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Slow Outward Tail Currents in Molluscan Bursting Pacemaker
Neurons: Two Components Differing in Temperature Sensitivity
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Bursting pacemaker neurons of Tritonia and Aplysia were stud-
ied in voltage-clamp experiments to determine the ionic require-
ments of the slow outward tail current. This current is important
for terminating bursts and hyperpolarizing the neuron during
the interval between bursts and therefore contributes to the tim-
ing of pacemaker activity. A method for rapid extracellular per-
fusion of the neuron soma with solutions of different ionic com-
position was used to study the ionic dependence of the tail current.
Measurements of the current-voltage relationship were made at
different times during the decay of the tail current to determine
the reversal potential in different ionic solutions. These exper-
iments showed that 2 or more slow outward currents contribute
to the tail current. Temperature had a large effect on these
currents. At cold temperatures (10-15°C), the tail current was
predominantly a K current. At warm temperatures (20-23°C),
both a K current and a K-insensitive outward current were seen.
Bursting pacemaker activity occurred throughout this temper-
ature range. Both the K current and the K-insensitive current
required Ca influx for activation. These findings help to rec-
oncile conflicting reports in the literature concerning the ionic
dependence of the slow outward tail current and suggest a mech-
anism for temperature compensation of bursting activity in these
pacemaker cells.

The periodic bursts of action potentials produced by molluscan
bursting pacemaker neurons depend on ionic currents that are
active at voltages below spike threshold. In voltage-clamp ex-
periments these currents appear as slowly relaxing tail currents
after a depolarizing voltage-clamp pulse. Slow tail currents have
been analyzed in a number of bursting pacemaker neurons,
including Tritonia cells RP12, LP12, and LP13 (Smith, 1978;
Smith and Thompson, 1986; Thompson, 1976) and Aplysia cells
R15 (Adams, 1985; Adams and Levitan, 1985; Barker and
Gainer, 1975; Carnevale and Wachtel, 1980; Gola, 1974; Gor-
man and Thomas, 1980; Gorman et al., 1982; Johnston, 1980;
Lewis, 1984) and L2-L6 (Kramer and Zucker, 1985a, b). These
studies have led to plausible schemes for the generation and
timing of bursting pacemaker activity that serve as models for
other types of pacemaker cells in other organisms. A slowly
decaying inward tail current is responsible for producing de-
polarizing afterpotentials following spikes and promotes repet-
itive firing during bursts (Lewis, 1984; Thompson and Smith,

Received Nov. 4, 1985; revised Apr. 7, 1986; accepted Apr. 17, 1986.

We thank Ms. F. Sommer of the Monterey Bay Aquarium for the gift of Tritonia
specimens and Ms. J. Coombs-Hahn for helpful discussions. The drawings in
Figure 1 are the work of F. Sommer. We also thank R. S. Zucker, R. H. Kramer,
I. B. Levitan, and W. B. Adams for preprints of their work. The research was
conducted at the Hopkins Marine Station of Stanford University, and we thank
the staff of that institution and Ms. S. Nugent for help in the preparation of the
manuscript. Research supported by NIH Grants NS14519 (S.T.), NS16671 (S.1.S.),
and MHO9113 (J.W.J.).

Correspondence should be addressed to Stuart Thompson at the above address.

Copyright © 1986 Society for Neuroscience 0270-6474/86/113169-08$02.00/0

1976). A slowly relaxing outward tail current causes adaptation
in spike frequency during bursts and contributes toward burst
termination and hyperpolarization of the membrane during the
interburst interval.

Two different conclusions were drawn from these studies con-
cerning the mechanism of the slow outward current. Several
researchers found that it is a K tail current that persists for more
than 30 sec after a depolarizing pulse and results from the decay
of Ca-activated potassium current (Gola, 1974; Gorman et al.,
1982; Johnston, 1980; Smith, 1978; Smith and Thompson, 1986;
Thompson, 1976, 1977). Others found that the outward tail
current is insensitive to the external K concentration, does not
reverse near the expected K equilibrium potential, and, there-
fore, is not a K current. They suggested that the outward tail
current may result from recovery of inward Ca current from
inactivation (Adams and Levitan, 1985; Kramer and Zucker,
1985b). There exists, therefore, a discrepancy in the literature
concerning the mechanism of the slow outward tail current. An
understanding of the mechanism is fundamental to the analysis
of burst generation in these pacemaker neurons.

We studied the ionic dependence and current—voltage rela-
tionship of slow outward tail currents in Tritonia bursters LP12
and LP13 and Aplysia cells R15, L2, L3, L4, and L6. A rapid
extracellular perfusion method was used to determine the sen-
sitivity of tail-current amplitude to changes in K and Ca con-
centration by applying solutions of different ionic composition
directly to the voltage-clamped cell body membrane. A method
for rapidly measuring the current-voltage relationship during
the tail current was used to study changes in reversal potential
following changes in external ion concentrations.

Changes in temperature have a strong effect on the slow out-
ward tail current and show that 2 or more processes with dif-
ferent temperature sensitivities are involved. At cold temper-
atures (10-15°C), the outward tail current is primarily a K current.
When the preparation is warmed to 20-23°C, the K current is
still present but decays more quickly. At the warmer tempera-
tures, an additional outward current that is insensitive to the
external K concentration also makes a major contribution to
the tail current. The K-insensitive current decays much more
slowly than the K current. This effect of temperature is seen in
all of the bursting pacemaker cells, and bursting activity occurs
throughout this temperature range. ‘

The conclusion we draw from these studies is that 2 or more
outward currents may contribute to hyperpolarizing the neuron
during the interval between bursts. Temperature determines the
proportion of the siow outward tail current that is contributed
by K current and by K-insensitive outward current.

Materials and Methods

Preparation

We studied pleural ganglion cells LP12 and LP13 of Tritonia (Willows
et al., 1973; specimens kindly provided by Ms. Freya Sommer, Mon-

3169



3170

Thompson et al. Vol. 6, No. 11, Nov. 1986

Figure 1.

50W

Extracellular microperfusion method. 4, Diagram of the setup with the microperfusion pipette in the down position exposing the cell

body of one neuron to the saline streaming from the pipette. B, Diagram showing the pipette in the up position so that the cell body is exposed to

the bulk perfusion fluid.

terey Bay Aquarium, Monterey, CA) and abdominal ganglion cells R15,
L2, L3, L4, and L6 of Aplysia (Frazier et al., 1967; specimens obtained
from Sea Life Supply, Sand City, CA). The ganglia were removed from
the animals and treated with neutral protease for | hr (Dispase, Cal-
biochem; 0.5% solution) to soften the epineural sheath. Aplysia ganglia
were desheathed by microdissection. The epineural sheath was left in
place for the Tritonia ganglia. Aplysia cells 1.2, L3, 14, and L6 were
partially axotomized by undercutting with iris scissors and removed
from the ganglion for study. Aplysia cell R15 and the Tritonia neurons
were left in place in the ganglia with the nerve roots cut short. Only
cells showing fully developed bursting pacemaker activity after insertion
of both microelectrodes were included in this study.

The preparation was transferred to a recording chamber designed to
allow a continuous bulk flow of perfusate to be directed over the cells
to a suction point directly opposite the inlet. Three bulk perfusion salines
were used: (1) normal artificial seawater (NASW)—470 mm NaCl, 10
mm KCI, 10 mm CaCl,, 50 mm MgCl,, 10 mm HEPES (pH 7.8); (2)
low-Ca,Mn saline (MnSW)—same as NASW, except CaCl, was lowered
to 1 mm and 9 mm MnCl, was added; (3) Ca-free saline (0 Ca)—same
as NASW except 5 mm CoCl, and 5 mm MgCl, replaced CaCl,. A
microscope stage employing Peltier devices was used to control the
temperature of the preparation to within +0.5°C. Bath temperature was
monitored by a calibrated thermistor probe (Yellow Springs Inst.), and
the perfusion solutions were precooled to ensure good temperature con-
trol.

Voltage-clamp and separation of currents

Standard 2 microelectrode voltage-clamp techniques were used as de-
scribed by Barish and Thompson (1983). Micropipettes were filled with
3 M KCl or 3 m K-acetate and had resistances of 4-10 MQ. The choice
of anion had no effect on the currents we measured. Membrane voltage
was measured between one of the micropipettes and an electrode in the
bath. Membrane current was measured with either a virtual ground
circuit or a voltage-clamp amplifier employing separate voltage-sensing
and current-passing electrodes applied to the bath. All electrodes were
Ag-AgCl wires immersed in 3 M KCI, 3 m K-acetate, or a NASW-1%
agar mixture. Records of slow tail currents were filterd at a corner
frequency of 20 Hz and digitized by a laboratory computer system (DEC
11/23) at a sampling rate of 500 Hz.

The tail current on return to the holding voltage after a depolarizing

voltage step is composed of several separate ionic currents. In this report
we concentrate on the slowest components of the tail current. Fast Na
and Ca currents decay quickly on repolarization to —40 mV and are
not resolved at the filter setting used in these experiments (Adams and
Gage, 1979; Byerly et al., 1985; Connor, 1977; Smith and Zucker, 1980).
Similarly, the voltage-dependent delayed potassium current, 7, decays
in less than 1 sec after repolarization to —40 mV and does not contam-
inate the measurement of slow tail currents at later times (Thompson,
1977). A slow inward tail current that is characteristic of bursting pace-
maker neurons is observed during the first 2-5 sec after repolarization
(Adams and Levitan, 1985; Gola, 1974; Kramer and Zucker, 1985a;
Lewis, 1984; Smith, 1978; Smith and Thompson, 1986; Thompson,
1976). We separated the outward tail current from this slow inward tail
current in the following ways. In the microperfusion experiments we
measured the difference between tail currents recorded in 2 salines that
differed in K concentration. Since the amplitude of the slow inward tail
current does not depend on the external K concentration, it does not
contribute to the difference current (Kramer and Zucker, 1985a; Smith,
1978; Thompson, 1976). When measuring /- curves, we started the
measurement after the slow inward current had decayed to near zero
amplitude.

Extracellular microperfusion and solution changes

A stream of saline from a glass pipette (50 um diameter) was used to
apply solutions of different ionic composition directly to the neuron cell
body. The pipette was micromanipulated into the flow of the bulk
perfusion solution to expose the cell body to the stream from the pipette
or moved out of the bulk flow to expose the cell body to the bulk solution
as illustrated in Figure 1. The fluid in the pipette contained 1 mm phenol
red so that the stream of saline could be seen and the pipette accurately
positioned so its contents flowed only over the soma of the neuron
under study or even over a restricted region of the soma, With this
method the solution bathing the cell body could be changed in a few
seconds. The pipette contained NASW, MnSW, or a high-K solution
(50 or 100 mm K) prepared by equimolar substitution of KCl for NaCl
in NASW. The pH of all solutions was adjusted to 7.8. Control exper-
iments using NASW plus | mm phenol red in the pipette showed that
the dye had no effect on the parameters we measured.

The advantage of the microperfusion method is that only the soma
of the neuron under study is exposed to high-K saline that could excite
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Figure 2. Slow tail currents in Tritonia cell LP13 at 15°C. 4, Outward
tail current on return to —40 mV after a 1 sec pulse to —10 mV in
NASW and during microperfusion of the soma with 100 mm K saline.
B, Difference current calculated by subtracting the current in high K
from the current in NASW. Difference current shows the time course
of the K tail current that originates at the soma membrane. Dotted lines
were drawn to show the steady-state holding current. All records from
the same cell.

presynaptic terminals and cause local release of neurotransmitters or
neuromodulators in the neuropil of the ganglion, effects that could com-
plicate the analysis. The advantage of measuring the difference between
currents recorded at 2 K concentrations is that currents originating in
the axon, where voltage-clamp control may be poor, are subtracted and
only currents originating at the cell body remain.

Measurement of I-V curves

Current—voltage, I(V), curves were measured during the outward tail
current using the method described by Ruben et al. (1985). Membrane
voltage was stepped through a staircase pattern beginning at —40 mV
and progressing in 5 mV increments to —80 mV. Each step lasted 20
msec (see insert in Fig. 6). Membrane current was low-pass-filtered at
500 Hz, digitized at 4 kHz, and recorded during this sequence of voltage
steps. To reduce noise, 6-12 msec of current data at each voltage were
averaged. The average was begun after the capacitive current had settled,
as described by Ruben et al. (1985). With this method, a 9-point I(V)
curve, which can resolve a change of less than 10% of the resting mem-
brane conductance, can be generated in 180 msec. The advantage of
this method is that I(V) curves can be measured rapidly during a single
tail current, so the result is not complicated by decay of the tail current
during the measurement or by changes in tail-current amplitude during
repeated measurements.

The I(V) curve represents the sum of all of the individual ionic
currents active at the time of the measurement. Since we were interested
in the I(¥) curve that characterizes the slow outward tail current, a
subtraction method was used to measure that current in isolation. A
control I(V) curve, measured before a depolarizing pulse, was subtracted
point by point from the I(V) curve measured during the outward tail
current to yield a difference (V) curve. Any current not affected by the
depolarization is eliminated by the subtraction. If the conductance change
underlying the tail current is not voltage dependent or has slow kinetics,
the difference I(V) curve will resemble an instantaneous I( V) curve for
the tail current. The slope of the curve indicates whether there is a
conductance increase (positive slope) or decrease (negative slope), and
the point at which the curve crosses the voltage axis, if it does so,
indicates the reversal potential of the current.

If the conductance underlying the tail current is voltage dependent
and has rapid kinetics, so that it changes during the voltage steps used
to measure the difference I(V) curve, then the interpretation described
above is not appropriate. Two important questions can be addressed
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Figure 3. Tail currents at 10 and 21°C in Aplysia cell L2. Tail currents
were activated by a 1 sec depolarization to —5 mV and recorded on
return to —40 mV. 4, Tail currents recorded in NASW and during
microperfusion of the soma with 100 mm K saline at a temperature of
10°C. B, Difference current showing the time course of K current orig-
inating at the soma at 10°C. C, Tail currents in NASW and during
microperfusion with 100 mm K saline after warming the preparation
to 21°C. D, Difference current showing the time course of somatic K
current at the warmer temperature. All parts of the experiment were
performed on a single neuron. Dotted lines show the steady-state holding
current.

under these circumstances, however, by comparing difference I(V) curves
measured under different experimental conditions: (1) Is the entire tail
current due to a change in one type of ionic conductance? If so, the
amplitude of the current at each voltage should change when I(¥) curves
are measured at different times during the decay of the tail current, but
the shape of the curve and the apparent reversal potential should remain
constant. (2) Is the tail current a K current? Ifit is, the reversal potential
should be similar to reversal potentials measured for other K currents,
and it should shift appropriately along the voltage axis when the external
K concentration is changed.

Results

Microperfusion experiments

A prolonged tail current is seen when the membrane voltage is
returned to the holding potential after a depolarizing pulse. Fig-
ure 24 shows tail currents recorded from Tritonia bursting pace-
maker cell LP13 at a temperature of 15°C. In NASW the slow
tail current after a 1 sec pulse to — 10 mV is outward at the —40
mV holding potential. During microperfusion of the soma with
100 mm K saline, the tail current is initially inward. The tail
current in high K was subtracted point by point from the tail
currentin NASW to calculate a difference current that represents
the time course of K tail current originating at the soma (Fig.
2B). These data show that a slow K current persists for more
than 35 sec after repolarization under these conditions.

The design of this experiment does not permit a quantitative
measure of the K current because the microperfusion stream is
directed over only a portion of the voltage-clamped membrane.
Potassium tail current in soma, dendrite, and axon membrane
that is not exposed to the stream of high-K saline will be outward
at the —40 mV holding voltage and will sum with the current
produced in the part of the soma that is exposed to high K. The
difference current illustrated in Figure 2B, therefore, underes-
timates the contribution made by K current to the slow outward
tail current. Smith and Thompson (1986) performed a similar
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Figure 4. Tail currents in Aplysia cell R15 at 20°C. Tail currents were
activated by a 1 sec depolarization to —20 mV and recorded on return
to —40 mV. 4, Tail currents recorded while the cell was bathed in
NASW and during microperfusion of only the very top of the soma,
antipodal to the axon, with 100 mm K saline. B, Difference current
showing the time course of K current originating in cell body membrane
antipodal to the axon.

analysis of slow outward tail currents in Tritonia cell LP13 at
a temperature of 10-11°C. In those experiments the entire cell
was exposed to both NASW and high-K saline, and the results
showed that greater than 85% of the slow outward tail current
was due to a K current.

Effect of temperature

Figure 3 shows tail currents recorded at 10 and 21°C from Aply-
sia cell L2. Tail currents were activated by depolarizing to —5
mV for 1 sec and recorded on return to —40 mV both in NASW
and during microperfusion of the soma with 100 mm K saline.
The records taken at 10°C (Fig. 3, 4, B) are similar to those for
the Tritonia cell in Figure 2. The difference current in Figure
3B shows that a K current originating at the cell body makes a
major contribution to the tail current for as long as 35 sec after
repolarization. In this example, a small fraction of the tail cur-
rent does not invert when the cell body is exposed to high K
(Fig. 34). There are 2 reasonable explanations for this. Either
a small fraction of the outward tail current is insensitive to K,
or aregion of the voltage-clamped membrane thatis not exposed
to high K during microperfusion of the soma contributes K
current during the measurement.

When the preparation is warmed to 21°C, the slow outward
tail current in NASW is larger and it decays more gradually
(Fig. 3C). During microperfusion of the cell body with 100 mm
K saline, only the early part of the tail current is inverted, and
at later times the tail current appears to be insensitive to the
change in external K concentration. The difference between the
tail currents recorded in NASW and during exposure to high K
at 21°C shows that a K tail current lasts for about 16 sec after
repolarization (Fig. 3D). The K tail current has about the same
amplitude as it had at the lower temperature, but it decays more
quickly, reaching Y% of its initial amplitude in 2.5 sec at 21°C
compared to 5 sec at 10°C. It is evident from these experiments
that both a K current and an outward current that is insensitive
to K contribute to the tail current at 21°C. The K-insensitive
tail current has a much greater amplitude at 21°C than at 10°C,
and it decays more slowly than the K current.

Results similar to these were obtained over a wide range of
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Figure 5. Effect of Ca applied at the soma on outward tail current;
Aplysia cell L2 at 21°C. The bath solution was MnSW (9 mm Mn, 1
mm Ca), while the microperfusion pipette contained NASW (10 mm
Ca). Tail currents were activated by a 1 sec depolarization to —10 mV
and recorded on return to —40 mV. A, Tail currents recorded in MnSW
and during microperfusion of the soma with NASW. B, The Ca differ-
ence current calculated by subtracting the current in MnSW from the
current recorded during microperfusion with NASW. Difference current
shows the time course of the Ca-dependent tail current originating at
the cell body. Dotted lines show the steady-state holding current.

activating pulse amplitudes and durations and at a number of
intermediate temperatures in each of the cells, and the prepa-
rations could be repeatedly warmed and cooled with consistent
results. An example using Aplysia cell R15 at a temperature of
20°C is shown in Figure 4. Tail currents were recorded at —40
mYV aftera 1 sec depolarization to —20 mV in NASW and during
microperfusion of the soma with 100 mm K saline (Fig. 44). In
this experiment, the stream of high K was directed over the
very top of the soma of R135, antipodal to its axon. The am-
plitude of the outward tail current was decreased in high K, but
the tail current remained outward, probably because only a small
area of the cell body was exposed to high K while the rest of
the soma, axon, and dendritic membrane was bathed in NASW.
The difference current in Figure 4B shows the time course of
the K tail current originating at the top of the soma. The K
current lasts longer than 40 sec after repolarization.

The tail currents in Figure 44 have complicated waveforms.
At times earlier than 2 sec after repolarization there is a notch
of relatively inward current. This has been shown to be due to
a slow inward tail current that is superimposed upon the out-
ward tail current (Adams and Levitan, 1985; Gola, 1974; Kra-
mer and Zucker, 1985a; Lewis, 1984; Smith, 1978; Thompson,
1976). The notch of inward current does not appear in the K
difference current in Figure 4B, showing that the subtraction
method is capable of separating these currents.

The K tail current and the K-insensitive tail current respond
in qualitatively different ways to changes in temperature. When
the preparation is warmed from 10 to 20°C the amplitude of
the total outward tail current, measured 5 sec after repolariza-
tion, increases by an average factor of 2.14 (+0.47 SD; n = 9).
The amplitude of the K component of the tail current at this
time, however, decreases by an average factor of 0.64 (+0.37
SD; n =9). This decrease is largely due to the more rapid decay
of K current at the warmer temperature. From these observa-
tions it appears that the amplitude of the K-insensitive tail
current must increase by a factor greater than 3.3 for this 10°C
increase in temperature. This high sensitivity to temperature
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Figure 6. Difference I(V) curves measured at various times during the
slow outward tail current in Aplysia cell L2. Tail current was activated
by a 0.5 sec depolarization to —10 mV in NASW, and I(V) curves were
measured 2 sec (), 5 sec (A), and 10 sec (x) after repolarization to —40
mV. Difference I(V) curves were calculated using the procedures de-
scribed in Materials and Methods. Inset, Example of the raw data used
in constructing difference I(V) curves. A, Difference I(V) curves mea-
sured at 12°C. B, Difference I(V) curves measured after warming the
preparation to 22°C. All measurements from the same cell.

suggests that the current might result from electrogenic active
transport. We did not pursue this idea in detail but found that
the tail current at 21°C is not affected by treatment with stro-
phanthidin (50 um for 1 hr) and, therefore, probably does not
result from activation of the Na,K-APTase (Thomas, 1972).
This observation is in agreement with experiments reported by
Kramer (1984).

Both the K tail current and the K-insensitive tail current
require extracellular Ca for their expression. Two experimental
observations led to this conclusion. In the first kind of experi-
ment, the cell was continuously perfused with a bulk solution
that strongly reduced the Ca current (MnSW; 9 mm Mn, 1 mn
Ca). Following a 1 sec depolarization to —10 mV, a small out-
ward tail current was seen in this solution, as illustrated for
Aplysia cell L2 at 21°C in Figure 54. Microperfusion of the cell
body with NASW (10 mm Ca) caused an increase in the am-
plitude of the outward tail current. The difference between the
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tail current recorded during microperfusion with NASW and
during exposure to MnSW shows the time course of the Ca-
sensitive current that originates at the soma (Fig. 5B). This
experiment was repeated at different extracellular K concentra-
tions, and it was found that the amplitudes of both the K tail
current and the K-insensitive tail current were enhanced by
exposing the cell body to Ca. In a second kind of experiment,
the bulk perfusion saline was NASW while the microperfusion
saline was MnSW. When the cell body was microperfused with
MnSW, the amplitudes of both components of the outward tail
current were reduced. Our interpretation of these experiments
is that Ca influx is required for the expression of the K current
and the K-insensitive current and that both currents originate,
at least in part, at the cell body.

Current-voltage curves

Difference current—voltage curves were measured at various times
during the outward tail current using the procedures described
in Materials and Methods. An example of the raw data used in
constructing such curves is shown in the insert in Figure 6. The
results of these experiments support the conclusions resulting
from the microperfusion experiments. Figure 64 shows differ-
ence I(V) curves for Aplysia cell L2 in NASW at 12°C. The
outward tail current was activated by a 0.5 sec pulse to —10
mV, and I(V) curves were measured 2, 5, and 10 sec after
repolarization to —40mYV. The difference I(V) curve 2 sec after
repolarization has a positive slope, a small curvature, and cross-
es the voltage axis at a reversal potential of —~62 mV. These
data suggest that the tail current at this time is primarily due
to a conductance increase to K. The fact that the I(V) curve
crosses the voltage axis at —62 mV is of particular importance.
This is not possible for an outward tail current due solely to
recovery of Ca current from inactivation because a decrease in
Ca current cannot result in inward current in the difference I(V)
curve at any voltage more negative than the Ca reversal poten-
tial.

The difference I(¥) curves measured 5 and 10 sec after re-
polarization are somewhat different than the curve at 2 sec.
These I(V) curves tend to level off, and approach a reversal
potential only at very negative voltages. These data suggest that
another current that is not a K current makes an increasing
contribution to the tail current at later times after repolarization.
The I(V) curve measurements are not helpful in identifying the
conductance changes responsible for this additional current, but
they show that the tail current measured at 12°C is not due to
a single ionic current process with a unique reversal potential.
Instead, the tail current must represent the sum of 2 or more
ionic currents with different reversal potentials.

The preparation was warmed to 22°C, and the measurements
of difference I(¥V) curves 2, 5, and 10 sec after repolarization
were repeated (Fig. 6 8). These I(V) curves show the same trend
that was seen at 12°C; flattening of the curve at negative voltages
as the interval before measurement is increased. The progressive
change in the difference I(¥) curve with time again shows that
more than one ionic current contributes to the tail current. At
the warm temperature, however, the current that does not re-
verse at negative potentials makes a greater contribution to the
tail current than it does at 12°C, especially at later times after
repolarization.

The effect of external K on difference I(7) curves was studied
in salines containing 10 and 50 mm K at 12°C. In these exper-
iments, the K concentration of the solution bathing the entire
cell was changed. Difference I(V) curves measured 2 sec after
repolarization are shown in Figure 74 for Aplysia cell L2. The
reversal potential for the tail current changes from —64 mV in
10 mMm K to —39 mV in 50 mm K. This compares favorably
with the change in reversal potential for the transient K current,
I,, measured in the same experiment (I, reversal potential =
—67 mV in 10 mMm K and —38 mV in 50 mm K). This exper-
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Figure 7. Difference I(V) curves recorded at 2 external K concentra-
tions. Tail currents were activated by a 0.5 sec depolarization to —10
mV in Aplysia cell L2 at a recording temperature of 12°C. I(V) curves
were measured at different times after repolarizing to —40 mV in 10
mwm K (ll), 50 mm K (4), and after return to 10 mm K (x). 4, Difference
I(V) curves measured 2 sec after repolarization. B, Difference I(V)
curves measured 10 sec after repolarization. All measurements are from
the same cell. Solution changes were made by changing the bath solution.

iment shows that the dominant conductance change 2 sec after
repolarization is a conductance increase to K.

The difference I(V) curves measured 10 sec after repolari-
zation are shown in Figure 7B. In 10 mm K the current at 10
sec does not approach a reversal potential at negative voltages,
but in 50 mm K there is a reversal of current at —55 mV. The
results indicate that 10 sec after repolarization an increased
conductance to K still contributes to the outward tail current.
Part of the tail current is clearly insensitive to the change in
external K, however, and it is apparent that this component
makes a greater relative contribution late in the tail current.

The effect of external Ca on difference I(V) curves measured
2 sec after repolarization is shown in Figure 8. I(V) curves were
measured in NASW and in 0 Ca saline at 12°C (Fig. 84) and
22°C (Fig. 8B). In 0 Ca saline, the difference I(V) curves at high
and low temperatures are nearly flat, showing that external Ca
is required for expression of both the K tail current and the K-
insensitive tail current.

Discussion

The conclusion drawn from the extracellular microperfusion
experiments and I(V) curve measurements is that a K current
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Figure 8. Effect of Ca on difference I(V) curves. Tail currents were
activated by a 0.5 sec pulse to —10 mV in NASW (@) and in O Ca saline
(A) in Aplysia cell L2. Difference I(V) curves were measured 2 sec after
repolarization at 2 recording temperatures. 4, Difference I(V) curves
measured at 12°C. B, Difference I(V) curves measured after warming
the preparation to 22°C. Solution changes made by changing the bath
solution.

and a K-insensitive current both contribute to the slow outward
tail current after depolarizing pulses in bursting pacemaker neu-
rons of Tritonia and Aplysia. Both currents may be present at
temperatures between 10 and 23°C, but the relative contribution
of each depends on the recording temperature. At cold tem-
peratures, the outward tail current is predominantly a K current,
whereas at warmer temperatures, the K-insensitive current makes
an increasingly important contribution to the tail current at later
times after repolarization.

Our data suggest that the discrepency in the literature con-
cerning the mechanism of the slow outward tail current may be
resolved by the observation that the different investigators used
different recording temperatures in their experiments. Those
who concluded that the outward tail current was due to the
decay of a K current used cold temperatures (Gola, 1974: 15°C;
Gorman et al., 1982: 15°C; Smith, 1978: 10-11°C; Smith and
Thompson, 1986: 10-11°C; Thompson, 1976: 10-11°C). Those
who found that the slow outward tail current was largely insen-
sitive to the external K concentration used warm temperatures
(Adams and Levitan, 1985: 21°C; Kramer and Zucker, 1985b:
23°C; Lewis, 1984: 21°C).

The K tail current requires extracellular Ca for its activation.
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On the basis of numerous studies by ourselves and others (for
review, see D. J. Adams et al., 1980; Meech, 1978), we conclude
that it represents the decay of the Ca-dependent potassium cur-
rent, /.. The amplitude of I, increases during depolarization
due to the accumulation of Ca in the cytoplasm following the
activation of voltage-dependent Ca channels. On repolarization,
Ca channels close rapidly and I. decays back to a low basal
level as Ca slowly redistributes in the cytoplasm, becomes se-
questered into cytoplasmic organelles, and is actively extruded
from the cell. Because the activation of /. depends on intra-
cellular Ca, its decay time course reflects the time course of the
intracellular Ca concentration transient. The results described
here show that the tail current due to /. decays more rapidly
at warmer temperatures, possibly because the intracellular Ca
concentration recovers more quickly.

The K-insensitive outward tail current also requires extra-
cellular Ca for its expression (see also Adams and Levitan, 1985;
Kramer and Zucker, 1985b). This current decays more slowly
than I at warm temperatures (20-21°C). This finding explains
the observation made by Barish and Thompson (1983) that, in
nonbursting molluscan neurons, the rate of decay of slow out-
ward tail current decreases with warming. We now know that
as the preparation is warmed, a K-insensitive current increases
in amplitude and since it decays more slowly than I, the rate
of decay of the total outward tail current decreases.

We were not able to identify the K-insensitive tail current in
our experiments, and we do not know if it represents a single
current process or several separate processes. Adams and Lev-
itan (1985) and Kramer and Zucker (1985b) suggested that the
slow outward tail current at warm temperatures results from the
gradual recovery of Ca current from inactivation. In bursting
pacemaker neurons, Ca current is partially activated at sub-
threshold voltages (Eckert and Lux, 1976; Kramer and Zucker,
1985a; Smith and Thompson, 1986). The increase in intracel-
lular Ca concentration during depolarization could cause Ca-
dependent inactivation of this current (Eckert and Tillotson,
1981; Tillotson, 1979; Tillotson and Horn, 1978; for review,
see Eckert and Chad, 1984). The gradual recovery of Ca current
from inactivation could produce a slow outward tail current as
the internal Ca concentration gradually decreases after a de-
polarizing pulse. The time course of the outward tail current
generated in this way would, once again, reflect the time course
of recovery of the cytoplasmic Ca concentration transient. The
results of our experiments are not inconsistent with this inter-
pretation. We were unable to test this hypothesis, however,
because we could not measure membrane current with suffi-
ciently high signal-to-noise ratio and high bandwidth to resolve
the inward tail current due to the closing of voltage-dependent
Ca channels. This is a particularly difficult measurement because
Ca current kinetics are fast at negative voltages, especially at
warm temperatures, and only a small fraction of the conductance
remains active late in the tail current (Byerly et al., 1985; Con-
nor, 1977; Eckert and Ewald, 1982; Smith and Zucker, 1980).
The changes in the I(V) curve with increasing time after re-
polarization that we observed might be explained by a slow
increase in Ca current during recovery from inactivation, but
because of the rapid voltage-dependent kinetics of the Ca cur-
rent, our data are not sufficient to demonstrate this phenome-
non.

Both the activation of I and the inactivation of Ca current
are thought to depend on the concentration of Ca ions at the
inner surface of the membrane. If we entertain the hypothesis
that these 2 processes are solely responsible for the stow outward
tail current, we must ask how it is possible that they have dif-
ferent kinetics and depend differently on temperature. Kramer
and Zucker (1985b) suggested that interaction with 2 or more
Ca ions may be needed to open /. channels, while Ca current
inactivation might only require interaction with a single Ca ion.
According to this view, the activation of I. would be more
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steeply dependent on the internal Ca concentration than the
inactivation of Ca current. 7. would therefore be expected to
decay more rapidly than Ca current inactivation as the intra-
cellular Ca concentration recovers after a depolarizing pulse.
The data concerning the stoichiometry of /. activation and Ca
current inactivation needed to evaluate this hypothesis are not
yet available. An important deficiency of the hypothesis that
should be pointed out is that it does not explain why the am-
plitude of I. decreases with warming, while the amplitude of
the K-insensitive current increases. Since the amplitudes of both
currents are thought to depend directly on the intracellular Ca
concentration, a change in the rate of recovery of Ca concen-
tration with warming would be expected to affect the amplitudes
of both currents in the same way. This is not observed.

Other possible mechanisms for the K-insensitive tail current
include a metabolic reaction with a high temperature coefficient.
For example, the current might result from a strophanthidin-
resistant electrogenic active transport process that is activated
by Ca. Alternatively, it might result from ionic currents origi-
nating in the axon or dendrites of the cells whose properties are
distorted by poor potential control in those regions. An argu-
ment against this interpretation is that the results of the micro-
perfusion experiments show that at least part of this current is
generated in the cell body where voltage control is good.

Our results indicate that both a K current and a K-insensitive
current contribute to the outward tail current at warm temper-
atures and that both decay slowly after repolarization. Both
currents would seem to be important for terminating bursts and
for hyperpolarizing the cell during the interburst interval, and
both would have to be included in models for burst generation
at warm temperatures. When experiments are conducted at cold
temperatures, the K current is predominantly responsible for
the slow outward tail current. Thompson (1976) and Smith
(1978) have shown that an outward current with the properties
of the slow K tail current is sufficient for modeling bursting
pacemaker activity in Tritonia neurons at 10-11°C, a temper-
ature that approximates that of Tritonia’s normal habitat.

All of the cells we studied generate bursting pacemaker ac-
tivity at temperatures between 10 and 23°C. In a study of Tri-
tonia bursters, Anderson (1976) found that the rate at which
bursts are produced is relatively insensitive to temperature, sug-
gesting that burst frequency may be temperature compensated.
The ability of poikilothermic animals to survive at different
temperatures must require a variety of adapting mechanisms.
This would appear to be particularly important for animals like
Aplysia that enter the intertidal during certain seasons where
they encounter large temperature fluctuations. Bursting pace-
maker neurons may provide an example in which temperature
compensation of cellular activity is accomplished by ionic
mechanisms. The slow outward tail current contributes impor-
tantly to the timing of bursts. Temperature compensation of
burst frequency may come about through a temperature-depen-
dent gradation in the relative contribution of different ionic
currents, which produce outward current during the interburst
interval and influence the timing of bursts.
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