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Calcium currents were studied in isolated “swim motor neu- 
rons” from the jellyfish Polyorchis penicillafus, using the 
tight-seal, whole-cell, voltage-clamp technique. Two high- 
voltage-activated (HVA) currents were observed. The tran- 
sient current, HVA-t, activated rapidly (time to peak, 4 msec), 
inactivated with two time constants (26 msec, 187 msec) in 
a positive voltage range (Vi = -23 mV), and was larger when 
carried by calcium than by barium ions. The sustained cur- 
rent, HVA-s, inactivated slowly or not at all, even at very 
positive voltages and had the same amplitude whether car- 
ried by Ca2+ or Ba2+. It is likely that the two HVA current 
components arise from distinct channel populations, be- 
cause the ionic selectivity of calcium channels is not known 
to depend on their inactivation kinetics. A third current ap- 
peared to activate at very positive voltages, and at a slower 
rate than did HVAt. It is likely to be an artifact of inhomo- 
geneous space clamping. A low-voltage-activated, cadmi- 
um-insensitive calcium current may also be present. Calcium 
currents in this primitive, multicellular animal have properties 
similar to calcium currents in other phyla; however, they do 
not fit neatly into the “T, N, L” classification scheme of 
vertebrate calcium currents. 

Nervous systems probably first evolved in close ancestors of the 
Cnidaria, when certain cells became specialized for electrical 
excitation and rapid chemical neurotransmission. The voltage- 
clamp study of membrane ionic currents from these primitive 
animals is significant to comparative physiology since it can 
provide information on the molecular evolution of ion channel 
populations that paralleled the functional emergence ofneurons. 
Calcium currents were studied in “swim motor neurons” (SMNs) 
isolated from the hydrozoan jellyfish Polyorchis penicillatus to 
identify characteristics that will help in describing the roles of 
these currents in excitability and synaptic function. 

The SMNs of Polyorchis penicillatus have been described in 
situ both morphologically (Spencer, 1979) and electrophysio- 
logically (Anderson and Mackie, 1977; Spencer, 198 l), and their 
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role in the control of swimming is established (Spencer, 1978, 
1982; Satterlie and Spencer, 1983). These cells form an electri- 
cally coupled network around the bell margin (Spencer and Sat- 
terlie, 1980) that synapses onto the swimming muscle sheets 
(Spencer, 1979, 1982) and drives swimming. To circumvent the 
voltage-clamp problems associated with electrical coupling, a 
primary culture technique was recently developed for the iso- 
lation of the SMNs (Przysiezniak and Spencer, 1989). 

In these SMNs, firing patterns and synaptic transmission 
probably depend on the influx of calcium ions, as demonstrated, 
respectively, by Anderson (1979) using ionic substitutions and 
by Spencer (1982) using MgZ+ blockade. However, more direct 
interventions are needed to understand the mechanisms of cal- 
cium influx in these cells. Tight-seal, whole-cell, voltage clamp 
has recently been used to describe calcium currents in various 
cnidarians (Anderson, 1987, in Cyanea; Dunlap et al., 1987, in 
Obelia; Meech, 1989, in Aglantha; Holman and Anderson, 199 1, 
in Calliactis). We have presented a brief description of the tran- 
sient calcium current from isolated SMNs of Polyorchis and 
have discussed its relevance to neuromuscular synaptic physi- 
ology (Spencer et al., 1989). Following the latter study, we have 
improved the composition of both electrode and bath solutions, 
allowing better identification of a very slowly inactivating com- 
ponent that was originally contaminated by residual outward 
current. We present an extensive description of the time courses, 
voltage dependencies, and ionic selectivities of the calcium cur- 
rents, and include some pharmacological characterization of 
these currents. Possible mechanisms of ionic selectivity and 
inactivation, and the number of calcium channel populations 
present in these neurons are discussed. 

Materials and Methods 
Animals. Animals were collected in Bamfield Inlet (Vancouver Island, 
British Columbia) from the surface by dip netting, or at depth by scuba 
divers using plastic bags. The jellyfish were maintained in a recirculating, 
refrigerated (10°C) aquarium containing a mixture of Rila Marine Mix 
and seawater from Bamfield Inlet, on a cycle of 12 hr of light, 12 hr of 
dark. The animals were fed newly hatched brine shrimp larvae once or 
twice a week. 

Dissociation. The culture techniques are described more fully in Przy- 
siezniak and Spencer (1989) but have been slightly modified and will 
be summarized here. The nerve rings were dissected from the bell margin 
as previously described and placed in artificial seawater (ASW; see 
below) in a borosilicate test tube for 5 min. The solution was then 
replaced with 10% ASW for 5 min and with divalent cation-free ASW 
(Ca*+ and Mg*+ replaced with choline and 1 mM EGTA) for 15 min. 
Digestion was carried out in collagenase type I (Sigma), 1000 U/ml 
ASW, at room temperature (20-25°C) for 3-7 hr depending on the 
integrity of the tissue (decreases with time since capture) observed during 
dissection. The enzyme solution was then replaced with an excess of 
ASW, with minimal disturbance to the tissue. The solution was pipetted 
off until the volume was appropriate for effective trituration and plating 
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(usually 0.5 ml for five dishes). Up to 10 strokes of trituration against 
the bottom of the test tube were given with a fire-polished Pasteur 
pipette. Three or four drops of the suspension were plated in the centers 
of Falcon 1008 culture dishes coated with dried homogenate of desalted, 
cleaned, bell mesoglea (Przysiezniak and Spencer, 1989). After being 
left to settle for 30 min to 4 hr at room temperature, cultures were rinsed 
twice with ASW and incubated at 10°C until used. No nutrients were 
added to the cultures, which survived at least 1 week. Recordings were 
made on cells plated for O-5 d. Major features of the calcium and barium 
currents, namely time to peak, peak current, voltage dependence of 
activation, time course of inactivation, and voltage dependence of in- 
activation, did not change with the age of the culture. 

Solutions. Artificial seawater contained (in mM) NaCl, 378; CaCl,, 
9.5; MaCl,. 29: Na,SO,. 5.7: KCl. 13.4: choline Cl (Cho-Cl). 42: HEPES 
buffer,-lOi’NabH,- 5. The antibiotic gentamycin sulfate was added at 
50 mg/liter. The pH of all solutions was adjusted to 7.5 * 0.05. All 
culture and recording solutions were filtered through cellulose acetate 
or nylon membrane cartridges with 0.2 pm pore size before use. 

In early recordings, cesium was used to replace internal potassium 
and sodium while choline replaced external sodium ions. However, it 
was found that cesium ions carried a slow, outward current, possibly 
through potassium or calcium channels, which caused the apparent 
reversal of Zca at positive voltages (cf. Spencer et al., 1989) and when 
long depolarizations were given. In the experiments presented in this 
article, N-methyl-o-glucamine (NMG) replaced potassium and sodium 
inside as well as outside the cell, which eliminated the contaminating 
outward current. 

All recordings were carried out with the following two solutions, unless 
otherwise specified. The bath solution for recording contained (in mM) 
CaCl,, 10; MgCl,, 40; NMG, 433; HEPES, 10; and HCl, 42 1. This 
composition was based on the results of analyses of ions in natural 
seawater and mesoglea using ion chromatography (Cl- and SOd2-), atomic 
absorption spectroscopy (K’), and inductively coupled plasma spec- 
troscopy (Na+, M@+, Ca2+). Magnesium and calcium in the bath were 
at concentrations-close to their concentrations in seawater (44.1 mM 
and 9.0 mM, respectively). Barium replaced calcium mole for mole, 
where appropriate. Before recording from a culture, the medium was 
exchanged for recording bath solution by the slow addition of one bath 
volume followed by at least two complete bath exchanges. 

The electrode solution contained (in mM) CaCl,, 1; EGTA, 11; MgCl,, 
2; NMG, 508; HEPES, 10; and HCl, 407. The calcium concentration 
in this solution was estimated to be - 1 nM, using a computer program 
(Stockbridae. 1987). To imorove sealina. the electrode solution in some 
recent exp&iments was made hypoto& (90-98%) by adding the ap- 
propriate amount of distilled water. Electrode solutions were allowed 
to dialyze into the cells, until current responses to voltage-clamp pulses 
were stable for more than 1 min; this took 3-10 min, as estimated by 
maximal test responses elicited every minute. 

Pharmacological agents. Cadmium was made up as a 100 mM solution 
in distilled water. Nifedinine (Sigma. N-7634) stock solution was made 
up to 10 mM in 5% d&ethyl Glfoxide (DMSO) and 66.5% ethanol. 
Verapamil HCl (Sigma, V-4629) stock solution was 20 mM in 70% 
ethanol. Chemicals were diluted further in the recording bath solution 
and were either applied to the bath through a fine polyethylene tube to 
within 8 mm of the electrode tip or perfused into the bath 8-12 mm 
from the cell while suction was applied at the solution surface from the 
edge of the dish. 

Electrodes and equipment. Electrodes were pulled on a Narishighe 
PP-83 puller, from non-heparinized hematocrit tubing (Fisher, thin- 
walled soda slass. cat. #02-668-68). Before nolishina. the electrode tins 
were dipped-in a’ siliconizing agent, Sigmacote (Sigma), diluted to be- 
tween l/10 and l/20 with n-heptane; this treatment significantly in- 
creased the rate and tightness of seal formation and greatly improved 
the quality of the phase-contrast optics when the electrode was in the 
bath. Electrodes were stored at room temperature, in a loosely covered 
jar for up to a few days. Day-old, siliconized electrodes seemed to attach 
better than did freshly siliconized electrodes, although both fresh and 
old electrodes were used in these experiments. The pipettes had an 
average resistance of 0.9 MQ (range, 0.6-1.3 MQ; N = 47). 

The cultures were viewed under phase contrast with a Nikon Diaphot 
inverted microscope. Electrodes were positioned with a “Huxley-Good- 
fellow” type micromanipulator (Campden Instruments, London, UK). 
Grounding was through a silver chloride-coated silver wire inserted into 
an agar bridge (4% agar in electrode solution). An L/M-EPC7 amplifier 
(List Medical, Darmstadt, Germany) was used for tight-seal, whole-cell 

voltage clamping. Stimulus control and data acquisition and processing 
were carried out with an IBM-PC computer, an XT clone, or a 386-SX 
clone, fitted with a Labmaster TL- 1 interface, using PCLAMP 5.5 software 
(Axon Instruments interface and software). 

Recordings. The swim motor neurons (SMNs) were identified by their 
characteristically large size (usually about 70 pm x 25 pm), compact 
shape, and clear cytoplasm (Przysiezniak and Spencer, 1989). Record- 
ings were made at 20-22°C. Long processes were absent or removed by 
cutting with a pipette tip. Seal resistances before access ranged between 
0.5 and 5 GQ. 

Leakage and capacitive current subtraction protocols were composed 
of four or five hyperpolarizing pulses one-fourth or one-fifth the size of 
the test pulse, respectively, and were applied from a holding potential 
of -60 mV, before test pulses eliciting active responses were applied. 
Passive test responses to depolarizing or hyperpolarizing pulses of 40 
mV amplitude lasting 5 or 10 msec were recorded repeatedly during an 
experiment, usually before and after protocols eliciting active currents, 
to monitor series resistance (R,,,) and leakage resistance (R,,,,). Test 
pulses were applied from a holding notential of - 80 mV if deoolarizina 
and from -4b.mV if hyperpolariang. Passive responses were low-pass 
filtered at 10 kHz, while active responses were filtered at 3 kHz before 
acquisition, using a three-pole Bessel filter. 

R,,,, was calculated from the current at the end of the passive re- 
sponses. R,,, was estimated from the amplitude of the capacitive tran- 
sient, obtained by back-extrapolation of a single-exponential fit to the 
beginning of the passive test pulse. The voltage error caused by active 
currents flowing through R,, was calculated as follows: leakage current 
was calculated from R,,,, and the amplitude of the command pulse and 
was added to the active current amplitude; the voltage error was ob- 
tained as the product of R,, by this “reconstituted” current. No R,,, 
compensation was used since active currents were small. In addition, 
the rising phase of active currents was masked by an initial, transient, 
outward current and could not have been resolved further by R,,, com- 
pensation. 

Data analysis. Data for all experiments were selected on the basis of 
the following criteria. (1) The neuron must be clearly identified as a 
“swim motor neuron” by its large size, compact shape, and clear cy- 
toplasm (Przysiezniak and Spencer, 1989). While characteristic plateau 
action potentials were produced by these cells in normal ionic conditions 
(Spencer, 198 1; Przysiezniak and Spencer, 1989) no spikes were gen- 
erated in calcium current recording conditions; thus, spike shape could 
not be used for cell identification. (2) Leakage resistance must be larger 
than or equal to 0.5 GQ. (3) Series resistance must not exceed 10 MQ. 
(4) Active currents must show no sign of major instability such as the 
large, random fluctuations caused by seal disruption. 

Unless specified, data for calcium and barium currents were collected 
from different cells, in static conditions, that is, without solution changes, 
because superfusions tended to disrupt recordings. Comparisons be- 
tween calcium and barium currents are thus between populations of 
cells. 

All traces were digitally filtered at 1 kHz (Gaussian filter) before 
measurements were taken. Peak currents were measured using the au- 
tomatic peak detection function in the Clampan section of the ~CLAMP 

software. Late currents measured isochronally were taken slightly before 
the end of the pulse (e.g., at 78.2 msec on an 80 msec pulse) to avoid 
capacitive transients spread out by digital filtering. 

We attempted to normalize absolute current amplitudes to current 
densities, using capacitance as an estimate of cell surface. Cell capaci- 
tance was obtained by calculation from R,,, and r values measured from 
the passive test responses, and by integration of the capacitive transients. 
However, the variability in the data did not seem to be diminished by 
this approach, suggesting that capacitance is not a reliable indicator of 
cell surface, or that channel number is independent of cell surface area. 
Consequently, we have not used this type of normalization. 

Statistical significance was determined as a probability of 0.05 or less, 
obtained from a two-tailed Student’s t test (Sokal and Rohlf, 198 1). 

Equations and curvejitting. Exponentials were fitted to current traces 
using the Clampfit section of the PCLAMP 5.5 software (Axon Instru- 
ments). Exponentials in the experiments on recovery from inactivation 
were fitted with a C-language (Turbo-C, version 2, Borland Intema- 
tional) program using a least-squares procedure. 

Initial transient current activation curves were fitted with a modified 
Boltzmann distribution: 

L, = I,,, + (I,,, - L,,Yi 1 + exp[( K - We&, (1) 
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where I,,,,. is an offset component, I,,, is the current at saturation, V, 
is the voltage at half-activation, and K, is the steepness factor. This and 
other equat:ons were fitted by iteratingparameters to the nearest single- 
decimal value (0.1 mV or 0.1 PA) using a least-squares procedure adapt- 
ed to a spreadsheet (MICROSOFI. EXCEL, version 2.2, Microsoft Corpo- 
ration). 

Other equations fitted are described in the appropriate table notes. 

Results 

The following evidence will show that the most prominent cal- 
cium current in SMNs of Polyorchis, the high-voltage-activated 
(HVA) current, exhibits a transient, ion-selective component 
(HVA-t) and a sustained, nonselective component (HVA-s). 
These will be distinguished and described in sections on time 
course, voltage dependence of activation, and steady-state in- 
activation. A third, “very-high-voltage-activated” (VHVA) cur- 
rent exhibits a more positive Z-k’ relationship and a slower 
onset, and will be distinguished from the HVA currents in the 
section on voltage dependence of activation. First, however, we 
describe the passive cell properties, and we distinguish I,-, from 
sodium currents and a possible gating current. 

Passive properties 

The passive membrane properties of SMNs were measured from 
responses to -t40 mV pulses applied from -80 mV (if depo- 
larizing) or -40 mV (if hyperpolarizing). Leakage resistances 
(R,,,,) had a mean of 1.2 GQ (range, 0.5-3.7 GQ; N = 123 
measurements). The series resistance (R,,,) averaged 3.8 MQ, 
ranging from 1.4 to 9.1 MQ. Single-exponential fits to the tran- 
sients decayed e-fold in 12 1 hsec (range, 36-246 psec), indicating 
a cell capacitance around 30 pF. As calculated from these fits, 
voltage-clamp pulses reached 95% of the command step after 
an average of 362 psec (range, 108-737 psec). In data collected 
with a single electrode, double exponentials fitted the capacitive 
transients slightly better than did single exponentials, yielding 
a rapidly decaying component (7 = 88 psec) and a slower com- 
ponent (r = 542 psec), which represented about 1.8% (range, 
0.2-9.1%) of the total transient amplitude, indicating the pres- 
ence of an electrically remote part of the cell membrane even 
in cells that were almost spherical. The average voltage error 
due to active currents flowing through R,,, was calculated to be 
-0.4 mV at maximal calcium current (range, -1.5 to +0.3 
mV). 

Distinguishing ICa from other currents 

In conditions where the only permeant ion in the bath was 
calcium (9.5 mM), an inward, inactivating current was observed 
in response to 50-msec-long depolarizing pulses to +20 mV 
(Fig. 1) from a holding potential of -40 mV. This current was 
eliminated by the replacement of external calcium with cobalt 
(N = 9). It was not carried by magnesium, since a lo-fold re- 
duction of [Mg], (to 4 mM) did not change the amplitude of the 
current (N = 3; data not shown). Zc. showed very little “run- 
down” after more than 60 min. When the cell was suddenly 
released from voltage clamp to current clamp, the membrane 
potential rose slowly, then rapidly to a resting level around + 15 
mV. 

Calcium current is known to flow through sodium channels 
in the squid giant axon when the bath solution contains no 
sodium and a large concentration of calcium (Meves and Vogel, 
1973). To show that channels specific for calcium, and not so- 
dium, mediated the calcium current, recordings were made in 

0 mM Ca2+ 9 5 mM Co2+ , * 

Control, 9.5 mM CS+ 
10 msec 

Figure 1. Calcium current from an identified SMN of the jellyfish 
Polyorchis penicillatus. Current responses from one cell elicited by 50 
msec voltage-clamp pulses, from a holding potential (V,,) of -40 mV 
to a command potential (L’J of +20 mV, in normal conditions and with 
external Ca2+ replaced with Co>+. Sampling interval was 100 ysec. 
Subtraction carried out with a -p/5 protocol from -40 mV. Bath 
solution contained (in mM) MgSO,, 5.7; MgCI,, 23.3; CaCl, or CoCl,, 
9.5; KCI, 7.8; Cho-Cl, 437; HEPES, 10; and KOH, 5.6. Electrode so- 
lutions contained (in mM) CsCl, 109; MgCI,, 2; CaCl,, 1; HEPES, 10; 
EGTA, 11; dextrose, 536; tetraethylammonium chloride, 100; and CsOH, 
31. 

conditions where both ZNa and Zc, could occur simultaneously 
while no other permeant ion was present. Under these condi- 
tions, two currents with distinctly different time courses could 
be recorded. Figure 2 shows that a net inward current was ob- 
served in saline containing 100 mM Na+ and 10 mM Ca*+, and 
with an internal solution containing 50 mM Na+ and low cal- 
cium. When the sodium gradient was reversed by a brief su- 
perfusion with Na+-free saline, a rapid, transient outward cur- 
rent carried by sodium and a slower, inactivating, inward current 
carried by calcium occurred simultaneously. Further superfu- 
sion increased the outward I,,, which almost swamped I,,. 

In separate recordings of I,, and Z,,, cadmium specifically 
blocked the calcium current (see Fig. 9A) but did not affect the 
sodium current substantially (J. Przysiezniak and A. N. Spencer, 
unpublished observations), once more indicating that distinct 
channel populations mediated these two currents. 

The selectivity of the calcium channels for divalent cations, 
such as calcium or barium, may not be absolute. For example, 
in the absence of calcium or barium (replaced with cobalt) and 
in the presence of sodium, the SMNs were seen to generate 
plateau action potentials (data not shown), which are typically 
produced by calcium currents (e.g., see Fig. 9B). This suggests 
the calcium channels in SMNs pass sodium ions in the absence 
of divalent cations, a common occurrence in other preparations 
(e.g., Hess and Tsien, 1984; Lux et al., 1990). 

When either Ca2+ or Ba2+ was the only permeant ion inside 
and outside the cell, a transient, outward current usually pre- 
ceded the inward current (Fig. 3A). This outward current was 
not a capacitive artifact, because R,,, compensation did not 
remove it. This current was not visible in the experiment shown 
in Figure 2A because the rapid, outward, sodium current masked 
it. The transient, outward current appeared to be larger in bar- 
ium than in calcium (Fig. 3A; see below), probably because the 
inward current was smaller in barium and masked less of the 
transient current. In response to graded depolarizations, the 
transient current measured at 600 psec from the beginning of 
averaged traces (nine cells in each ion) showed a sigmoid voltage 
dependence. This transient outward current may have reflected 
the movement of channel-gating charges in sodium, potassium, 
or calcium channels. 
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Before perfusion 

A- 

7 min of perfusion 

IN6 

h 17 min of perfusion 

(lOOpA 
10 msec 

Figure 2. Simultaneous recordings of sodium and calcium currents 
from one cell in conditions where both currents are of similar amplitude, 
showing they are carried through different channel populations. In con- 
trol conditions, the bath contained 10 mM Caz+, 40 mM Mg*+, 100 mM 
Na+, and no K+ (NMG substitution), while the electrode contained k 1 
nM Ca*+, 2 mM Mg2+, 50 mM Na+, and no K+. The bath was superfused 
four times for short periods (30-120 set) with sodium-free solution, 
alternating with equilibration periods of l-2 min. Traces were taken 
just before the first superfusion (A), after the second superfusion (B), 
and after the fourth (last) superfusion (C). Sampling interval was 200 
wsec. Voltage pulses were applied from k’* -80 mV to V, + 10 mV for 
A-C. Subtraction protocol was +p/4 from -80 mV. Data points during 
capacitive artifacts were set to zero, for clarity. The flat line is zero 
current in this and the following figures. 

Time course of maximal responses 

Most of the experiments described in this and the following 
sections were carried out on both calcium and barium currents, 
with external Ca2+ or Ba*+ at a concentration of 10 mM. Usually, 
only one of the two ionic species was used in a given cell so that 
calcium and barium current data were collected from sets of 
different cells. All data are expressed as mean f SEM. 

In all cells with SMN morphology, maximal, rapidly acti- 
vating divalent cation currents could be elicited by voltage- 
clamp commands (V,) to + 10 mV from a holding potential ( V,) 
of -80 mV. The early activation phase of Zca and ZBa was con- 
taminated by capacitive transients, which saturated the analog- 
to-digital converter for the first -0.5 msec, and by the transient, 
initial, outward current (see above section), which occupied the 
next -0.5 msec. Consequently, exponential fitting to the rising 
phase was not done and time to peak (r,,,.) was used to estimate 
activation rate. 

I 
\ 

A Onset 

I 

After 
B 80 msec 

pulse 
Ba2+ 

1 msec 

C 1 set pulse 

Ba2+ 

100 msec 

Figure 3. Superimposed, maximal Zc, and Is, responses elicited by 
voltage-clamp stimuli from Vh -80 mV to V, + 10 mV. A and B, Cur- 
rents at beginning and at end of responses to 80 msec pulses, respec- 
tively, averaged for nine cells in each ionic condition. Sampling interval 
was 100 ysec. The scale is the same for A and B. The initial, outward, 
transient currents in A were truncated for the first 0.5 msec, approxi- 
mately, to remove the unsubtracted capacitive transient. C, Currents 
elicited by 1 set pulses, averaged for six cells in Caz+ and seven cells 
in Ba2+, showing rapidly and slowly inactivating current components. 
Sampling was every 5 msec. Solutions are described in Materials and 
Methods. 

Table 1 summarizes and compares the different features of 
maximal calcium and barium current responses. Both I,, and 
I,, activated rapidly at similar rates, each reaching a peak in 
about 4 msec, at which point I,, was 40% smaller than I,, (Fig. 
3A, Table 1). The inactivation phase of the responses during 
400 msec pulses to + 10 mV followed a double-exponential time 
course that reached a non-zero steady state. The back-extrap- 
olated amplitudes of both rapidly and slowly inactivating com- 
ponents were significantly larger in calcium than barium (Table 
1). Z,, and I,, exhibited only slight, statistically insignificant 
differences between the time constants fitted. The amplitude of 
I,, was significantly smaller than that of I,, for the first several 
hundred milliseconds, while the amplitudes of the currents car- 
ried by both ionic species reached an identical, sustained level 
at the end of I-set-long pulses (Fig. 3C, Table 1). These results 
indicate the presence of a transient, selective current with com- 
plex inactivation, and a sustained, nonselective current. 

Tail currents were visible upon repolarization to -80 mV 
(Fig. 3B), in calcium and barium. A large, rapid (-200 pA; r 
- 150-290 psec), exponential component occurred within the 
voltage-clamp transition time (- 360 psec; see above), and was 
too rapid to measure accurately. A smaller, slower relaxation 
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Table 1. Features of maximal calcium and barium currents in swim motor neurons of Polyorchis penicilhfus 

L Is, P 

Time to peak (msecp 4.0 + 0.3 (9/7) 4.3 + 0.2(9/5) NS 
Peak current (PA)” -217 ? 23 (9/7) -131 * 14 (9/5) 0.001-0.0 1 
Amplitude of fast decay (PA)~ -88.4 k 7.9 (1013) -61.1 k 5.1 (14/5) 0.001-0.0 1 
7 of fast decay (msec)b 25.6 k 2.8(10/3) 20.9 k 1.6(14/5) NS 
Amplitude of slow decay (PA)~ -99.5 f  9.0(10/3) -50.7 + 4.5 (14/5) 40.001 
T of slow decay (msec)b 187 + 21 (10/3) 244 k 60 (14/5) NS 
Current at 1 set (pA)e -24.5 zk 5.0(6/3) -29.2 + 7.2(7/4) NS 
Sustained tail current 6.2 msec after 80 msec pulse (PA)” -29.0 k 3.5 (9/7) -12.5 k 1.5 (9/5) <O.OOl 

Vh was -80 mV, V, was + 10 mV. Data are expressed as mean + SEM (number of cells/number of animals). P is the probability that the two parameters are statistically 
indistinguishable, from a two-tailed Student’s t test; only significant probabilities (~0.05) are indicated. NS, not significant. 
0 Measured from responses to 80 msec pulses. 
h Fitted to responses to 400 msec pulses. 

c Measured from responses to 1 set prepulses of inactivation protocols. 

component (- 20 pA; T - 2 msec) and a small, sustained tail 
current could be seen upon repolarization to - 80 mV from test 
pulses eliciting I,, or I,,. The sustained I,, tail current was absent 
after return to a holding potential of -40 mV, suggesting it was 
not a chloride current (E,, - 0 mV, in these conditions). The 
sustained tail current was larger in calcium than barium, like 
the selective, transient current seen above. It was not an artifact 
of leakage subtraction because it was also observed without 
subtraction. Neither was it an artifact of bad space clamping, 
because it was observed in multiple-channel patches (prelimi- 
nary data), which should have been well clamped. It likely rep- 
resented current through ion-selective calcium channels. 

Voltage dependence of activation of divalent cation 
currents 
Current-voltage relationships 
The transient and sustained currents differed little in their cur- 
rent-voltage (Z-I/) relationships (Fig. 4A,B). The peak current 
on 80 msec pulses and the current at the end of 1 set pulses 
first activated around -30 mV, rose sigmoidally with voltage, 
and reached a maximum around + 10 mV. Because of their 
voltage range of activation and their time courses, these currents 
will be referred to as the HVA-t (HVA, transient) current and 
the HVA-s (HVA, sustained) current, respectively. 

The maxima of Z,, and I,, occurred at the same voltage (+ 10 
mV), suggesting barium and calcium exerted the same effect on 
the membrane surface potential. It is unlikely that surface charg- 
es were altogether absent because a 1 O-fold decrease of external 
magnesium concentration caused a - 10 mV shift of the voltage 
of maximal I,, (N = 3; data not shown). The HVA-t component 
was significantly larger in Ca2+ than Ba2+ from - 10 mV to + 60 
mV (Fig. 4,4), while no such selectivity was apparent for the 
HVA-s current (Fig. 4B). 

Current responses to commands ranging up to +70 mV be- 
haved in a manner that suggested the presence of another cur- 
rent, which seemed to activate at higher voltages but with a 
slower time course than did the HVA components. This VHVA 
(very-high-voltage-activated) current was most evident using 
averaged barium current responses. Figure 54 shows Z,, and ZBa 
responses to an incrementing series of 80 msec depolarizations 
applied from a V, of -80 mV. At voltages beyond +40 mV, 
the population-averaged I,, activated fairly rapidly and inac- 
tivated partially during the pulse, while Is, arose slowly (T - 10 
msec) and showed little inactivation for the duration of the 

stimulus. Apparently, at very high voltages, the HVA-t current 
was small when barium was the charge carrier, but the more 
slowly activating, VHVA component was carried equally well 
by barium or by calcium. 

Although both the VHVA and the HVA-s currents appear to 
be nonselective, they are likely not mediated by the same chan- 
nels because their voltage dependencies are clearly different. A 
plot of Z, at 78 msec versus voltage shows a distinct shoulder 
at about +50 mV (Fig. 5B). This shoulder was not an artifact 
of subtracting nonlinear leakage responses from the test-pulse 
responses because a shoulder could be observed at very positive 
test-pulse voltages when the unsubtracted, late I,, was plotted 
(data not shown). Seven of the nine cells exhibited a secondary 
increase in barium current between +30 mV and +60 mV. 

The sustained tail current showed a nonsaturating Z-L’ rela- 
tionship (data not shown), reflecting contamination by an ad- 
ditional, decaying tail current apparent after large depolariza- 
tions (Fig. 54, traces at +60, +70 mV). This is likely associated 
with the VHVA current. 

Simulated I-V curves and activation curves 
Steady-state activation of the HVA-t current was determined 
assuming that the amplitude of the peak current represented the 
steady-state current that would have been measured in the ab- 
sence of inactivation. Single-exponential fits to the inactivation 
phase of 80 msec responses were back-extrapolated to the volt- 
age transition, and these initial current amplitudes, equivalent 
to steady-state I,, or I,,, were found not to be significantly 
different from peak amplitudes. 

Simulated curves (equations in Table 2 notes) were fitted to 
the I-Vdata in Figure 4A. Curves fitted assuming a single current 
component (Fig. 4A, broken curves) corresponded well with the 
HVAt maximum but were smaller than the data at very positive 
voltages. This difference was statistically significant from +50 
mV to +70 mV for I,--, and at +50 mV for Is,, and probably 
reflected the appearance of the VHVA component at those volt- 
ages. Curves fitted assuming two components (Fig. 4A, solid 
curves) showed no statistical difference from the data at any 
voltage, for both ions. 

Table 2 shows the average parameters used to fit simulated 
Z-I’ curves to data from individual cells. The only parameter 
that showed any significant difference between ionic conditions 
was the maximal permeability of the HVA-t component, which 
was smaller for I,, than for Z,,. The voltages at half-activation 
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Figure 4. Current-voltage relationships of HVA-t (A) and HVA-s (B) 
currents recorded in calcium and barium. The HVA-t was carried by 
calcium more easily than by barium, over a wide voltage range, while 
the sustained component was indifferent to the ionic species. Data are 
plotted as mean ? SEM in this and the following graphs. A, Transient 
Ic, and 2, versus voltage. An automatic peak-detection function was 
used to measure the largest current between 1.2 msec and 18.7 msec in 
recordings from nine cells in each ionic condition. The broken curves 
are mathematical fits of Boltzmann and constant-field equations, cal- 
culated assuming only one current component, while the solid curves 
were calculated assuming two components. The equations are given in 
the Table 2 notes. At very positive voltages, HVA-t is contaminated by 
the VHVA current. B, Sustained current. Measurements were taken near 
the end of 1 set “steady-state inactivation” prepulses (cf. Fig. 8). Means 
are from six cells in calcium. seven in barium. 

(V,,,,) and the slope factors (Z&“) of the HVAt current did 
not appear significantly sensitive to ionic species. The param- 
eters fitted to the VHVA current data showed relatively larger 
standard errors than did the HVA-t parameters, indicating that 
this current did not behave consistently in different cells. 

The sigmoid, voltage-dependent activation of HVA-t was cal- 
culated as described in the Figure 6 caption. The resulting ac- 
tivation curves were averaged and plotted in that figure. The 
curves for normalized permeabilities PC, and P,, showed sig- 

nificant differences only at -30 mV and - 10 mV (standard 
errors were very small). The HVA-t permeability first activated 
just above -30 mV, reached half-activation just above 0 mV, 
and saturated around +40 mV. The activation curve of the 
VHVA component that was extracted from the averaged data 
first activated around + 20 mV and saturated beyond the voltage 
range studied (not shown). Similar results were obtained re- 
garding VHVA activation when measurements were taken at 
the end of 80 msec Z,, responses, where VHVA was most prom- 
inent (Fig. 5B). 

Time to peak 

Time-to-peak current (Fig. 7j followed a U-shaped function of 
voltage, reflecting the appearance of the slowly rising, VHVA 
current in addition to the HVA-t current. If a single population 
of HVA channels was present, Tpeak would decline as the chan- 
nels activate, without increasing again, assuming these channels 
exhibit classical activation kinetics. 

Times to peak were statistically indistinguishable between I,, 
and ZBh at all voltages but - 10 mV, although Tpeak was consis- 
tently longer for Z,, than I,,, at voltages where the VHVA current 
did not contaminate the HVA-t responses (- 10 mV to +20 
mV). Two repeated “autopeak” measurements (cf. Fig. 4 cap- 
tion) using search regions of varying sizes gave differences in 
the same direction, although in no case was there statistical 
significance of the average difference calculated across four volt- 
ages. The speed of voltage clamping did not appear to depend 
on ionic conditions, because the time constants of passive, ca- 
pacitive current decay did not differ significantly between the 
I,, and Z,, conditions. 

Steady-state inactivation of HVA currents 

The availability of peak I,, or Z,, was measured immediately 
after 1 set prepulses during which inactivation had reached a 
steady state. Prepulse/test pulse pairs were applied every 10 sec. 
Both ascending and descending voltage series gave similar re- 
sults, indicating there was little cumulative inactivation at this 
stimulation rate. Only data from the ascending series were used. 

The steady-state inactivation data (Fig. 8A) suggested the 
presence of distinct components of the calcium current, one 
showing selectivity for calcium over barium and inactivation 
with depolarizing prepulses, and another showing no selectivity 
and incomplete inactivation at the positive prepulses applied. 
Peak Z,, and Z,, differed in amplitude following negative pre- 
pulses. The difference was significant from -90 mV to -20 
mV. Up to -50 mV, I,, seemed to show a slight, progressive 
decrease, while Z,, did not appear to change. Above -50 mV, 
increasingly positive prepulses inactivated the peak current. Fol- 
lowing prepulses above 0 mV, a significant current (- - 3 1 pA; 
p < 0.001 for I,, and Is, being different from zero) persisted 
that had the same amplitude in calcium and barium. These data 
mirror the results of Figure 3C, which shows the prepulse re- 
sponses exhibiting inactivating (HVA-t) and sustained (HVA- 
s) components with different ionic selectivities. In addition, Fig- 
ure 8A shows that the two components are further distinguished 
by their different voltage dependencies of inactivation. The slight 
recovery from inactivation at positive voltages was not signif- 
icant, even after prepulses to +50 mV (data not shown). 

Data from Figure 8A were fitted with a modified Boltzmann 
distribution. Table 3 gives the equation fitted and the fitting 
parameters for steady-state calcium and barium current inac- 
tivation, which were averaged from fits to individual data sets. 
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Figure 5. Divalent cation current responses to depolarizing voltage pulses and the VHVA current. A, Superimposed Zc, @hick truces) and Is. (thin 
truces) responses to graded, 80 msec voltage-clamp pulses, averaged for nine cells in each condition. The stimulating voltages are indicated above 
the traces (in mV). The sampling interval was 100 psec. The currents at the voltage transitions were removed for clarity. The responses are selective 
for calcium over barium for most of the voltage range. At very positive voltages (- + 50 mV), the slowly arising, nonselective VHVA current 
appears. Z3, Z,, measured isochronally at 78 msec, as a function of stimulating voltage, showing a prominent shoulder around +50 mV, which 
indicates the presence of the VHVA current. 
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Figure 6. Activation of HVA-t with voltage in calcium and barium, 
expressed as the ratio P/P,,,,, calculated from the data in Figure 4A and 
from simulated I-Vcurves fitted to these data. Points (Ca*+, open circles; 
Ba2+, solid circles) are mean ratios. Solid(Ca2+) and broken (Ba2+) curves 
are Boltzmann distributions with parameters from fits to the average 
Z-V data, as shown in Table 2. To obtain activation data for the HVA 
current, total divalent cation permeability was calculated at each voltage 
using the GHK equation (Table 2) the expected permeability PD,VHV 
was calculated from the Boltzmann equation, and the latter was sub- 
tracted from the former to obtain PD,HV. This was normalized to P,,,,,, 
and plotted. 

Normalized, steady-state inactivation curves for the transient 
I,, and Z,, are presented in Figure 8B. The voltage dependencies 
of inactivation were identical in calcium and barium. 

Preliminary experiments using barium currents to measure 
the time course of recovery from inactivation of the peak, HVAt 
component gave an average time constant of 50 msec at -80 
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Figure 7. Time-to-peak Zc, and Is,, showing a U-shaped function of 
voltage, measured from data in Figure 5. Automatic peak detection 
software was used. Note the insignificantly but consistently longer T,,, 
in barium relative to calcium. 
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Figure 8. Availability of divalent cation current after pulses causing 
steady-state inactivation. One-second prepulses to different voltages 
(V,, abscissa) were applied from - 80 mV, followed immediately by a 
35 msec test pulse to + 10 mV. Open (Cal+) and solid (Ba2+) circles are 
means (*SEM) from six cells in calcium, seven in barium. A, Absolute 
calcium and barium test-pulse currents after steady-state inactivation 

Table 3. Parameters used to fit Boltzmann curves to steady-state 
inactivation data for peak I,, and Is, 

I ca Z aa P 

V, (mv) -23.4 k 1.5 -22.0 + 1.0 NS 

K (mv) 9.2 k 0.4 8.7 IL 0.1 NS 

In,,, (PA) -192.6 zk 16.6 -126.8 t 10.5 0.001-0.01 

Imin (PA) -31.2 & 3.8 -30.8 + 4.0 NS 

Fitting was carried out on six (Zch or seven (ZBa) recordings from different cells, 
in each ionic condition. Average fitting parameters ? SEM are presented. The 
equation fitted was I,.,, = I,,,,. + (I,,, - L,.)/i 1 + expKV,, - V,)/K,ll. I,,,, was the 
peak current response to a test pulse following a 1 set prep&e to V,,, Z,,,,. was 
the noninactivating component available at positive V,,, I,,,,, was the maximal 
current available at negative V,, V, was the voltage at half-inactivation, and K, 
was the steepness factor. For normalized curves, I,,. was subtracted from Z,, and 
the difference was normalized to (I,,,,, - Zmm). 

Pharmacology 

Experiments were carried out to test the sensitivity of divalent 
cation currents to pharmacological agents, namely cadmium, 
verapamil, and nifedipine. 

Cadmium, applied at concentrations of 0.08-l .3 mM, greatly 
reduced Z,, responses to maximal depolarizations (Fig. 9A), al- 
though a small, residual, sustained current was present in five 
out of eight experiments. Cadmium insensitivity is usually as- 
sociated with low-voltage-activated (LVA) currents (Durroux et 
al., 1988; HernBndez-Cruz and Pape, 1989). 

The slow and sustained tail currents seemed unaffected by 
cadmium, possibly because of release of Cd2+ block by hyper- 
polarization (Lansman et al., 1986). When current-clamp re- 
cordings were made in total-current conditions, application of 
Cd2+ removed the plateau phase of the action potential, indi- 
cating that some component of I,, underlies this phase of the 

c 

(prepulse response to L’,, + 10 mV is shown in Fig. 3C). Currents were 
measured with automatic peak detection, between 2.2 msec and 9.2 
msec from the beginning of the test pulse. Prepulse voltages are indicated 
on the abscissa. B, Availability of transient I,-= and Is, as a function of 
V,,, after subtraction of the noninactivating component and normal- 
ization of the data to fitted, maximal test-pulse current. Solid (Ca2+) 
and broken (Ba2+) curves are Boltzmann distributions extracted from 
fits to the average, raw data in A. 

Table 2. Parameters used to fit simulated Z-V functions to average data for peak I,-. and Z, 

I ca 1, P 

v,.,, (mv) 0.3 + 0.6 3.0 + 1.2 NS 

KHV (mv) 6.3 + 0.2 6.4 k 0.4 NS 

P max,Hv (liters/set) (2.03 k 0.22) x lo-l3 (1.28 ? 0.14) x lo-l3 0.01-0.02 

V o,VHV (mv) +80.5 k 4.7 +66.0 k 10.2 NS 

K a.VHV (mv) 10.7 + 0.8 9.7 k 1.1 NS 

P mEx,vHv (liters/set) (6.05 t 2.09) x lo-l2 (3.61 -c 1.28) x lo-l2 NS 

Data cnrves shown in Figure 4A. Data from each of nine cells in each ionic condition were fitted with a combination 
of the Goldman-Hodgkin-Katz (GHK) constant-field equation (Hille, 1984) and two Boltzmann distributions: Z, = (PHv 
+ PV,,J x Z’FMRT x {[D], - [D], x exp(-ZFVIRT)}/{ 1 - exp(-ZFVIRT)}, where PHv = Pm,,&{ 1 + exp[(V,,,, 
- Y)/K,,,l} and PVHV = Pm,x,,Hvlil + expKVn,,,, - ~/Z&,v]}. The variables were V,, the voltage of half-activation, 
K.. the steepness of the Boltzmann function, and Pm,,, the maximal permeability to Ca’+ or Ba”. V, and K. were fitted 
to the nearest 0.1 mV, Pm,, to the nearest lo-I5 liters/set. The constants were [D], = 1O-9 M, [D], = 10-l M, Z = 2, F = 
96480 C/mol, R = 83 14 mV x CPWmol, and T = 293°K. A surface charge of zero was assumed in the GHK equation. 
At V = 0 mV and negligible internal calcium, the GHK equation reduced to ZD(0, = P, x ZF x (-[D],,). All fitting 
parameters were averaged over nine cells, except for VHV parameters in calcium (N = g), which could not be fitted for 
one cell. Values are in mean + SEM. 
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Figure 9. Pharmacology of the divalent cation currents. A, Representative trace showing nearly complete blockade of I,, by 0.3 mM Cd*+. The 
test pulse was applied from a V, of -80 mV to a V, of + 10 mV just before and after 4 min of superfusion with 0.3 mM Cd2+. Sampling interval 
was 200 psec. Subtraction protocol was +p/4 from -80 mV. B, Blockade of the action potential plateau by 0.1 mM Cd2+. Sampling interval was 
100 psec. Bath solution contained (in mM) NaCl, 378; MgCl,, 29; CaCl,, 9.5; Na,SO,, 5.7; KCl, 13.4; Cho-Cl, 42; HEPES, 10; and NaOH, 5. 
Electrode solution contained (in mM) KCl, 105; MgCl,, 2; CaCl,, 1; HEPES, 10; EGTA, 11; dextrose, 740; and KOH, 35. C, Nifedipine blockade 
of I,,. Long test depolarizations (V,, = -80 mV, V, = + 10 mV for 400 msec) were applied every minute during superfusions with 100 PM nifedipine 
(vehicle: 0.05% DMSO + 0.9% ethanol), normal saline, and vehicle-containing saline. Traces were taken 3 min before (initial), during (2 min and 
4 ruin), and 2 min after nifedipine superfusion (6 min), at the end of the washing period (washed), and 2 min after vehicle application (vehicle). 
After washing, the recording became unstable. After a period of rest at Vh -40 mV, sufficient stability returned for vehicle application, which 
produced no change in peak I,, but spurious changes in late Ie, (not shown). Note that control, washed, and vehicle traces coincide. Sampling 
interval was 500 qec. 

spike (Fig. 9B). The slower rising phase in Cd2+ also shows that 
HVAt contributed to the rising phase of the spike. 

Verapamil, dissolved in ethanol, did not produce any obvious 
effect when it was applied at 50-l 00 MM, although only two such 
experiments were attempted. 

Nifedipine, superfused at a concentration of 100 PM, consis- 
tently blocked the sustained component of I,, (Fig. 9C) in a 
completely reversible manner. Blockade of the sustained current 
was more complete and more rapid than that of the peak, tran- 
sient component. This differential blockade was seen in five out 
of six experiments, with only one case out of six showing little 
blockade. Application of the vehicle to one cell had no effect 
(Fig. 9C). When a double exponential was fitted to the current 

traces, it appeared that the sustained current (N = 5; 80% block) 
was inhibited more effectively than the slowly inactivating ex- 
ponential (N = 3; 57% block), while the amplitude of the rapidly 
inactivating exponential was increased by -60%. Neither the 
slow nor the fast time constant of inactivation seemed to change. 

Discussion 
Quality of the voltage clamp 
The quality of the voltage clamp was assessed from passive and 
active responses. Capacitive transients on passive test pulses 
indicated the presence of a rapidly charging region of the cell 
clamped through a low-series-resistance pathway, and a slowly 
charging area of the cell membrane separated from the electrode 
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tip by a high series resistance. For areas ofthe membrane nearest 
the electrode, the speed of clamping was satisfactory for peak 
current measurements, but it did not allow reliable measure- 
ment of events that were less than 0.5 msec after the voltage 
transitions, that is, current activation time course and fast tail 
currents. The calculated series resistance error at peak current 
was negligible near the electrode (- 1.5 mV, maximum), so the 
voltages applied were very close to the desired command volt- 
ages. At more remote membrane sites, voltage pulses were prob- 
ably rounded and attenuated by passive propagation. 

The possible morphological basis for a region with high access 
resistance is interesting. SMNs in vitro presented a compact 
morphology with processes that, when present, were usually 
wide. The cytoplasm in these cells contains membranous inclu- 
sions (Spencer, 1979; Przysiezniak and Spencer, 1989) and deep 
infoldings of the plasmalemma. These membranes often show 
reflexive gap junctions (Spencer, 1979) and may create consid- 
erable access resistance, either internally by compartmentalizing 
the cell cytoplasm, or externally by restricting current flow from 
the bath to the membrane inside the infoldings (Keynes et al., 
1973). 

The VHVA current 

of the tail currents (Fig. 3B). The functions fitted to the peak Z- 
V data (Table 2) suggest that only macroscopic permeabilities 
differed between ionic species. These results indicate that the 
difference in peak I,, and I,, amplitudes does not reflect an ion- 
selective effect on membrane surface charge, but may indicate 
selective permeability. A more subtle ion dependence ofchannel 
gating or flickering cannot be excluded, because we observe a 
consistent, though insignificant, lengthening of Twak for Z,, rel- 
ative to I,,. 

Reports describing the effects of barium on calcium channel 
gating show many-fold shortenings of single-channel open or 
closed times (Nelson et al.,. 1984, in rat channels; Chesnoy- 
Marchais, 1985, in Aplysiu patches) or dramatic lengthening of 
whole-cell current onset or tail current (Saimi and Kung, 1982, 
in Paramecium). We have not observed such dramatic effects, 
so the ionic selectivity measured in the HVA calcium currents 
of Polyorchis neurons likely arises not from differential channel 
gating, but from differential ion permeation. 

The selective permeability of calcium channels to divalent 
cations is believed to depend on the binding affinities of different 
ions for certain sites on the channels (Almers and McCleskey, 
1984; Hess and Tsien, 1984; Tsien et al., 1987; cf. Kostyuk et 
al., 1983). Blocking ions also bind to the same sites on the 

The VHVA current behaved in a way that suggested it was being channels as do permeant ions, and a permeant ion with a strong 
elicited at an electrotonically remote area of membrane, al- binding affinity may act as a blocker when competing against 
though no single piece of evidence directly demonstrates this. another permeant ion of weaker binding affinity (Lansman et 
The slow onset of the VHVA current (Fig. 5A, I,, trace at +70 al., 1986). The permeability of a calcium channel to a certain 
mV) may have reflected an underlying voltage pulse rounded ion depends therefore on the relative affinity of the channel 
by conduction through a region of high resistance and membrane binding sites for different cations present, on the concentrations 
capacitance (see above discussion). While a calcium current with of these ions around the channel, and on the interactions be- 
a slow onset is found in vertebrate skeletal muscle (Beaty et al., tween these ions. 
1987; Bean, 1989) it is maximal at a much lower voltage (0 The ionic selectivity we observed could arise if impermeant 
mV). Maximal currents at very positive potentials are usually magnesium ions, which occur at a high concentration in the 
seen when the space clamp is nonuniform (Keynes et al., 1973; bath (40 mM), were more effective in competing against barium 
Stanley, 1989). Calcium currents at a large electrotonic distance than calcium for channel occupancy. The preferential inhibition 
would be activated by voltage pulses that appear very positive by magnesium of Z,, relative to I,, has been reported to occur 
(e.g., +50 mV) at the electrode tip but decay to more moderate (Ganitkevich et al., 1988). The existence of such a mechanism 
levels (e.g., +20 mV) at a distance. would be confirmed if selectivity were seen to reverse in the 

It is unlikely that screening of the membrane surface charge absence of external magnesium. The blockade of a channel by 
by high concentrations of external divalent cations could ac- magnesium ions can appear at the single-channel level as a 
count for the very positive voltage dependence of the VHVA flickering of the unitary current (Lansman et al., 1986). Because 
current (Fig. 5B, Table 2) since screening would have caused a the kinetics of blocking and unblocking are usually more rapid 
positive shift in the voltage dependence of all HVA channels, than the closed and open gating kinetics, respectively, modu- 
not just of a subset of channels. Furthermore, the onset of VHVA lation of blockade may have only subtle effects on the time 
current was almost an order of magnitude slower than the slowest course of macroscopic current activation and deactivation, but 
HVA current onset (Fig. 5A, compare Is, trace at +70 mV to may affect the mean amplitude of whole-cell current dramati- 
trace at -20 mV) so it is unlikely that the VHVA current rep- tally. Our results exhibit a dramatic, ion-dependent difference 
resents an HVA current with a very-positively shifted voltage in current amplitude (Fig. 3A) accompanied by a subtle differ- 
dependence. ence in the kinetics of activation (Fig. 7). 

Taken together, this evidence suggests that the VHVA current Another possible mechanism is that residual calcium, leached 
was carried through HVA channels located on an electrotoni- 
tally remote area of the cell membrane, possibly membrane 
infoldings. 

The HVA currents 
Ionic selectivity 
The calcium current was significantly larger than barium current 
at peak but not at the sustained level reached after 1 set of 
depolarization (Fig. 3c). The peaks of the inactivating I,, and 
Z,, showed no significant differences in voltage dependencies of 
activation, time to peak, or inactivation (Figs. 6, 7, 8B, respec- 
tively), and there was no obvious difference in the time course 

from the electrode glass into the bath (Furman and Tanaka, 
1988; Cope110 et al., 199 l), may have inhibited Z,, because of 
its higher affinity for calcium channels, compared to that of 
barium. This mechanism does not preclude the action of the 
magnesium blockade described above. Alternately, the binding 
affinity of calcium might have been weaker than that of barium, 
allowing a faster transit time and a larger current of calcium 
than of barium. However, most other works report a greater 
affinity of calcium than barium (cf. Almers and McCleskey, 
1984; Hess and Tsien, 1984; Lansman et al., 1986; Ganitkevich 
et al., 1988). In summary, we suspect that the ionic selectivity 
we see is due to magnesium competing differentially with cal- 
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cium and barium, although calcium leaching from the electrode 
glass could also have a similar effect. 

The absence of ionic selectivity of the sustained current may 
have resulted from the reduction of apparent Z,, by contami- 
nation with a slow, outward current that was blocked in barium. 
However, such an effect is unlikely to have occurred because it 
would have had to compensate exactly for the differences be- 
tween sustained I,, and I,, throughout the voltage range studied 
(Fig. 4B). Similarly, relief from calcium-dependent inactivation 
may have caused sustained Z,, to be larger and more similar to 
I,, than expected, but this effect would likely not occur with 
such exactness throughout the voltage range studied. Thus, the 
difference in ionic selectivity between the HVAt and HVA-s 
currents probably reflected the selectivities of the underlying 
calcium channels. 

The nonselective, sustained current might flow through a sin- 
gle population of inactivating channels, which inactivate incom- 
pletely and change their selectivity in the process. Incomplete 
inactivation of a single channel population has been reported 
frequently (Chad et al., 1984; Hennessey and Kung, 1985; Swan- 
dulla and Armstrong, 1988; Jones and Marks, 1989; Plummer 
et al., 1989; Plummer and Hess, 199 1; Slesinger and Lansman, 
199 la,b). However, in no case has a change in ionic selectivity 
with inactivation been studied or observed. It is more likely 
that HVA-s current flows through a noninactivating, nonselec- 
tive channel population distinct from that mediating the HVA-t 
current. The coexistence of separate channel populations with 
distinct inactivation kinetics and/or ionic selectivities, occurs 
frequently (McCleskey et al., 1986; Yaari et al., 1987; Durroux 
et al., 1988; Hemandez-Cruz and Pape, 1989; Carbone et al., 
1990; Regan, 199 l), although in no case has the particular com- 
bination described here been observed. Usually, sustained cur- 
rent is selective for barium over calcium (L-type channels), and 
the transient component is nonselective (HVA or “N”) or se- 
lective for calcium over barium (LVA or “T”). 

Experiments involving manipulations of calcium and barium 
concentrations, pharmacology and/or single-channel recordings 
will be necessary to clarify the mechanism of ionic selectivity 
and the identity of the transient and sustained current com- 
ponents. 

Inactivation 
The inactivation of the calcium current may have resulted from 
a current-dependent or a voltage-dependent mechanism. Cur- 
rent-dependent inactivation specific for calcium ions was un- 
likely to occur in the conditions used because both I,, and Z,, 
showed identical voltage dependencies of inactivation (Table 3, 
Fig. 8B). As mentioned above, relief from calcium-dependent 
inactivation was unlikely to produce a slowing of the slowly 
inactivating ZBa relative to Z,, (Table 1, Fig. 3C’) because of the 
coincidences this would involve. In addition, calcium-depen- 
dent inactivation usually affects rapid decay more readily than 
it does slow inactivation (Hennessey and Kung, 1985; Habuchi 
et al., 1990; Plummer et al., 1990). Mechanisms for calcium- 
dependent inactivation may have been present but undetectable 
under the conditions used because of buffering by EGTA in the 
electrode solution. 

On the other hand, buffering by intracellular EGTA may have 
been too slow to inhibit a divalent-cation-dependent mecha- 
nism in SMNs, and current-dependent inactivation may have 
occurred. Chad et al. (1984) have proposed a model of calcium- 
dependent inactivation that may be applied to less specific 

mechanisms of current-dependent inactivation. They surmise 
that a complex time course of decay showing two exponentials 
and incomplete inactivation may result if the proportion of 
channels available for opening decays hyperbolically with in- 
creasing submembranous [Ca2+],. Thus, rapid decay would re- 
sult from the initial influx of divalent cations raising submem- 
branous [Caz+], to a level at which the mechanism causing 
inactivation is most sensitive. The more slowly decaying com- 
ponent would appear when the inactivation mechanism be- 
comes saturated and responds with less sensitivity. Finally, the 
sustained component would occur at a level where calcium in- 
flux is balanced by calcium removal, and little submembranous 
calcium remains to elicit inactivation. The sustained current 
would therefore depend on the amount of intracellular divalent 
cation buffering and would be reduced by experimentally de- 
creasing the buffering capacity of the cytosol. 

The steady-state inactivation curve shows considerable in- 
activation at voltages where little current is elicited on the pre- 
pulse (compare Figs. 4A, 8B). If current-dependent inactivation 
were present, as described above, a small influx would increase 
submembranous divalent cation concentration to within the 
steep, dynamic range of the inactivation mechanism, while much 
larger influx would elicit saturating inactivation. Depending on 
the capacity of the inactivation mechanism for bound divalent 
cations, and on the intracellular buffering, maximal inactivation 
will occur after different amounts of influx. Thus, the general 
lack of recovery from inactivation at positive prepulses, where 
a small but significant influx occurs, may indicate that the in- 
activation mechanism has a low capacity for divalent cations, 
or that the intracellular divalent cation buffer is saturated. 

A mechanism of voltage-dependent inactivation can also pro- 
duce features such as a complex time course of inactivation with 
incomplete inactivation, and significant inactivation at nonac- 
tivating voltages. A double-exponential decay would result if a 
single channel population mediating only the HVA-t current 
showed two inactivated states reached by pathways with differ- 
ent rate constants. Alternately, if both the selective, HVA-t and 
nonselective, HVA-s currents were mediated by a single pop- 
ulation of channels, then it would be necessary to invoke a gating 
mechanism involving two open states with different ionic se- 
lectivities and possibly an inactivated state from which channels 
can reopen to the nonselective state, giving the sustained cur- 
rent. Some combination of rate constants between the two open 
states and the inactivated state could produce a double-expo- 
nential decay. By its simplicity, the first mechanism seems more 
likely. 

Inactivation at voltages where few channels are activated could 
occur if channels can convert directly from the closed to the 
inactivated state, in a voltage-dependent manner. At activating 
voltages, inactivation likely occurs indirectly, via the activated 
states. Recovery from inactivation may also occur through the 
open state and may be visible as a reopening tail current in 
responses to sudden repolarizations (Slesinger and Lansman, 
1990, 199 1 c). In SMNs, repolarizations to - 80 mV produced 
slow and sustained tail currents that were selective for Ca2+ over 
Ba2+ (Fig. 3B), and may have arisen from reopenings of channels 
carrying the ion-selective HVA-t current. Repolarizations to 
-40 mV only elicited tail currents lasting less than 2 msec, with 
no sign of a sustained tail current, suggesting that recovery from 
inactivation at this voltage was mostly through transitions from 
inactivated to closed states. The inactivation and recovery from 
inactiviation of the calcium channels may have occurred via 
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direct and/or indirect pathways, and the relative contribution 
of each pathway to these processes remains to be determined. 
Much of the voltage dependence of inactivation may arise from 
the voltage dependence of transitions from the closed to the 
open or inactivated states. According to this model, transitions 
between open and inactivated states don’t have to be voltage 
dependent. 

Experimental manipulations of intracellular divalent cation 
buffering and single-channel recordings should help determine 
which particular mechanism of current- or voltage-dependent 
inactivation is at work in the SMNs of Polyorchis. Both mech- 
anisms could contribute to this process (e.g., Brehm et al., 1980; 
Hennessey and Kung, 1985; Gutnick et al., 1989; Habuchi et 
al., 1990). 

Nifedipine blockade 

At the large concentration of nifedipine used (100 PM), the in- 
hibitory effect of this drug on both the nonselective, sustained 
and the selective, slowly inactivating components suggests that 
the action was nonspecific. Dihydropyridines are known to bind 
to calcium channels while they are open, producing an apparent 
inactivation (Lee and Tsien, 1983; Sanguinetti and Kass, 1984). 
This could spare the rapidly inactivating component, and block 
the slowly inactivating component more than the sustained cur- 
rent, as was observed. This result does not conclusively indicate 
how many HVA calcium channels are present in the membrane 
of Polyorchis SMNs. 

Conclusions on the HVA currents 

In summary, it is probable that there are two HVA channel 
populations in SMNs of this jellyfish. The major objection to 
the existence of a single population of HVA channels is that 
whole-cell current would have to change from being ion selective 
before inactivation to nonselective after inactivation. There are 
no reports in the literature indicating that ionic selectivity de- 
pends on the state of inactivation of a channel. 

These experiments have not provided sufficient evidence to 
demonstrate the predominance of either current- or voltage- 
dependent inactivation mechanisms of the HVA calcium cur- 
rents. 

Functions of the calcium currents 

The calcium currents in SMNs of Polyorchis penicillatus play 
important roles in excitability and synaptic transmission in the 
electrically coupled network of the SMNs. The high voltage of 
activation of these currents indicates they may accompany the 
sodium current (Przysiezniak and Spencer, unpublished obser- 
vations) in producing the relatively high spiking threshold found 
in these cells (V, - -20 mV). The sensitivity to CdZ+ of the 
rising slope of the action potential (Fig. 9B) indicates the rapidly 
activating HVA-t may participate in the spike upstroke. HVA-s 
may contribute to the slow, spontaneous, membrane potential 
fluctuations observed in vitro (Przysiezniak and Spencer, un- 
published observations). 

Cadmium blockade of the action-potential plateau phase (Fig. 
9B) indicates another role for the calcium current, probably 
associated with synaptic transmission (Spencer et al., 1989). The 
plateau duration changes consistently with baseline membrane 
voltage and the distance of spike propagation around the elec- 
trically coupled network of the SMNs (Spencer and Satterlie, 
1980; Spencer, 1982). This is associated with changes in synaptic 
delay at the SMN-swim muscle junction that compensate for 

propagation time of the action potentials around the bell and 
synchronize contraction of all regions of the swimming bell. 
Understanding the relative contributions of HVA-t and HVA-s 
currents to this phenomenon awaits further pharmacological 
characterization. 

While the SMNs have been studied most extensively in this 
jellyfish, other cells are also present that show different suites 
of voltage-dependent ionic currents. Neurons producing short- 
duration spikes in vitro are smaller than SMNs and more “neu- 
ron-like” (with distinct soma and neurites; Przysiezniak and 
Spencer, 1989), and their activity resembles that ofthe identified 
“B” or “burster” neurons observed in semidissected prepara- 
tions (Arkett and Spencer, 1986). These cells showed very little 
calcium current, if any, in response to depolarizations from a 
holding potential of -80 mV to + 10 mV (Przysiezniak and 
Spencer, unpublished observations), which explains the absence 
of a spike plateau. In situ, myoepithelial cells produce plateau 
action potentials lasting about 170 msec (Spencer and Satterlie, 
198 l), arising from a negative resting potential (- 75 mV; Spen- 
cer and Satterlie, 198 1). Tetraethylammonium application 
lengthened the plateau phase (Spencer and Satterlie, 1981) of 
in vivo myoepithelial spikes. Such spikes may be maintained by 
a small, sustained calcium current and repolarized by a slowly 
arising potassium current. This type of calcium current also 
appears to be present in SMNs. Thus, the “repertoire” of cal- 
cium currents observed in SMNs is obviously specific to that 
cell type, but may be partly shared by other cells. 

Taxonomic and evolutionary considerations 

Recordings of calcium currents in jellyfish, anemones, and their 
kin are recently becoming more common. Anderson (1987) 
demonstrated the presence of an HVA, rapidly activating ( Tpeak 
- 2 msec) and inactivating calcium current in neuronal somata 
of the scyphozoan jellyfish Cyanea capillata, which, with a fast 
sodium current, contributes to produce a short-duration spike. 
Recorded in high concentrations of external calcium (95 mM), 
this current was maximal at +35 mV. In normal calcium con- 
centrations, the maximum current would likely occur at more 
negative voltages because of surface charge unscreening, making 
the voltage dependence more similar to that of Polyorchis cur- 
rents. Dunlap et al. (1987) describe a calcium current in epi- 
thelial cells of a colonial hydroid, Obelia. This current serves 
as a source of calcium for bioluminescence in photocytes that 
are coupled through gap junctions to these epithelial cells. It 
activates slowly ( Tpeak - 60 msec), inactivates slowly, and reach- 
es a maximum around -5 mV in 40 mM barium. At more 
natural calcium concentrations, the I-V curve might be shifted 
to more negative voltages, as for an LVA current. Meech (1989) 
briefly describes a calcium current in the hydrozoan jellyfish 
Aglantha digitale, which activates rapidly, at low voltages. Most 
recently, Holman and Anderson (199 1) have presented evidence 
for an inactivating calcium current in myoepithelial cells of the 
anemone Calliactis tricolor resembling the HVA current we 
have observed. This current has the permeability sequence Ca2+ 
> Sr2+ > Ba2+, which is similar to that described here for the 
HVA-t current. While no LVA current could be clearly identified 
in the SMNs of Polyorchis, the small cadmium-insensitive cur- 
rent (Fig. 9A) may indicate its presence. 

The HVA calcium currents of Polyorchis penicillatus share 
features with the three common classes of vertebrate calcium 
currents. Rapid activation and inactivation, and activation at 
relatively depolarized voltages make the HVA-t component 
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similar to the N-current (Nowycky et al., 1985; McCleskey et 
al., 1986). However, a positive voltage range of inactivation, as 
seen here, is not a feature of N-currents, and neither is selectivity 
for calcium over barium, which has usually been described in 
transient, LVA, T-channels (Durroux et al., 1988; Akaike et al., 
1989; Hernandez-Cruz and Pape, 1989). Interestingly, HVA 
currents in marine tunicate eggs are larger in calcium than bar- 
ium (Okamoto et al., 1976) like the HVAt current observed 
here. The HVA-s component behaved like the L-current; it 
activated in a positive voltage range, inactivated slowly, if at 
all, and showed little steady-state inactivation at positive volt- 
ages (although 1 set prepulses may be too short to see this). 
However, its lack of ionic selectivity makes it more similar to 
the T- or N-currents than to the L-current (Durroux et al., 1988: 
Hirano et al., 1989; cf. Johansen et al., 1987). The absence of 
rundown of the HVA currents in Polyorchis makes them dis- 
similar from the HVA currents in vertebrates, and more similar 
to the LVA, T-current (Durroux et al., 1988; Akaike et al., 1989). 
Insensitivity to blockade by dihydropyridines is not uncommon 
among invertebrate phyla (Ehrlich et al., 1988). 
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muscle Ca*+ channels. In: Structure and physiology ofthe slow inward 
calcium channel, Vol 1 (Triggle DJ, Venter JC, eds), pp 123-140. 
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of calcium current in Paramecium. J Physiol (Lond) 306: 193-203. 
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toma IMR32 cells: kinetics, permeability and pharmacology. Pflue- 
eers Arch 4 16: 170-l 79. u-m- ~~~~~~ 

Catterall WA (1988) Structure and function of voltage-sensitive ion 
channels. Science 242:50-6 1. 

Chad J, Eckert R, Ewald D (1984) Kinetics of calcium-dependent 
inactivation of calcium current in voltage-clamped neurones of Aply- 
sia californica. J Physiol (Lond) 347:279-300. 

Chesnoy-Marchais D (1985) Kinetic properties and selectivity of cal- 
cium-permeable single channels in Aplysia neurones. J Physiol (Lond) 
3671457-488. 

Cope110 J, Simon B, Segal Y, Wehner F, Ramanujam VMS, Alcock N, 
Reuss L (1991) Ba*+ release from soda glass modifies single maxi 
K+ channel activity in patch clamp experiments. Biophys J 60:93 l- 
941. 

It appears that cnidarians can exhibit both LVA and HVA 
calcium currents. Two types of voltage-gated calcium channel, 
distinguished by their voltage ranges of activation, can also be 
recorded from the protozoan Stylonychia (Deitmer, 1984) the 
snail Helisoma (Haydon and Man-Son-Hing, 1988) and many 
vertebrate cells (see above). It is possible that protists, cnidar- 
ians, and other animals have evolved so much from their orig- 
inal ancestors that little evidence remains of the primitive traits 
of calcium channels among extant species. Thus, the present 
classes of LVA and HVA channels may have arisen several times 
in evolution, under the biophysical constraints requiring a cal- 
cium channel to regulate activity near the resting potential (LVA) 
and another channel acting more occasionally and briefly during 
periods of excitation (HVA). Alternately, the divergence of cal- 
cium channels into LVA and HVA classes may have occurred 
at an early stage of evolution, and would have determined the 
basic molecular structure of these channel types in extant meta- 
zoans. If this were the case, it is likely that the differences in 
amino acid sequence between these two classes of channels would 
be more important than the molecular differences between chan- 
nel types within each class. Molecular studies have already sug- 
gested that sodium channels have arisen from primitive HVA 
calcium channels (Hille, 1984; Catterall, 1988), indicating this 
class of calcium channel may be relatively primitive. The amino 
acid sequences of HVA channels show much similarity within 
this class (Perez-Reyes et al., 1990; Mori et al., 199 1; Snutch et 
al., 199 1). However, a more satisfying conclusion regarding the 
evolutionary divergence of calcium channels will require a mo- 
lecular description of LVA channels. 
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