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SUMMARY

1. Action potentials and voltage-dependent membrane currents have been investi-
gated in the fresh-water hypotrich ciliate Stylonychia mytilus, using two intracellular
micro-electrodes.

2. The inward current-voltage (Iin-V) relationship has two maxima, the first
around -45 mV, and the second around -17 mV (resting and holding membrane
potential being -50 mV). The shape of the Iin-V relationship is virtually unaltered
in the presence of the K-channel blockers -tetraethylammonium, 4-aminopyridine or
internal Cs.

3. The inward currents exhibit a differential sensitivity to both external Co and
Cd; the inward current activated at potentials > -40 mV is more sensitive to these
divalent cations than the inward current activated at around -45 mV. This suggests
the presence of two different types of Ca inward currents.

4. Both types of inward currents are present when Ca is replaced by Ba (or Sr).
The small inward current recorded between -48 and -40 mV relaxes similarly in
Ca and in Ba solutions. The larger inward current, recorded at -30 or -20 mV,
relaxes rapidly in Ca solution but only slowly and incompletely in Ba solution.

5. A two-pulse protocol revealed that for both types ofinward currents inactivation
may depend partially upon the influx and/or intracellular accumulation of the
charge-carrying divalent cation. There appears to be a significant difference in the
degree of inactivation of the two types of inward currents, however, when Ba is the
charge carrier.

6. When the cell spontaneously released, or was induced to release its membranellar
band (row of compound cilia), the second, 'all-or-none' component of the action
potential, and the maximum of the Iin-V relationship at -45 mV disappeared. The
first, graded peak of the action potential and the larger maximum of the Iin-V
relationship remained essentially unaltered. The smaller Ca current and the action
potential shoulder also disappeared when the anterior half of the cell (with most of
the membranellar band) was severed, but not when the posterior half was cut off.
When recording from a membranellar band vesicle both types ofinward currents were
present.

7. The results suggest that the two components of the action potential may
correspond to the two types of Ca currents. These Ca currents are separable by their
localization in the membrane. The smaller Ca current appears to be restricted to the
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membranellar band. It is possible that the presence of the two voltage-dependent Ca
currents in the membrane of Stylonychia may be functionally related to the difference
between the beating behaviour of the membranellar band cilia and that of the rest
of the compound cilia.

INTRODUCTION

Since the first intracellular potential measurement in the ciliated protozoa
Paramecium (Kamada, 1934) the relationship between electrical excitation, control
of ciliary activity and cellular behaviour has been the subject of a variety of
investigations (for references see Machemer & de Peyer, 1977; Kung & Saimi, 1982).
The membrane excitability depends upon a voltage-sensitive Ca inward current,
which gives rise to a graded Ca action potential. In addition to this voltage-dependent
membrane process, Ca ions are also involved in controlling frequency and reversal
of ciliary beating (Eckert, Naitoh & Machemer, 1976). Removal of the cilia results
in a reversible loss of the electrically excitable response and the voltage-dependent
Ca inward current (Ogura & Takahashi, 1976; Dunlap, 1977; Machemer & Ogura,
1979). The deciliation studies suggest that the voltage-dependent Ca channels are
restricted to the ciliary membrane, and underline the direct connexion between
voltage-dependent Ca inward current and ciliary reversal (Eckert, 1972).

In contrast to the holotrich ciliate Paramecium, the hypotrich ciliate Stylonychia
generates a two-peak action potential (de Peyer & Machemer, 1977). These two
components are represented by a first, large, graded peak, and a second, small,
'all-or-none' peak. Mechanical stimulation to the cell anterior evokes a depolarizing
mechanoreceptor potential, which gives rise to a similar two-peak action potential
(de Peyer & Machemer, 1978; de Peyer & Deitmer, 1980). Both components of the
action potential depend upon the external Ca concentration, and they are abolished
when Ca is replaced by an impermeable ion, e.g. Mg or Mn. Both Sr and Ba can replace
Ca as charge carriers during the action potential (de Peyer & Deitmer, 1980). Addition
of external Na, Rb or Cs, or changing the external K or Cl concentration, do not alter
this basic pattern of the composite action potential.
The aim of the present study was to analyse the composite electrical excitability

under voltage-clamp conditions with respect to the different types of ciliary organelles
in Stylonychia. The results suggest that the membrane contains two types of
voltage-dependent Ca-current activation processes, one of which appears to be
restricted to the (ciliary) membrane of the membranellar band. Preliminary reports
of some of these results have been given previously in abstract form (Deitmer, 1982,
1983a).

METHODS

The ciliate Stylonychia mytilu8 syngen I (Hypotricha) was cloned and cultured in Pringsheim
solution at 18 'C. The cells were fed with the phytomonad alga Chlorogonium elongatum every 3
days. In a series of cell cultures 035 mM-CsCl was added to the Pringsheim culturing solution. This
was an attempt to induce some accumulation ofCs in the cytoplasm of the cells to reduceK outward
currents. The population growth of these cell cultures, however, decreased considerably, and the
behaviour of most cells changed in the first few days in the Cs-containing Pringsheim solution.
Typically, the reversal of ciliary beating and thus backward swimming were prolonged, indicating
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an increased action potential duration. This suggests that Cs was indeed taken up by the cells and
the K permeability reduced. Hypotrich ciliates are regarded as unicellular organisms which are
highly advanced in evolutionary terms: they have a more differentiated morphology, and the ciliary
system is more elaborate than in holotrich ciliates, such as Paramecium. Cilia of hypotrichs are
usually grouped into clusters of five to eighty, forming rod-like cirri or velum-shaped membranelles.
This differentiation, and the specific location of membranelles and cirri, provide a highly developed
locomotor system, enabling these cells not only to swim forward and backward (like Paramecium),
but also to walk and rest on smooth surfaces (Verworn, 1889; Machemer, 1965).

Anterior Posterior
A

Membranellar
band

Ventral cirri /

B

Marginal cirri

Fig. 1. Drawing of the hypotrich ciliate Stylonychia mytilus (after Machemer): A, lateral
view; B, ventral view. The dotted line on the lower left (B) indicates the extension of the
frontal membranellar band and the beginning of the marginal cirri. The membranelles
surround the anterior of the cell and extend to the oral groove; the marginal cirri surround
the posterior of the cell. For further details see Methods. Scale bar = 50/m.

Fig. 1 A and B shows a lateral and a ventral view of Stymonychia. The cell is 200-250 lam in length,
40-50 ,sum in width, and 15-20 jsm in dorsoventral extension. The organization of the membranellar
band, which surrounds the anterior pole of the cell and extends toward the oral groove, suggests
that its function might be to provide a feeding water current (Machemer, 1966). Recent high-speed
cinematography of cirri and membranelles of Stylonychia under membrane voltage clamp revealed
that these two types of organelles display different motor responses to the same voltage stimuli
(Deitmer, Machemer & Martinac, 1983, 1984).
For experimentation, cells were washed and equilibrated in the normal experimental solution

containing 1 mM-CaCl2, 1 mM-KCl and 1 mM-Tris HCO or 1 mM-HEPES (N-2-hydroxyethyl
piperazine-N'-ethanesulphonic acid) to give a pH of 7-4 (±0 1). In some test solutions Ca was
partially or completely replaced by equivalent amounts of Co, Ba or Mn, or Cd (10-6-10-4 M) was
added to the normal solution. In other experiments, tetraethylammonium (TEA, up to 5 mM)
and/or 4-aminopyridine (4-AP, up to 1 mM) were added. The experiments were performed with the
experimental chamber held at a temperature of 17-18 TC by means of a constant perfusion of a
microscope cooling table.

Cell fragmentation. Some experiments used cells which had released their membranellar band
either spontaneously, or after some mechanical irritation (e.g. by strongly poking the anterior part
of a cell with a glass mnicropipette). Sometimes the membranellar band was destroyed during this
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procedure, but often it formed a sickle-shaped membrane vesicle with beating membranelles. This
vesicle contained 50-80 % of the membranelles, depending on how many adoral membranelles were
attached. It was 30-40jm long and approximately 10 gm in diameter. It moved in rotations like
on a spiral ('tumbling'). The rest of the cell, having lost its membranellar band, displayed an almost
normal locomotion, and eventually regenerated the membranellar band (Wallengren, 1901;
Dembowska, 1938).

In other experiments, the cell was cut in two parts. When the cell was cut transversely into two
parts (see upper diagrams of Fig. IOA and B), both fragments often remained intact and functional
for several hours or longer. For the present study usually thirds or halves of a cell were destroyed
by large current injection and/or capacity over-compensation of the intracellular voltage electrode.
The remaining part was left to seal in, and then penetrated by two micro-electrodes. The increased
input resistance usually indicated a good healing of the cell membrane.

Electrical recording. The cells were penetrated by two micro-electrodes (borosilicate capillaries
with filament, outer diameter 1 mm), one electrode being filled with 1 M-KCl for membrane
potential recording, the other one filled with 2 M-K citrate (in some experiments 3 M-CsCl) for
current injection. A third micro-electrode, filled with 1 M-KCI, was placed outside the cell for
differential measuring of the membrane potential. The resistance of the micro-electrodes was
20-60 Mf in normal bathing solution. Further details have been described previously (de Peyer
& Machemer, 1977; de Peyer & Deitmer, 1980; Deitmer, 1981).
The membrane resting potential and the membrane input resistance were always measured at

the beginning ofeach experiment in normal solution. The input resistance was measured by injecting
a negative constant-current pulse of small amplitude (10-10 A). Only cells having a resistance of
50 MCI or more were taken for further experimentation. Transfer to a solution different from the
normal solution was done by perfusing the experimental chamber (volume ca. 1 ml), exchanging
at least 10 times the volume of the chamber.
The voltage clamp was performed by means of a feed-back system using a high-gain differential

amplifier (AD 171 K). The membrane current was monitored by a current-voltage converter
connected to the bath via a 1 M-KCl-agar bridge, and displayed on an oscilloscope. The voltage
was usually clamped to a stable steady state within 200-500 Fss after a 10 mV step. The time-to-peak
of the early inward current was approximately 1-5-4-5 ms. Thus, the clamp was sufficiently fast
to record the peak inward current free of capacitive transients.

RESULTS

Recordings of action potentials, elicited by intracellular current injection and
mechanical stimulation of the cell anterior are shown in Fig. 2. Both means of
stimulation lead to the generation of the two-peak action potential. Injection of
different current intensities (Fig. 2A) revealed the graded nature of the first, large
action potential peak, and the near 'all-or-none' nature of the second peak.

In voltage-clamp experiments the cell membrane was held at its resting potential
of -50 mV (± 2 mV), and was de- and hyperpolarized in steps of various amplitudes
and of 30-80 ms duration (Fig. 3A). Depolarizations of only 2-3 mV in amplitude
were sufficient to elicit a small transient inward current (0-5-2 nA) which rapidly
increased with depolarizations up to + 6 mV (-44 mV) to about 5 nA. The transient
inward current grew only slightly larger upon +10 mV depolarization, i.e. at
-40 mV, but further depolarization evoked steeply increasing inward currents.
Depolarizing pulses to -30 mV elicited an inward current which increased with

further depolarizations and reached its maximum between -20 and -15 mV. The
maximum inward current amounted to 24 + 2-8 nA (± S.D., n = 12). For depolariza-
tions beyond -15 mV the inward current decreased.
A maintained outward current appeared with depolarizations larger than -30 mV,
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and increased with voltage. At a membrane potential of -15 mV the steady-state
outward current usually amounted to less than 10 nA, and at -10 mV the outward
current was between 20 and 30 nA.

Fig. 3B shows typical current-voltage relationships. There is a first maximum of
the inward current at a membrane potential between -45 and -43 mV, and another
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Fig. 2. Two-peak action potentials (upper traces) elicited by intracellular current injection
(A and B, lower traces) or by mechanical stimulation of the cell anterior (C, lower trace
indicates voltage ramp pulse to piezo-crystal driving a micropipette as mechanical
stimulator), and the first derivative of the potential changes (d V/dt, middle traces). In
A three different current intensities evoke active responses demonstrating the graded
nature of the first peak and the near 'all-or-none' characteristics of the second component
of the action potential.

maximum near -17 mV. The inset ofFig. 3Bshows part ofthe inward current-voltage
(Iin- V) relationship up to -30 mV on an enlarged scale to show the maximum near
-44 mV more clearly.
The steady-state Iin- V relationship revealed a strong outward-going rectification

upon depolarization beyond -20 mV, and a moderate inward-going rectification
upon hyperpolarization of the membrane (Fig. 3B). Both types of membrane
rectifications decreased considerably when Ca was replaced by Mg (see also de Peyer
& Deitmer, 1980).
A fast outward current (Hagiwara & Saito, 1959; Neher, 1971; Connor & Stevens,

1971) was sometimes evident at a membrane potential of between -35 and -20 mV
(see trace of Fig. 4 and Fig. 6).
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Fig. 3. A, membrane currents (lower traces) recorded following 50 ms depolarizing
voltage-clamp pulses (upper traces); the figures between the traces indicate the membrane
potential during the step (holding membrane potential: -50 mV). Note the appearance
ofan early, transient, inward current at very small depolarizations (at -48 and -47 mV).
A net steady-state outward current appears at a membrane potential of -25 mV and
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Fig. 4. Iin-V relationships ofone cell in normal solution (0) and after addition of3 mM-TEA
and 1 mm 4-AP (0). No significant difference in the course of the Ij.-V relationship in
the presence of K-channel blockers is apparent. The traces (lower left) are superimposed
recordings of currents following a voltage pulse from -50 to -30 mV before and after
addition of TEA and 4-AP, indicating the reduction of a fast outward current, while the
peak inward current was virtually unchanged. The inset shows part of In.-V relationships
obtained in cells with intracellular Cs, either taken up after addition of Cs to the culturing
medium (0) or by insertion of a current electrode filled with 3 M-CsCl (0).

The effect of K-channel blocking agents
In order to reduce the K outward current during the depolarizing voltage steps,

drugs known to block K channels were used in some experiments. Fig. 4 shows I-V
relationships before and after the addition of 3 mM-TEA and 1 mM-4-AP. The
outward rectification was reduced at membrane potentials more positive than
-10 mV. The fast, transient, outward current was always reduced in the presence
of these drugs (see traces in Fig. 4). The inward currents, however, remained virtually
unaltered except for a somewhat slower decay due to the reduction of outward
current. The Iin-V relationship still showed two distinct maxima.

If Cs was brought into the cells, either by filling the current electrode with CsCl
or by adding CsCl to the cell culture medium (see Methods), the first maximum of
the Iin-V relationship at -44 mV was still prominent (Fig. 4, inset), clearly separated

above. B, Iin-V relationship of the cell membrane: steady-state currents (-) following
de- and hyperpolarizing pulses, and the early, fast, transient current (0) following
depolarizing pulses. Note the inflexion in the early in- V relationship at membrane
potentials between -48 and -40 mV. This part of the Iin-V curve is enlarged in the inset
on the upper left.
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Fig. 5. The effect ofCo on the early inward currents: A, membrane currents (lower traces)
recorded during depolarizing voltage-clamp pulses (upper traces) in normal solution and
in solution with reduced external Ca concentrations, where Ca was replaced by Co (0 5
and I 0 mM). B, early Iin-V relationships of the same cell as in A successively superfused
with normal solution (1-0 mM-Ca; *), 0 5 mM-Ca, 0 5 mM-Co (A), normal solution (0),
and 0-1 mM-Ca, 10 mm-Co (El). In both Co-containing solutions the distinct inflexion in
the early I1,-V relationship became even more pronounced than in the control.

by the notch in the Iij-V relationship from the second, large maximum at -17 mV
(not shown here). Thus, the outward current can be considerably reduced by TEA,
4-AP or internal Cs without affecting the shape of the Iin-V relationship. This has
also been shown in Paramecium (Brehm & Eckert, 1978; Satow & Kung, 1979).
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Effect of Co and other divalent cations
When Ca was partially replaced by Co in the external solution, the inward current

was substantially reduced. Fig. 5A shows voltage-clamp recordings in the presence
of 0 5 and 1-0 mM-Co. The inward currents were decreased when compared to those
in the absence of Co. It is also conspicuous that the outward current was activated
with a slower time course, levelling into a steady state of smaller amplitude in
1-0 mM-Co. This may indicate the influence of Ca inward current on the K outward
current suggested previously for this cell (de Peyer & Deitmer, 1980), and other
preparations (see e.g. Meech & Standen, 1975; Heyer & Lux, 1976).

Fig. 5B shows Iin- V relationships of one cell, successively superfused with normal
saline, 0 5 mM-Ca + 0 5 mM-Co, normal saline again, and then 0 1 mM-Ca+ 1 0 mM-Co.
The two maxima of the lin- V relationship were reduced by Co. The voltage
dependence of the inward currents remained essentially unchanged by Co. The
reduction by Co of the second maximum of the in- V curve was relatively larger than
that of the first. With 0-5 and 1 0 mM-Co, the peak inward current at -45 mV was
reduced to 62 and 290% while the peak current at -17 mV was reduced to 32
and 60 respectively. The reduction ofthe external Ca concentration to 0 5 and 0 I mM
(without adding Co) reduced the peak inward currents at all potentials by
approximately 10 and 35 o, respectively. These data suggest that the inward current
activated at small membrane depolarizations, i.e. near -45 mV, is less sensitive to
Co than the inward current activated by larger depolarizations.

In a series ofexperiments CdCl2 (10-6 and 10-4 M) was added to the normal solution.
Cd also reduced both types of inward currents, but again with different efficacy. The
inward current activated by small depolarizations, i.e. at -45 mV, was less sensitive
to Cd and was reduced to 50O by approximately 10-4 M-Cd, while the inward current
activated by larger depolarizations, i.e. at around -20 mV, was already reduced to
500o by 10-5 M-Cd.
When Ca was completely replaced by Mg, Co or Mn (nominally Ca-free), no inward

currents or action potentials could be elicited by membrane depolarizations. Increasing
the external Ca concentration, on the contrary, produced larger inward currents. In
experiments where Ca was substituted by Ba or Sr, early inward currents and action
potentials were still generated upon membrane depolarization. The two maxima of
the Ii,-V relationship were both present in Sr and Ba solutions, indicating that Sr
and Ba carry charge in both types of inward currents. This is supported by previous
observations in solutions containing various amounts of Ca, Sr and Ba (de Peyer &
Deitmer, 1980; Ballanyi & Deitmer, 1984).

Activation and inactivation of the two types of inward currents in Ca and Ba
Depolarizing voltage steps to -45 mV and to -30 mV or -20 mV elicited

membrane currents, which contained representative examples for the two types of
inward currents. Sample recordings of these membrane currents evoked by 30 ms
voltage-clamp pulses to -45 mV and to -30 mV in the normal, Ca-containing
solution and in nominally Ca-free Ba solution are shown in Fig. 6. Voltage pulses to
-45 mV elicited a transient inward current in both Ca and Ba of 4-5 and 5 0 nA
amplitude, respectively. Often the currents in Ba were up to 200 smaller than those
in Ca at this potential step. In the presence of the K-channel blockers TEA and/or
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4-AP or internal Cs these currents were often reduced to 3-4 nA, but otherwise
unaltered. At this membrane potential there was no indication for a K outward
current even after elimination of the inward current. The time-to-peak of the inward
currents in both Ca and Ba was 3-4 ms, indicating similar activation kinetics for both
divalent cation currents. The mean decay of these transient inward currents often
showed two exponential time courses with time constants of 1-3 and 2-3 ms in Ca,
and 2 and 3 ms in Ba, respectively.

Ca Ba

-45 mV -45 mV

-30mV -30mV

40 mV

10 nA
10 ms

Fig. 6. Membrane currents (lower traces) following voltage-clamp steps to -45 and
-30 mV (upper traces) in normal Ca solution and after replacing Ca by Ba. The current
traces recorded at -45 mV are two superimposed sweeps.

The voltage pulse to -30 mV elicited a transient inward current of 17-5 nA in
Ca and an inward current with a transient peak of 12-5 nA and a steady state of 8-5 nA
in Ba. While in Ca this inward current transient rapidly decayed and turned into a
small transient outward current, the inward current in Ba was maintained during
the length of the pulse duration. The time-to-peak of the Ca inward current at
-30 mV was approximately 2 ms, while the Ba inward current reached its maximum
within about 6 ms. The mean decay of the transient inward current in Ca displayed
a fast time course, presumably affected by some transient outward current. In Ba
the inactivation kinetics of this inward current at -30 mV were considerably
changed. The inward current decayed to 90% in 5 ms or more and achieved an
apparent steady state at 75-90% ofthe maximum amplitude even with pulses as long
as 1 s. There were at least two time courses of inactivation (relaxation) of these
currents in Ba: a relatively fast one which occurred within several milliseconds and
a slow one which extended over seconds.

It is evident that the apparent relaxation of the net inward current at -45 mV
was very similar in Ca and in Ba solutions, while the time course and the degree of
the apparent relaxation ofthe net inward current at -30 mV were distinctly different
when Ca or Ba carried the current.
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A double-pulse protocol (see Brehm & Eckert, 1978; Tillotson, 1979) was chosen
to study inactivation of the two types of inward currents in both Ca and Ba. When
two depolarizing pulses with an interval of 30-50 ms, were applied, the amplitude
of the pulse II current was dependent on the amplitude of pulse I. In a first series,
the test pulse was kept a constant step to -45 mV, while the pre-pulse varied
(Fig. 7). The membrane currents shown (Fig. 7A) were recorded with pulse I steps
to -45, -10 and +70 mV. The pulse II current appeared more reduced with the
pre-pulse step to -10 mV than to -45 or + 70 mV. The result of several experiments
of this kind is plotted in Fig. 7 B. The peak amplitude of the pulse II current relative
to the peak current without a preceding pulse first decreased steeply with increasing
voltage of pulse I. In the Ca solution, 50 % inactivation of the inward current at
-45 mV was achieved with a pulse I step to -40 mV, being maximal with a pulse I
step to + 10 mV, where inactivation amounted to 65 %. With pulse I steps larger
than + 60 mV, inactivation decreased again, and with a pulse I step to + 90 mV it
was only 27 %. In Ba, a more complex relationship between inactivation and pulse I
amplitude appeared. Inactivation amounted to 40% with a pulse I step to -40 mV,
and then decreased to about 30 % at pulse I steps to 0 and +1O mV absolute
membrane potential. Beyond a pulse I step to + 30 mV inactivation decreased and
was only 15% with a pulse I step to + 90 mV. For all pulse I amplitudes the
inactivation was less in Ba than in Ca by 10-20 %, and for pulse I steps to -10, 0
and + 10 mV the difference in inactivation was up to 33 %.
A similar pulse protocol was used to study inactivation of the second type of inward

current, activated in this experiment at -20 mV in both Ca and Ba (Fig. 8). The
membrane currents shown (Fig. 8A) were recorded with the first pulse to -40, -20,
0 mV (+ 10 mV in Ba), + 70 and + 90 mV. The interval between the two pulses was
30 or 50 ms in Ca and 30 ms in Ba. With rising pulse I amplitudes the peak pulse
II inward current in Ca first decreased and then increased again, while in Ba the peak
pulse II current remained almost unaffected by pulse I. The graph (Fig. 8B) of the
relative pulse II current amplitude demonstrates this large difference in the degree
of inactivation in Ca and in Ba. Inactivation of 80 % (30 ms interval) and 70% (50 ms
interval) was obtained with pulse I steps to 0 and + 10 mV in Ca. In Ba maximal
inactivation was only 13 %, obtained with pulse I steps to -15 mV. A similarly large
difference in the inactivation of this current carried either by Ca or Ba has also been
found with repetitive voltage-clamp steps to -20 mV, when inactivation was
frequency dependent in Ca solution but not in Ba solution (Deitmer, 1983b).

Excitation without the membranellar band. It has been known since the work of
Jennings & Jamieson (1902) that hypotrich ciliates can survive the release of their
membranellar band. The release of the membranellar band may occur spontaneously,
or can be achieved by an experimental stress such as that associated with electrode
penetration or bath solution change. The action potential elicited in a cell devoid of
its membranellar band has a distinctly different shape as compared with the action
potential of intact cells. Fig. 9A shows a typical action potential of such a cell; the
second, ' all-or-none' peak is greatly reduced in amplitude or even absent. The first,
graded peak of the action potential, however, appears unaffected in amplitude and
maximum rate of rise. As shown in Fig. 9B under voltage-clamp conditions no inward
current was induced by a depolarization to -45 mV, and only a small inward current
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Fig. 7. Inactivation of the inward current in Ca and Ba solutions using a double-pulse
protocol with the first, conditioning, pulse to various membrane potentials and the second,
test, voltage step to -45 mV (holding potential -50 mV). A, membrane currents (lower
traces) with the conditioning pre-pulses to -45, - 0 and + 70 mV (upper traces). B, linear
plot ofthe relative amplitude ofthe inward current, Iin/Iin, o, upon voltage step to -45 mV
with (Iin) and without (Jin, ) pre-pulse, veryu the pre-pulse voltage, Vl, in Ca solution
(circles), and in normally Ca-free Ba solution (triangles). Bars represent + or -1 S.D. of
the mean (n = 5).
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Fig. 8. Inactivation of the inward current in Ca and Ba solutions using a double-pulse
protocol with the first, conditioning, pulse to various membrane potentials and the second,
test, voltage step to -20 mV (holding potential -50 mV). A, membrane currents (lower
traces), with the conditioning pre-pulses to -40, -20 mV, 0 mV (+ 10 mV in Ba), + 70,
+ 90 mV (upper traces). B, linear plot of the relative amplitude of the inward current,
Iin/Iin o upon voltage step to -20 mV with (Vin) and without (in, o) pre-pulse, versus the
pre-pulse voltage, V1, in Ca solution (circles) and in nominally Ca-free Ba solution
(triangles). The duration of the pre-pulse was either 20 ms with an interval of 30 ms in
Ca and Ba (open symbols), or 10 ms with an interval of 50 ms in Ca solution (filled
symbols). Bars represent + or -1 S.D. of the mean (n = 4-6).
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was recorded after a step to -40 mV. The I1n-V relationship of the same cell is shown
in Fig. 9C. There was no maximum at around -45 mV as in the intact cell (see
Fig. 3B). The maximum of the Ia.-V relationship occurred at a membrane potential
of -18 mV, i.e. at the same membrane potential as the second maximum of the Iin-V
relationship obtained in intact cells. In the experiment shown the total maximum
inward current was reduced by approximately 40 %, and in other experiments by
30-60 presumably due to the reduction of the cell size.

A
A

*K______ C V (mV)
-50 -40 -30 -20 -10 0

- 0

- -2.

-45 mV _4 -

'in
(nA) -6 -

-40 mV

-8

-30 mV -10

-12

~. or-20 mV

-14

[ nA
10 ms

Fig. 9. Data from a cell which had released its membranellar band. A, action potential
recording (upper trace) and its first derivative (d V/dt, middle trace) elicited by a 10 ms
intracelluar current pulse (lower trace). Note the absence of the second component of the
action potential. B, membrane currents of the same cell recorded at various membrane
potentials (indicated by the figures on the right). Note the absence of an inward current
at -45 mV. C, the inward Iij-V relationship of this cell reveals only a single maximum
at -18 mV.

Electrophysiology of cell fragments. From the different types of compound cilia
forming functionally different motor organelles in this hypotrich ciliate the possibility
was tested of a non-homogeneous distribution of Ca channels in the membrane.
Therefore the cells were cut transversely, or parts ofthe cells were destroyed, to obtain
cell fragments (as indicated in the Methods, and in the upper diagrams of Fig. 0OA
and B). The remaining anterior or posterior cell fragments were penetrated with two
micro-electrodes for electrophysiological recording and voltage clamping. When the
anterior third or half of a cell was removed, and recordings made from the posterior
part, the shape of the action potential changed (Fig. 1OA) as compared with the
normal action potential of intact cells (Fig. 2). The first, graded peak of the action
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Fig. 10. Schematic drawings of four sample cell fragments (ventral view; A and B) and
approximate positioning of the two intracellular micro-electrodes after severing part of
the cell (indicated by the hatched area), and, below, the corresponding sample recordings
of electrically evoked action potentials (upper traces) and their first derivative (dV/dt,
lower traces). Note the absence of the second component of the action potential after loss
of the anterior cell part (A). C, Iin-V relationship of an anterior (open circles) and a
posterior (filled circles) cell fragment.

potential remained unaffected (sometimes slightly enlarged), while the second,
'all-or-none' peak disappeared. If, however, the posterior third or half of a cell was
removed, and records made from the anterior part, the action potential had still two
peaks, a first, graded one, which was often somewhat reduced in amplitude and
maximum rate of rise, and a second, 'all-or-none' peak (Fig. 10 B).

Fig. 1OC shows typical Iin-V relationships of an anterior cell fragment and a

-
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posterior cell fragment, both of which had approximately half the normal cell size.
The maximum inward current (at -15 to -18 mV) was therefore reduced to 40-60%
of that typically recorded in intact cells (as shown in Fig. 3A and B). In the Iin-V
relationship of the posterior cell fragment no inward current was recorded up to
-42 mV, which resulted in the elimination of the maximum at around -44 mV
observed in both anterior cell fragments and intact cells. The first maximum of the
inward current in the anterior cell fragment amounted to approximately 4 nA at

V (mV)
-70 -60 -50 -40 -30 -20 -10 0

0 _ -A\ 0

-1 %'O

/in (nA) I

-34

-4

Fig. 11. Iin-V relationship with (triangles) and without (circles) hyperpolarizing pre-pulse
(50 ms to -70 mV, holding potential -50 mV) obtained from a membranellar band
vesicle. Note the presence of two maxima in both curves.

membrane potentials between -44 and -38 mV. The second maximum of the Iin- V
relationship was at -18 mV for the posterior, and at -15 mV for the anterior cell
fragment.
Are both types of Ca currents in the membrane of the membranellar band? The results

presented above suggest that the Ca current activated at around -45 mV, i.e. by
small depolarizations of the membrane, is associated with the membranellar band.
They do not indicate, however, whether the membranellar band contains only this
type of inward current or both. In three cases I successfully inserted two separate
micro-electrodes into a spontaneously released membranellar band vesicle. Fig. 11
shows two Iin- V relationships, obtained with and without a hyperpolarizing pre-pulse
(to -70mV for 50ms). Both Iin-V relationships revealed a first and a second
maximum. The amplitude of the first maximum had decreased to about 50 %, and
that of the second maximum to less than 20 %. This also indicates some non-
homogeneous distribution in the cell membrane of the Ca channels corresponding to
the two types of inward currents.
The termination of a hyperpolarizing pulse was observed to be followed by a

transient inward current. Fig. 12 shows typical recordings of the membrane current
during and after a hyperpolarizing voltage step from -50 to -65 mV (50 ms in
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duration). The 'post-hyperpolarization inward current' disappeared, when the
membranellar band had been released, or when the anterior end of the cell had been
cut off (Fig. 12). When recording from the anterior cell fragment or from a
membranellar band vesicle, however, this transient inward current was present.
When Ca was replaced by Ba (or Sr), a similar 'post-hyperpolarization inward
current' was recorded, which disappeared in Ca-free, Mg- or Mn-containing solution,
or when Cd was present. It seems that this 'post-hyperpolarization inward current'

1W,, Normal cell

~> ~~M.b. released

40 mV
Anterior end

10 nA - r cut off

20 ms

Fig. 12. Membrane currents (lower traces) recorded during and after a 50 ms, -15 mV
hyperpolarizing voltage pulse (upper trace) in an intact cell (second trace), in a cell without
its membranellar band (M.b.; third trace), and in a posterior cell fragment (fourth trace).
The holding potential was -50 mV in each case. Note the absence of the transient inward
current following the hyperpolarizing step ('post-hyperpolarization current') in cells
without their membranellar band or without their entire anterior part.

is identical to the Ca inward current usually activated at potentials between -48 mV
and -40 mV. It may suggest that this type of inward current inactivates only
partially, and/or some inactivation of this current is removed by membrane
hyperpolarization. Although the exact mechanism concerning the generation of this
'post-hyperpolarization inward current' remains obscure, these results contribute to
the evidence for a non-homogeneous distribution of voltage-dependent Ca channels
in the membrane of Stylonychia.

DISCUSSION

The results suggest that in the membrane ofthe hypotrich ciliate Stylonychia, which
generates a two-component action potential, there are two Ca inward currents
activated at different membrane potentials. In addition to the classical Ca current
(de Peyer & Deitmer, 1980), which displays a voltage characteristic similar to that
of other ciliates and nerve and muscle cells (see e.g. Hagiwara & Byerly, 1981), there
is a Ca current in Stylonychia, which is activated by depolarizations of only a few
millivolts from the resting membrane potential. This Ca current appears as a distinct
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maximum in the Iin-V relationship near -44 mV. It is less sensitive to Ca
antagonists, and displays a different inactivation in Ca-free Ba solution as compared
to the 'classical Ca current'. The corresponding Ca channels seem to be restricted
to the membrane of the anterior part of the cell, presumably to the membranelles.

Action potential and early inward currents. The two components of the action
potential and the two inward currents in Stylonychia are dependent upon Ca and are
unaffected by external Na (de Peyer & Machemer, 1977; de Peyer & Deitmer, 1980).
The present experiments were performed in the absence of external Na. Addition of
Na to the bathing solution did not alter the action potential or the inward currents.
The action potential and both types of inward currents disappeared in the absence
of external Ca, and were inhibited by external Cd, Co or Mn. Both currents could
be carried by Ba and Sr. It can be concluded therefore that the inward currents
induced by membrane depolarization are pure Ca currents, and that the corresponding
ion channels are selective for Ca (Sr and Ba). The inward currents in Stylonychia do
not behave in any way like the slow Na current recently described for Paramecium
(Saimi & Kung, 1980).
The two components of the action potential seem to be associated with the two

types of voltage-dependent inward currents. This is inferred by the concomitant loss
of the second action potential component and the first peak of the Iin- V relationship
near -45 mV after release or removal of the membranellar band. The late
occurrence of the second action potential component and the fast inactivation of the
inward current activated at around -45 mV appear to contradict this hypothesis.
However, if this inward current inactivates only partially, it could prolong the action
potential and thereby produce the second action potential component. The
experiments with hyper- and depolarizing pre-pulses under voltage-clamp conditions
tend to support that the inward current activated at -45 mV may not fully
inactivate. At a potential around -30 mV, i.e. near the amplitude of the second
component of the action potential, a very small underlying inward current would be
sufficient to produce this second component due to the absence of any large K
outward current at this potential. The 'all-or-none' nature of the second action
potential component seems compatible with the steep voltage dependence of the Ca
inward current activated between -48 and -42 mV. On the other hand, the graded
nature of the first action potential component appears to be related to the inward
current which has a peak at -17 mV in the Iif-V relationship.
Two types ofvoltage-dependent Ca inward currents have been described in egg cells

of the starfish Mediaster (Hagiwara, Ozawa & Sand, 1975) and the tunicate
Halocynthia (Okamoto, Takahashi & Yoshii, 1976). In these cells one type of Ca
inward current flows through a classical Ca channel, and the other either depends
on external Na, or flows through membrane channels also permeable to Na ions.

The voltage clamp and the analysis of peak inward currents
A problem of the present experiments might arise from insufficient space voltage-

clamp control of the cell membrane. Since the voltage-dependent Ca channels are
believed to reside exclusively in the ciliary membrane, as elegantly shown in
Paramecium (Ogura & Takahashi, 1976; Dunlap, 1977; Machemer & Ogura, 1979),
there may be a significant series resistance within the cilia due to their small diameter
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(0-25 ,sm). Thus, local ciliary currents might occur, produced by non-homogeneity of
the ciliary membrane potential. In Stylonychia the dense packing of cilia in the cirri
and membranelles may additionally result in a resistance in series due to small
interciliary spaces. If the resistivity of ciliary content (cytoplasm and axoneme) and
the interciliary space (external medium) are taken into account to calculate their
length constants, the measured amplitude of the early inward current would cause
a potential drop along the length of a cilium of at most 1-2 mV. This calculation
assumes a similar value for the ciliary membrane and somatic membrane resistances;
ifthe ciliary membrane resistance is larger, as suggested by Machemer & Ogura (1979),
the ciliary space clamp would be even more precise. Since an inward current was
apparent already with a command depolarization of 2-3 mV, a serious space-clamp
artifact seems unlikely. Furthermore, an invasion-like response from an unclamped
region was not observed with depolarizations larger than + 10 mV, as would be
expected to occur from an uncontrolled space clamp. There is no direct experimental
evidence yet, however, to rule out the possibility of a space-clamp problem in ciliates.
In any case, even if the recorded inward currents near -45 mV were invasions from
unclamped membrane regions, they would nevertheless indicate activation of a
voltage-dependent Ca response.
Another problem in the present study was the presence of K outward currents,

which cannot be eliminated completely in ciliates. A fastK outward current following
membrane depolarization might alter the peak and thus the observed potential
dependence of the early inward current. The application of K-channel blockers in
these experiments suggested, however, that the peak inward current was little or not
at all affected by K outward currents. The activation of a steady-state current only
developed positive to -25 mV, and up to -10 mV this current activated relatively
slowly. In Paramecium substantial reduction of the K outward current left the peak
inward current, and thus the Iin-V relationship, unchanged (Brehm, Eckert &
Tillotson, 1980). The time-to-peak of the early inward current was also unaltered by
even large doses of externally applied or internally injected K-channel blockers.
Gradually replacing external Ca by Ba reduced the outward current without greatly
altering the general course of the Iin-V relationship with its two maxima (Ballanyi
& Deitmer, 1984).

Inactivation of the two types of inward currents
The early inward current, activated between -48 and -42 mV, decayed with a

similar time course when either Ca or Ba acted as charge carriers. This is in sharp
contrast to the inward current evoked at potentials positive to -40 mV, which
decayed rapidly in Ca solution, even in the presence of K-channel blockers, but
relatively slowly and incompletely in Ba solution. In Ca-free Ba solution large inward
currents were maintained over hundreds of milliseconds or even seconds (de Peyer
& Deitmer, 1980). This may indicate a reasonably stable voltage clamp even in the
long cirral cilia. On the other hand it seems to rule out inactivation of inward current
due to extracellular depletion of the charge-carrying ion, as was found for the Ca
current in the T-tubules of frog skeletal muscle (Almers, Fink & Palade, 1981). The
inactivation of the inward current activated at -30 or -20 mV depended in a
U-shaped manner upon the voltage of the conditioning pre-pulse, as in Paramecium
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(Brehm & Eckert, 1978; Brehm et al. 1980), in molluscan nerve cells (Tillotson, 1979;
Plant & Standen, 1981; Plant, Standen & Ward, 1983; Chad, Eckert & Ewald, 1984)
and in insect muscle fibres (Ashcroft & Stanfield, 1982). As suggested by these
authors, inactivation of the Ca inward current may be directly associated with the
influx of Ca into the cell and/or accumulation of Ca at the inner membrane side. In
most of these preparations inactivation was considerably smaller or even absent when
Ca was replaced by Ba. A reduced inactivation has recently been described for Ca
currents in the Paramecium mutant dancer, which was suggested to be due to a
structural mutation ofthe Ca channel or its immediate lipid environment (Hinrichsen
& Saimi, 1984).
The inactivation pattern found for the inward current activated at around -45 mV

suggests a more complex mechanism. Inactivation still seems to be dependent upon
the amplitude of the pre-pulse, but is more prominent at small pre-pulses, i.e. to
-45 mV and -40 mV, and less prominent at pre-pulses to -20 mV up to + 20 mV
as compared to the inactivation of the inward current activated at -20 mV following
the same pre-pulses (Figs. 7 and 8). Another difference was that the inward current
activated at -45 mV significantly inactivated also in Ca-free Ba solution. A similar
inactivation of Ca and Ba inward currents has been described in other preparations,
e.g. in the egg cell of the marine polychaete Neanthes (Fox, 1981) and in cultured
mouse myeloma cells (Fukushima & Hagiwara, 1983). In both examples voltage-
dependent inactivation of the Ca current was found. Inactivation of the Ca channel
in the tunicate Halocynthia was recently suggested to be dependent on Ca inward
current in the cleavage-arrested embryo and potential dependent in the egg (Hirano
& Takahashi, 1984). At present it cannot be decided whether the inactivation of the
inward current activated at -45 mV in Stylonychia is also, at least partially,
voltage dependent.

Localization of the two types of Ca currents and their functional significance
The two voltage-dependent Ca currents appear to have different localizations in

the membrane of Stylonychia. Two experimental results suggest a non-homogeneous
distribution of Ca channels; (1) the release of the membranellar band selectively
abolished the inward current activation between -48 and -42 mV; (2) cutting of
the membranellar band or the anterior part of the cell resulted in the selective
elimination of this type of inward current. Thus, the inward current activated at
-45 mV seems to be restricted to the membrane of the membranellar band, while
the other occurs in the (ciliary) membrane of both anterior and posterior cell parts.
It cannot be excluded, however, that one type ofinward current is only predominantly,
and the other type only to a small extent represented in the membrane of the
membranellar band. On the other hand, the separation of both types of Ca currents
may be even sharper than the results suggest, since the membranellar band vesicle
usually includes a few frontal and/or marginal cirri.
The presence of two types of voltage-dependent Ca currents in the membrane of

Stylonychia may be functionally significant. The low threshold and apparently steep
activation kinetics of the Ca current around -45 mV might be important for the
generation of spontaneous action potentials. Each action potential triggers ciliary
reversal in ciliates (Eckert, 1972; Machemer & de Peyer, 1977), and thus backward
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swimming. In contrast to Paramecium, which usually swims only forward (due to the
absence of spontaneous action potential generation), Stylonychia generates action
potentials spontaneously (4-12/min) and reverses ciliary beating following each
action potential, thus causing backward jumps (Machemer, 1965, 1970). These
spontaneous reversals may optimize food collection by means of an efficient biotope
screening.

This would, however, not explain the need for a localization to the two types of
voltage-dependent Ca currents. The distribution of the ion channels in the membrane
associated with the two types of inward currents may rather be related to the control
of ciliary activity in the various types of motor organelles. The activity of the
membranelles does not appear to be co-ordinated with the activity of ventral and
marginal cirri (Machemer, 1966). High-frequency cinematography of all three groups
of ciliary organelles under membrane voltage-clamp control has demonstrated that
the beating frequencies of ventral and marginal cirri are similarly tied to membrane
potential changes, but are very different from the activity of the membranelles which
display little frequency variation with either membrane hyper- or depolarization
(Deitmer et al. 1983, 1984). Small membrane depolarizations of 2-4 mV, which are
sufficient to activate a Ca inward current, have no influence on the marginal or ventral
cirri (Machemer & de Peyer, 1982; Deitmer et al. 1984). It is therefore tempting to
speculate that the inward current activated at around -45 mV and restricted to the
membranelles is associated with the control of membranellar activity. The existence
of this second type of voltage-dependent Ca current may provide a 'separate gear'
for independent motor control of the membranelles.
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