evoked by in-
jecting depolarizing current pulses (2-
3 nA, 20 msec) into an axon bathed in
10 um TTX, 10 mMm TEA, and 0.1 mm
4-aminopyridine. Portions of both the
depolarization evoked during the cur-
rent pulse and the depolarizing after-
potential following the pulse were re-
versibly blocked by locally perfusing the
terminal region with Cd (4) or by add-
ing 1 mM Mn to the bath (B). This rec-
ord came from the same recording site
as Figure 44. The D1 and D2 after-
potentials following the action poten-
tial in Figure 44 lasted longer than the
Ca-dependent depolarizations record-
ed here in TTX, probably because the
conducted action potential activated Ca
currents in all terminals, whereas the
passive, electronically conducted de-
polarization in TTX activated Ca cur-
\ rents only in those terminals nearest the
electrode. The reduced overall depo-
larizing currents in TTX would cause
those Ca-dependent depolarizations that
did occur to terminate more quickly.
Scale bar: 20 mV, 20 msec.
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Figure 8. Left column shows poten-
tials evoked by injecting depolarizing
current pulses into an axon bathed for
30 min in Na-free solution (TEA sub-

stituted for bath Na); middle column ﬁ
was recorded during addition of 1 mm
Mn to this solution; right column, 10
min after washout of Mn. In each col-
umn, the upper trace shows injected
current (2 nA, 20 msec), and the middle
and lower traces show recorded voltage
(greater amplification and slower time
sweep in lower trace). Mn reversibly
blocks a portion of the depolarization
recorded during the current pulse and
most of the afterpotential. Resting po- v
tential, —39 mV in Na-free solution,
—44 mV during exposure to Mn. Scale
bars: upper traces, 5 nA, 20 msec; mid-
dle traces, 10 mV, 20 msec; lower traces,
5 mV, 2 sec. Stimulation frequency, 0.01
Hz.

tial labeled D1 reached a maximal plateau amplitude at a bath
[Ca] of about | mm. Higher bath [Ca] increased the duration of
the D1 plateau (Fig. 5). This behavior suggests that the Dl
afterpotential results from Ca-dependent action potentials in
the motor terminals, propagated electrotonically back to the
intra-axonal recording site. Evidence for Ca influx into motor
terminals has also been obtained using extracellular electrodes
placed near a terminal or within distal regions of the perineurial
sheath of mouse, rat, and lizard motor axons bathed in TEA
and 3,4-diaminopyridine (Brigant and Mallart, 1982; Gunder-
senetal., 1982; Mallart, 1984, 1986; Hamilton and Smith, 1987,
Lindgren and Moore, 1989). Regenerative Ca spikes have been
recorded in many other cell membranes treated with TEA (and
often TTX), including the somatic membranes of frog and rat
motoneurons (Barrett and Barrett, 1976; Alvarez-Leefmans and
Miledi, 1980; Walton and Fulton, 1986; Harada and Takahashi,
1983), and various presynaptic nerve terminal membranes (Katz
and Miledi, 1969a; Ross and Stuart, 1978; Obaid et al., 1985).

The D2 component of the depolarizing afterpotential also
appears to be mediated, at least in part, by Ca influx. D2 prob-
ably includes a passive component attributable to discharge of

w-conotoxin
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s _l10mV
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Figure 9. Block of D1 and D2 components of depolarizing afterpo-
tential by w-conotoxin (GVIA). Afterpotentials before (leff) and after
(right) exposure to 1 um conotoxin. TEA, 10 mum, present throughout,
Resting potential, —64 mV. Scale bars: 10 mV, 20 msec.

_.ISmV
2s

the axonal-terminal membrane capacitance following the large
D1 depolarization, but this passive component cannot account
for all D2 because the time course of D2 decay was different
from that of the passive depolarizing afterpotential recorded in
the presence of Mn, Cd, or w-conotoxin (Figs. 3, 6, 9). Also, D2
was present even in axons too depolarized to show a passive
depolarizing afterpotential (top trace, Fig. 34), and the time
course of D2 decay became slower with depolarization, whereas
that of the passive response became faster (Fig. 6 in Barrett et
al., 1988). The current mediating the active component of D2
is more likely to be Ca influx than Na influx because application
of brief depolarizing pulses to axons bathed in TTX or in Na-
free solution evoked slow, D2-like depolarizations which were
blocked by Mn (Figs. 7, 8).

One possibility is that the recorded D2 potential might be
due simply to D1-like Ca spikes in nerve terminals very distant
from the recording site, reduced and slowed by electrotonic
conduction. However, the finding that Bay K 8644 enhanced
D2 but not D1, whereas nimodipine inhibited D1 more than
D2 (Fig. 10) makes it seem more likely that D2 reflects a real,
but smaller, second depolarization of each terminal, perhaps the
beginnings of the oscillations in membrane potential seen at
higher TEA concentrations (Morita and Barrett, unpublished
observations).

Fast and slow components of motor terminal Ca currents have
also been noted in recordings from electrodes inserted into the
perineurial sheath of mouse motor nerves bathed in TEA and
aminopyridines (Mallart, 1985; Penner and Dreyer, 1986). Slow
components lasting hundreds of milliseconds in 2 mm Ca have
not yet been noted in recordings from electrodes placed next to
motor terminals, perhaps due to the small magnitude of the
slow inward currents. Another possibility is that the slow cur-
rents are reduced by the repetitive stimulation usually used to
sum the small extraterminally recorded currents. Mallart (1985)
and Penner and Dreyer (1986), and our own observations, in-
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Figure 10. Effects of dihydropyridine
agonist Bay K 8644 and antagonist ni-
modipine on D1 and D2 components
of depolarizing afterpotential. Traces
(from left to right) show afterpotentials
before, during exposure to, and follow-
ing washout of, Bay K 8644 (4, 300 nm)
or nimodipine (B, 100 nm). Insets at far
right superimpose afterpotentials be-
fore and during exposure to the drug,

— Control
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dicate that repetitive stimulation (even at frequencies as low as
1 Hz) selectively reduces the slow components of terminal Ca
current, perhaps by increasing the magnitude of a Ca-activated
K current (Lindgren and Moore, 1989). Penner and Dreyer (1986)
found that 1 uM cadmium blocked only the slow components
of Ca current in mouse motor terminals, but in lizard motor
axons | uM cadmium blocked both fast and slow components
of the Ca-dependent afterpotential (Fig. 6B).

In 10 mMm TEA the D2 component of the depolarizing after-
potential was usually followed by a Ca-dependent hyperpolar-
ization lasting several seconds, and in 20 mm TEA an even
slower, Ca-dependent depolarization (D3) was evident (Morita
and Barrett, 1988; unpublished observations). These observa-
tions suggest that under our experimental conditions, elevations
in intra-axonal [Ca] persisted even longer than D2. Slowly de-
caying changes in intraterminal [Ca] following tetanic stimu-
lation and/or single stimuli in high-Ca media have been re-
corded in other nerve terminals injected with Ca-sensitive dyes
[squid: Miledi and Parker (1981); Charlton et al. (1982); bar-
nacle photoreceptor: Stockbridge and Ross (1984); Aplysia L10
neuron: Connor et al. (1986); crayfish motor nerve: Delaney et
al. (1988)]. This persistence of intraterminal [Ca] might be re-
lated to increases in transmitter release observed during repet-
itive stimulation (e.g., facilitation, potentiation).

Pharmacological classification of Ca channels on lizard motor
nerve terminals

Some neuronal membranes contain multiple types of depolar-
ization-activated Ca channels (reviewed by Miller, 1987). For
example, calcium channels in the somatic membrane of cultured
dorsal root ganglion neurons have been classified into L, N, and
T subtypes, on the basis of ionic selectivity, single-channel con-
ductance, voltage dependence, and pharmacology (Fox et al.,
1987a, b). Several studies suggest that nerve terminal mem-
branes also contain more than one type of depolarization-ac-
tivated calcium channel (work on synaptosomes reviewed by
Miller, 1987; see also Penner and Dreyer, 1986; Hamilton and
Smith, 1987; Lemos and Nowycky, 1989). Calcium entering
through N- and L-type channels is thought to mediate the release
of certain neurotransmitters (reviewed by Miller, 1987; see also
Hirning et al., 1988; Holz et al., 1988), but some presynaptic

Jiomv

20 msec

showing that 300 nm Bay K 8644 se-
lectively increased the D2 component,
whereas 100 nM nimodipine selectively
depressed the D1 component. Bay K
8644 depolarized the axonal resting po-
tential by a few millivolts; neither drug
altered the axonal passive response to
injected current. TEA, 10 mmMm, was
present in all solutions; solutions in B
also contained 0.1 mMm 4-aminopyri-
dine. Resting potential: 4, —64 mV; B,
—63 mV. Scale bars: 10 mV, 20 msec.
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Ca channels do not fit neatly into the L, N, and T classification
system (Augustine et al., 1987).

Application of the pharmacological criteria used to distin-
guish Ca channels on dorsal root ganglion somatic membranes
(Foxetal., 1987a, b) suggests that lizard motor terminals contain
L-type calcium channels. Both D1 and D2 components were
blocked by 1 um cadmium and by GVIA w-conotoxin (Figs. 6B,
9), which block certain N- and L-type, but not T-type, channels.
Also, the depolarizing afterpotential was modified by the dihy-
dropyridines Bay K 8644 and nimodipine (Fig. 10), which are
thought to be selective for L-type channels. Consistent with this
finding, Lindgren and Moore (1989) report that 10 uM nifedipine
(a dihydropyridine Ca channel antagonist) blocked Ca currents
recorded extracellularly from TEA-treated lizard motor nerve
terminals. Dihydropyridine-sensitive calcium channels can in-
fluence transmitter release at the lizard neuromuscular junction
since both Lindgren and Moore’s and our preliminary findings
indicate that 1-10 um Bay K 8644 increases the frequency of
spontaneous miniature end-plate potentials at lizard neuro-
muscular junctions. Bay K 8644 (5 um) also increases sponta-
neous transmitter release at the mouse neuromuscular junction
(Atchison and O’Leary, 1987). Evoked release of ACh at mouse,
frog, and lizard neuromuscular junctions is not normally blocked
by antagonist dihydropyridines (Atchison and O’Leary, 1987;
Hamilton and Smith, 1987; Lindgren and Moore, 1989; and
our observations), but this finding does not preclude a role for
L-type Ca channels in evoked release because the depolarization
associated with the normal action potential may be too brief to
allow effective binding of the antagonist dihydropyridines to the
motor terminal membrane (Holz et al., 1988). Lindgren and
Moore (1989) report that nifedipine does block evoked release
at lizard terminals when the action potential is prolonged by
TEA.

The voltage dependence of dihydropyridine effects may also
explain our finding that nimodipine and Bay K 8644 altered
different portions of the Ca-dependent depolarizing afterpoten-
tial (Fig. 10). Antagonist dihydropyridines such as nitrendipine,
nimodipine, and nifedipine block most effectively at depolarized
membrane potentials (Bean, 1984; Sanguinetti and Kass, 1984a;
Cohen and McCarthy, 1987; Fox et al., 1987a), consistent with
our observation that nimodipine had a greater effect on D1 than



3368 Morita and Barrett « Ca Potentials in Motor Nerve Terminals

on the less depolarized D2. In contrast, Bay K 8644 exerts its
most potent agonist effects at less depolarized membrane po-
tentials (Hess et al., 1984; Sanguinetti and Kass, 1984b; Fox et
al., 1987b), which may explain why Bay K 8644 enhanced D2
but not the more depolarized D1.

Further work is needed to determine whether lizard motor
terminals might also contain non-L-type calcium channels and/
or multiple types of L channels. The 10 mm TEA we used to
make the Ca-dependent potentials large enough to record also
depolarized the axonal resting potential by about 12 mV (Barrett
et al., 1988), and work in other preparations has shown that
steady depolarization inactivates N- and T-type channels (re-
viewed by Fox et al., 1987b). The D2 component of the after-
potential appeared at a lower bath [Ca] than the D1 component
(Fig. 44), raising the possibility that D1 and D2 might be me-
diated by different populations of Ca channels. However, an
alternative explanation for this observation is that the axonal/
terminal input resistance might increase with time after the
action potential, making a small Ca influx at the time of D2
easier to detect than a small Ca influx at the time of D1.
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