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Abstract. Electrical responses upon mechanostimu-
lation at the posterior cell end were investigated in
the marine hypotrichous ciliate Euplotes vannus.
A new mechanostimulator was developed to mimic
stimuli that are identical with those involved in cell-
cell collisions. The receptor potential hyperpolar-
ized by 18-35 mV within 12-25 msec, reached a
peak value of —62 mV with a delay of 4-9 msec
after membrane deformation, and was deactivated
after 50-70 msec. Cirri were stimulated to beat ac-
celerated backward. The corresponding receptor
current exerted a similar time course with a peak of
2.4 nA. The shift of the reversal potential by 57.6
mV at a tenfold increase of [K*], identifies potas-
sium ions as current carriers within the development
of the receptor potential. An intracellular K concen-
tration of 355 mmol/liter was calculated for cells in
a medium that was composed similar to sea-water.
The mechanically activated potassium current was
totally inhibited by extracellular TEA and intracellu-
lar Cs™, and partially inhibited by extracellular 4-AP.
The total inhibition of the current by injected EGTA
points to a Ca dependence of the posterior mechano-
sensitivity. It was confirmed by the increase of the
peak current amplitude with rising [Ca?*],. Sodium
presumably repolarizes the receptor potential
because the repolarization was delayed and after-
depolarizations were eliminated in media without
sodium. Since deciliation did not affect mechano-
sensitivity, the corresponding ion channels reside
within the soma membrane.

Key words: Euplotes vannus—Posterior mechano-
sensitivity—Receptor potential—K current—Ca
dependence

Correspondence to: T. Kriippel

Introduction

In ciliates, behavioral events depend on how their
motor organelles, cilia or cirri, respectively, are
caused to change their movements. Basically, a col-
lective action of several ion channels is engaged
therein (reviews see Machemer, 1989; Machemer &
Sugino, 1989; Preston & Saimi, 1990). For the van-
nus-morphospecies of the hypotrichous genus Eu-
plotes, the repertoire of most prominent voltage-
regulated ion currents has been established (Kriippel
& Lueken, 1988, 1990; Kriippel, Westermann &
Lueken, 1991), together with first insights into their
interactions (Westermann, Krippel & Lueken,
1990). Here, we analyze membrane currents upon
mechanical stimulation at the posterior cell end that
elicits a hyperpolarizing receptor potential. Presum-
ably, the hyperpolarization in turn triggers the acti-
vation of an inwardly rectifying sodium current
(Kriippel, 1993) that quickly repolarizes the mechan-
ically activated receptor potential back to the resting
potential. The further aim of our examination is to
understand the regulation of ion currents with re-
spect to the membrane potential fluctuations and the
correlated changes of single elements of the behavior
of the cells, whose ethogram has been described
at the phenomenological level (Ricci, Giannetti &
Miceli, 1987; Riccei, 1990).

The results are compared to previous data
from the freshwater species Stylonychia mytilus
(Deitmer, 1981, 1982; Machemer & Deitmer, 1987)
and to Paramecium (Naitoh & Eckert, 1973; Ogura
& Machemer, 1980; Machemer-Réhnisch &
Machemer, 1984; Machemer, 1985; Preston, Saimi
& Kung, 1990). No studies of mechanoreception
in marine, ciliated protozoa have been performed
so far.
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Materials and Methods

Stocks AND CULTURE

Clone D;; has been bred from a syngen of the Euplotes vannus
morphospecies originally collected at Naples, Italy. Its relation-
ship to the crassus morphospecies within the E. vannus/crassus/
minuta group has been recently confirmed (Valbonesi, Ortenzi
& Luporini, 1992). Propagation and breeding in artificial sea-
water (ASW) were as described (Lueken, Gaertner & Breer,
1983). Measurements were performed at room temperature
(20-22°C). Cells, from 6- to 8-day-old cultures were used, but
only if they had the typical input resistance of healthy cells
(mean 49 MQ, Kriippel & Lueken, 1990) in standard recording
solution.

SOLUTIONS

Standard recording solution, i.¢., artificial sea-water for electro-
physiology (EASW) contained (in mmol/liter): NaCl 430, KC1 10,
CaCl, 10, MgCl, 53, HEPPS (=EPPS, [N-(2-hydroxyethyl)pipera-
zine-N'3-propanesulfonic acid) 10. The pH was adjusted accord-
ing to experimental conditions with KOH, NaOH, or HCI to
8.0-8.1. When the potassium concentration was increased up to
150 mmol/liter by addition of KCl, osmolarity was balanced by
equimolar reduction of NaCl content. Na* was replaced by the
large membrane impermeant cation NMDG (N-Methyl-D-glucam-
ine) and Ba* was added via equimolar substitution of Ca?*. TEA
(tetraethyl-ammonium chloride, 10 mmol/liter), or 4-AP (4-amino-
pyridine, 3 mmol/liter), or Ca** were added to the standard solu-
tion. Cells were transferred from breeding solution to EASW or
solutions with increased [K*], by a sieving technique 1-2 hr
before starting experiments. Solutions were exchanged with at
least 5 times the filling volume of the experimental chamber. At
the end of an experiment, cells were exposed to EASW to exclude
unspecific damage by the preceding treatments. Decirria-
tion—which means deciliation for hypotrichs (Krippel &
Lueken, 1990)—was modified by pouring EASW with 7% ethanol
over cells on a sieve. This procedure disintegrated all cirri within
a few sec without any visible other damage.

ELECTRICAL RECORDING

General techniques were as described by Kriippel and Lueken,
1990 and Kriippel et al., 1991, Electrical recordings were per-
formed with a single-electrode voltage-clamp system (npi SEC
1L, H.-R. Polder, D-71732 Tamm, Germany), an analog-digital
interface board (Tecmar, Scientific Solutions Division, Solon,
OH), a personal computer (PCA 40, Tandon), and the pPCLAMP
software (Axon, Foster City, CA). Switching frequency was 10
kHz with a duty cycle of 50%. Records were on-line filtered at
1 kHz with an 8-pole Bessel filter (48dB/octave). Microelectrodes,
either filled with 1 mol/liter KCl, or CsCl to block K channels,
bad resistances of 12 to 15 MQ. To introduce EGTA [ethylene
glycol-0,0’-bis(2-aminoethyl)-N’ N, N’,N’-tetraacetic acid] into
a cell, the drug was added to the electrolyte of the microelectrode
in a concentration of 200 mmol/liter. Cs ions or EGTA, respec-
tively, leaked out of the electrodes within 5-10 min. Proceeding
effectiveness of the drugs became manifest in a typical change
of the current-induced action potentials. Effectiveness was evalu-
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Fig. 1. Mechanostimulator moved by the electromagnetic system
of a loudspeaker under feedback-control of a photoelectric bar-
rier. The stimulator is connected to a micromanipulator at the
right and a glass rod is glued to the tip of the hypodermic needle
at the left. Details of the function are described within the text.

ated as maximal when the graded action potential was trans-
formed into an all-or-none type. This change arises either when
Cs™ blocks K-outward currents that usually repolarize the action
potential, or when EGTA prevents the Ca-dependent inactivation
of the depolarization-activated Ca channels in combination with
the lacking activation of Ca-dependent K-outward currents
(Kriippel & Lueken, 1990). In addition, we documented the in-
creasing block of the Ca-dependent outward currents with depo-
larizing test pulses before we stimulated the cells mechanically.
Holding potential in voltage clamp was —25 mV if not otherwise
stated. Voltages and currents were averaged from at least four
cells. Standard deviation is marked within figures by bars. Leak-
age currents were not subtracted since they are not relevant when
receptor currents are mechanically activated.

The cells were fixed by a further micropipette to prevent
them from turning around the recording microelectrode. Thus,
the posterior cell end could exactly be exposed to the mechano-
stimulator rod. The behavior of the cells was observed by a
video system.

MECHANOSTIMULATOR

Cells were touched by the vertical flank of a tiny glass rod. The
rod was connected to the tip of a hypodermic needle that was
glued to the membrane of a telephone loudspeaker with its other
end (Fig. 1). The needle was properly supported by three roller
bearings. The loudspeaker was shielded by a metal surrounding
to prevent electrical coupling to the recording electrodes. When
the rod had to be replaced, the loudspeaker membrane could be
protected against mechanical destruction by a security attach-
ment of the needle. The loudspeaker membrane was precisely
moved forward or backward by the electromagnetic system of
the loudspeaker under feedback-control via a photoelectric bar-
rier and a computer (SHARP MZ-3500). The stimulator was me-
chanically calibrated via a step-motor driven micrometer calliper
that moved the needle instead of the loudspeaker membrane. At
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the tip of the needle, a mechanical dial gage measured the actual
position of the needle with a resolution of 1 pwm. The simultane-
ously measured voltages of the photoelectric barrier were linear
over a range of 200 um and were attributed to an address file of the
computer. Thereafter, the address file determined the command
voltage for the movement of the loudspeaker membrane via an
11-bit D/A converter. The command voltage is compared to the
actual voltage of the photoelectric barrier and differences are
amplified and used to drive the loudspeaker membrane as long
as they are zero. An optical calibration of the stimulator was
performed after its installation within the electrophysiological
setup. The programmed step width of the rod tip was inspected
with a microscope at 400-fold magnification, an object microme-
ter, and an ocular micrometer with an effective resolution of
1.5 um. No significant difference between the programmed step
width and the actual position of the rod tip was measured in a
range of 140 uwm. The ocular micrometer was left within the
microscope throughout the whole set of experiments to determine
the distance between the tip of the rod and the cell surface at
the beginning of each experiment. The stimulation velocity was
calculated from the rise time of the actual voltage signal of the
photoelectric barrier and the programmed step width, but was
not determined at the tip of the rod. The mechanostimulator and
the electrophysiological recording device could be mutually trig-
gered.

Results

PuysroLoGicAL CALIBRATION OF
THE MECHANOSTIMULATOR

The mechanostimulator device should mimic the
mechanical irritation of a cell that is hit by a free-
moving specimen. To calibrate the apparatus, re-
sponses were recorded from cells that were touched
by a free-moving cell at the posterior cell end. From
60 hits, the ‘‘natural’ patterns of the cell responses
were established. The parameters of the mechano-
stimulator were adapted until the most similar recep-
tor potentials or receptor currents were recorded
with either stimulation technique (Fig. 2). The stan-
dard stimulus parameters were: position of the stylus
1-3 wm aside the cell margin, forward motion by
15 um with a speed of 1 wm/msec.

MEMBRANE POTENTIAL CHANGES UPON
POSTERIOR MECHANOSTIMULATION

The total delay between activation of the stimulator
stylus and onset of potential shift was 5 to 12 msec
(Fig. 2a). From that interval, however, about 3 msec
are consumed until the stylus flank reaches the cell
from its parking position. The real lag-time between
the first mechanical membrane deformation and po-
tential response was therefore 2 to 9 msec. The me-
chanically induced hyperpolarization reached a peak
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Fig. 2. Comparison of ‘‘naturally’’ and artificially elicited cell
responses to posterior mechanostimulation. Receptor potentials
(a) and receptor currents (b) upon touching the posterior cell
end by a colliding cell (upper trace) or by the glass rod of a
mechanostimulator (lower trace), respectively. Responses upon
cell contact were at random in the time axis, those upon the
mechanostimulator were induced at the arrows. Typical record-
ings as found in more than 40 cells. Numbers indicate membrane
potentials immediately before the receptor potential.

potential of —60 to —62 mV, which is far from its
reversal potential of around —90 mV (see below).
The receptor potential rose with a speed of 1-2 mV/
msec and reached its peak within 12-25 msec. The
original potential was re-established with a speed of
0.3 to 0.7 mV/msec so that the total receptor poten-
tial persisted 50 to 70 msec. Approximately half of
the cells showed an afterdepolarization of 5-10 mV
that lasted several tens of milliseconds. When the
cells were stimulated at the depolarized range of
their spontaneously fluctuating membrane potential,
almost no receptor potential could be elicited by
posterior mechanostimulation.

Voltage regulation of the power stroke of the
beating cirri was as stereotype as known from other
ciliates. Upon high hyperpolarizations, accelerated
backward beating was observed. Ciliary activity was
reduced with increasing depolarization and stopped
between —38 and —30 mV. Further depolarization
started ciliary activity again, but with reversed (i.e.,
forward) beating direction. Mechanical stimulation
at the posterior cell end could not reverse the direc-
tion of the forward directed power stroke (i.e., back-
ward creeping cells) of the cirri.

CURRENT UPON POSTERIOR
MECHANOSTIMULATION

The delay between the first membrane deformation
and onset of the current of 3—6 msec (Fig. 2b) corres-
ponds well to the delay of the correlated hyperpolar-
ization. Usually, the total current response was ter-
minated within 50 msec at the latest, a response
duration like that of the receptor potential without
afterdepolarizations. This is different to the ciliates
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Fig. 3. Peak amplitudes of the receptor current plotted against
membrane potentials in 10 mmol/liter (a, n = 11) and 50 mmol/
liter (b, n = 7) external potassium concentration. Dotted lines
refer to reversal potentials with zero current. Cells were polarized
for 1 sec before being mechanically stimulated at the posterior
cell end. I/V relationships are linear below membrane potentials
of —25 mV, above, outward current amplitude declines unex-
pectedly.

Stylonychia and' Paramecium, where the receptor
potential evidently outlasts the receptor current
(Ogura & Machemer, 1980; Deitmer, 1982). Times-
to-peak for the receptor current was 9—12 msec inde-
pendent of peak current amplitude (not shown).
That means, rise speed was positively correlated to
current strength, e.g., it increased from 0.1 nA/msec
at 0.3 nA to 0.22. nA/msec at 2.5 nA in EASW (n =
35— 10 cells).

* Receptor cufrehts were determined in relation
to external potassium concentration and to mem-
brane potential (Fig. 3). The current-voltage rela-
tionships were almost linear in all media for the
inward currents and for outward currents up to a
threshold membrane potential of —25 mV. At more
positive membrane potentials, peak-outward cur-
rents saturated or even decreased. In 100 and 150
mmol/liter, no substantial outward receptor currents
were recorded, presumably due to the positive shift
of the potassium equilibrium-potential and the corre-
sponding extensive reduction of the electromotive
force for potassium.

The reversal potentials of the receptor currents
shifted by 57.6 mV at tenfold [K*], increase, thus
giving strong evidence that the receptor current is
entirely carried by K ions (Fig. 4). The intracellular
K concentration, calculated from the potassium
equilibrium potentials according to the Nernst equa-
tion, was 355 mmol/liter in EASW (n = 11), 360
mmol/iter in 50 mmol/liter K* (n = 7), and 324-363
mmol/liter for higher K concentrations (n = 4). Eu-
plotes thus maintains its [K*]; independently on
[K*],.

Receptor-current deactivation depended on the
cells’” membrane potential (Fig. 5) but revealed at
all potentials a single-exponential decay. In standard
solution (Fig. 5a), the time constant 7 decreased
from around 35 msec at hyperpolarized V,, to less
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Fig. 4. K-concentration dependence of the reversal potential of
the mechanoreceptor current. (a) Sequence of receptor currents
of a cell in S0 mmol/liter [K*],, demonstrating current reversal
at a membrane potential between —45 and —55 mV. (b) Reversal
potentials plotted against log [K*],. The slope is 57.6 mV for
tenfold [K*], change, n = 2-7. Doubling the [Ca?*], from 10 to
20 mmol/liter (M) did not significantly modify the reversal poten-
tial, n = 7.
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Fig. 5. Dependence of deactivation time constant, 7, of posterior
mechanoreceptor current on membrane potential. (q) Cells (n =
11) in EASW. Within the range of most frequent values in free
running V,,, —35 to —15 mV, r was rather uniform around 15
msec. It increased in hyperpolarizing, and decreased in depolariz-
ing direction. (b) Cells (n = 7) in 50 mmol/liter [K*],. Notice that
the inward currents (left of the dotted line that marks lack of
current around the reversal potential) deactivate slowly at high
current strength (¢f. Fig. 3b).

than 10 msec at the most depolarized V,,. The cur-
rent deactivated faster with increasing strength (c¢f.
Fig. 3a), except at —15 and —5 mV where small
currents deactivated fast. For outward currents in
50 mmol/liter [K*], (Fig. 5b, right to the dotted seg-
ment), the same results as in EASW were obtained
(c¢f. Fig. 3b). For inward currents (Fig. 5b, left to the
dotted segment), however, r increased with current
strength, which is the reverse relationship as for
outward currents. Same results were obtained at the
higher potassium concentrations (not shown). These
kinetic data are in accordance with those formerly
described for Stylonychia and Paramecium (see Dis-
cussion).

BLOCK OF POSTERIOR MECHANORECEPTION
External TEA (10 mmol/liter) totally suppressed the

responses of mechanically stimulated cells (Fig. 6
a,b). Elevation of external Ca*" up to 50 mmol/liter
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Fig. 6. Suppression of mechanoreception by blocking agents.
Extracellular tetracthylammonium (TEA, 10 mmol/liter) com-
pletely blocked receptor potential (a) and receptor current (b) in
all examined cells (n = 11). The figures show five superimposed
reactions of one typical cell. (¢) Effects of other agents; typical
examples are shown only for outward current since the receptor
potentials were always correspondingly affected. Extracellufar
4-amino-pyridine (4-AP, 3 mmol/liter) inhibited 50% of the peak
current (n = 4). All receptor currents were inhibited when
Ba’t replaced extracellular Ca’" (n = 4), or when Cs ions
were injected into the cell (n = 9). (d) No receptor current
could be recorded when EGTA was injected into the cell
(n = 5, upper half). The EGTA injections also reduced the
depolarization-activated and Ca-dependent potassium outward
current (lower half).

did not reverse the TEA-block (not shown) as
described for Paramecium (Naitoh & Eckert,
1973). No mechanical activated currents could be
recorded when intracellular Cs*™ or extracellular
Ba’* were used as K-current blockers; the K-
current blocker 4-AP (3 mmol/liter) reduced the
receptor current partially (Fig. 6c¢). The intracellu-
lar-applied Ca chelator EGTA inhibited the cell
responses to mechanostimulation totally (Fig. 6d).
The effectiveness of the EGTA injection was con-
firmed by the block of the depolarization-activated
and Ca-dependent potassium outward currents
(Krippel et al., 1991). Posterior mechanosensitive
channels thus seem to be Ca regulated. This might
be confirmed by the blocking effect of extracellular
Ba ions that replace Ca ions, but Ba?" can also
act as a blocker of K channels themselves.

Decirriation did not abolish posterior mechano-
sensitivity (not shown). Therefore, mechanosensi-
tivity must be allied to the soma membrane in Eu-
plotes as in other ciliates (Machemer-Rohnisch &
Machemer, 1984).
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Fig. 7. Ca dependence of the mechanically activated outward
current. (a) The peak outward current increased with increasing
Ca concentration (one cell). (b) The dose-response relationship
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Ca REGULATION OF THE OuTwARD CURRENT

Although the Ca regulation of the mechanically acti-
vated potassium current has been demonstrated by
the EGTA experiments, a correlated Ca-inward cur-
rent could not evidently be identified. Small Ca cur-
rents whose recording is masked by the activation
of large K currents might be unmasked by the sup-
pression of the K currents by specific blocking
agents (see above). Small depolarizations or a me-
chanically activated Ca-inward current should re-
main, as described in other ciliates. Observations in
Euplotes, however, were contradictory. When the
outward current was blocked by intracellular EGTA
neither a depolarization nor an inward current was
found. When the outward cuirent was suppressed
by external TEA, a depolarization was elicited in
rare cases (2 of 11), but the correlated inward current
was never observed. When intracellular Cs ions
were present, in some cells (3 of 9) a depolarization
and a small, but distinct inward current could be
recorded (not shown). Lag-time (3—-7 msec) and
time-to-peak (10 msec) were slightly shorter than
those of the K current and thus this inward current
partially precedes the potassium outward current.

The contribution of Ca’* to the receptor current
was additionally tested by the variation of the extra-
cellular Ca concentration (Fig. 7). The peak ampli-
tude of the mechanically activated receptor current
rose with increasing Ca concentrations (Fig. 7a).
The dose-response relationship (Fig. 7b) shows a
strong variation of the peak current between 1 and 10
mmol/liter [Ca®*], and a saturation at concentrations
between 20 and 75 mmol/liter [Ca**],. The reversal
potential of the current was not modified after a Ca
concentration change from 2.5 to 20 mmol/liter (cf.
Fig. 4 for 20 mmol/liter). Therefore, the Ca ions do
not directly contribute to the receptor current.
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Fig. 8. Influence of Na replacement by NMDG on mechanically
activated hyperpolarizations. Five responses to standard stimuli
from a typical cell out of more than 10 analyzed cells are superim-
posed; dashed line indicates a membrane potential of —27 mV. (a)
In standard medium with 430 mmol/liter Na*, hyperpolarizations
were followed by afterdepolarizatiohs. (b) Total replacement of
Na* by NMDG reduced the receptor potential amplitude, pro-
longed its duration, and eliminated the afterdepolarization.

Na CONTRIBUTION TO POSTERIOR
MECHANOSENSITIVITY

Recently, we have characterized inward rectifica-
tion in E. vannus and have found that a Ca-regulated
Na-inward current, and not as usual a K-inward
current, causes inward rectification (Kriippel, 1993).
This current activates upon hyperpolarization and
might be involved in the repolarization of a mechani-
cally activated, hyperpolarizing receptor potential.
Therefore, we analyzed the contribution of Na ions
to the receptor potential. When the extracellular
Nat was totally replaced by NMDG (Fig. 8), a large
molecule that presumably does not permeate the
membrane, the amplitude of the mechanically in-
duced hyperpolarization was significantly reduced,
the duration of the hyperpolarization was prolonged,
and the afterdepolarizations, frequently arising in
EASW at the end of the receptor potential, disap-
peared. All responses reappeared when cells were
transferred back to EASW. Similar results were re-
corded with Tris instead of NMDG (not shown).
These results indicate a contribution of Na ions
within the repolarization of receptor potential and
will be analyzed in more detail.

Discussion

The main results of the present examination are: (i)
Euplotes has a mechanically activated K current at
its posterior cell end; (i) this current is presumably
activated by Ca’T; (iii) the current shares some simi-
larities to voltage- and Ca-activated Iy ,,, formerly
examined in Euplotes; (iv) the receptor potential is
quickly terminated by an inwardly rectifying Na
current.
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DiSTRIBUTION OF CHANNELS

The posterior part of the Euplotes cell membrane
only contains K-selective mechanoreceptor chan-
nels (Fig. 4) as in Stylonychia (Deitmer, 1982). Block
of these channels by extracellular TEA, by intracel-
lular Cs ions (Fig. 6), or by clamping V,, to the
equilibrium potential (not shown), could not unmask
afurther mechanically activated current, that is simi-
lar to the Ca current recorded in Paramecium.
There, mechanosensitive K and Ca channels coexist
within the larger portion of the soma membrane
(Naitoh & Eckert, 1973; Machemer, 1985). Thus,
with respect to the distribution of mechanosensitive
ion channels, the hypotrichous ciliate Euplotes
seems to be more closely related to the hypotrichous
Stylonychia than the holotrichous Paramecium.
Neither decirriation in Euplotes nor deciliation
in Paramecium (Ogura & Machemer, 1980) affects
posterior mechanosensitivity. The cilia are not in-
volved in the mechanosensory transduction, but are
suited for stimulus transfer and are appropriate to
defocus a local stimulus at the cilia to an extended
area of the mechanosensitive soma membrane
(Machemer-Réhnisch & Machemer, 1984).

DEPENDENCE OF K-RECEPTOR CURRENT ON Ca?*

In Euplotes, intracellular EGTA totally prevented
mechanically activated membrane currents (Fig.
6d). The loss of the receptor current after the injec-
tion of EGTA indicates the regulation of mechano-
sensitivity either by an influx of extracellular Ca**
or the mobilization of intracellular Ca pools. The
rise of the peak amplitude of the receptor current
with increasing extracellular [Ca?*] (Fig. 7) points
to a regulatory function of an influx of Ca?*. On the
other hand, elevated Ca concentrations could not
remove the TEA block of the K currents as has been
described for Paramecium by Naitoh and Eckert
(1973). The Ca current itself does not significantly
contribute to the mechanically activated current be-
cause no shift of the reversal potential could be re-
corded when the Ca concentration was varied and
no currents remained after the block of K channels
(Fig. 6). Therefore, the postulated influx of Ca’*
might just be at the border of the resolution limits of
the electrophysiological recording equipment. For
Stylonychia, Deitmer (1982) found no evidence that
the mechanoreceptor K current depended upon the
presence, or the influx, of divalent cations. In some
experiments, we recorded small depolarizations and
corresponding inward currents when cells were
stimulated at their posterior end. For the postulation
of an inward current upon posterior mechanostimu-
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lation, these results are too ambiguous, particularly
because in rare cases, a parallel mechanostimulation
of the anterior cell end cannot be excluded. How
the Ca ions exert their regulatory function is still
unknown in Euplotes. Recently, a hyperpolariza-
tion-activated Ca current was identified within a
complex of various currents (Nakaoka & Iwatsuki,
1992; Preston, Saimi & Kung 1992 a,b), that shouid
be activated together with any mechanically induced
hyperpolarization in Paramecium. Whether the Ca
current regulates the mechanosensitivity or whether
the mechanically activated hyperpolarization acti-
vates the Ca current at physiological conditions is
not known and should be further investigated. In
Euplotes, a hyperpolarization-activated Ca current
could not be identified, yet.

MECHANICALLY ACTIVATED AND
VoLTAGE-DEPENDENT K CURRENTS

Nonlinearity in mechanoreceptor current-voltage
relationships above a certain membrane potential
(Fig. 3), together with voltage dependence of the
deactivation time constant (Fig. 5), seem to be a
special feature of mechanosensitive K channels. In
Stylonychia, the lifetime of the mechanically acti-
vated channels decreased with depolarization and
increased with hyperpolarization. The phenomenon
remains unresolved as understanding of channel
function is concerned, although several attempts
have been made to explain these results for ciliates
(Deitmer, 1981; Machemer, 1985), and also for me-
chanically activated channels of other cells (Morris,
1990). In Stylonychia, the mechanosensitive K con-
ductances can be separated from the voltage-depen-
dent K conductance, because the latter was blocked
to a much lesser extent by TEA and by 4-AP
(Deitmer, 1982). Another difference was its (most
probable) independence on influx of divalent cat-
ions, which seems regular for voltage-dependent K
currents in ciliates (Deitmer, 1982). All evidences
have been summarized by Machemer (1985) into
the statement that the posterior mechanoreceptor
current of Stylonychia differs from voltage-depen-
dent and leakage conductances for K* and is unre-
lated to the K conductance of both the resting and
electrically stimulated membrane. Unfortunately,
single channel recordings have identified only a K
channel, which is activated by Ca’* and negative
voltage (Saimi & Martinac, 1989). This current be-
longs neither to the BK channels nor to the SAK
channels (Kubalski, Martinac & Saimi, 1989; Mor-
ris, 1990).

In Euplotes, on the other hand, the mechanically
sensitive channels share several common features
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with the voltage-dependent Iy ., (Kriippel &
Lueken, 1988; Kriippel et al., 1991): it is highly sus-
ceptible to external TEA and to internal EGTA,
and it is only partially suppressed by external 4-AP.
Therefore, it is not possible until now to decide
whether these channels are different. A last insight
into the identity of the multiple ion channels of cili-
ates and their mutual regulation by voltage, calcium,
or mechanical stimuli is presumably only possible
when the patch clamp technique is more successfully
adapted to ciliates than it has been until today.

Na CONTRIBUTION TO THE REPOLARIZATION OF
THE RECEPTOR POTENTIAL

When Na* was replaced by NMDG, the receptor-
potential duration was prolonged and repolarization
was delayed. The change of the kinetics was accom-
panied by the reduction of the hyperpolarization am-
plitude (Fig. 8) and the outward current amplitude
(not shown). These changes do not reflect voltage
dependence of the outward-current deactivation be-
cause at minor hyperpolarizations the receptor cur-
rent deactivates even faster (Fig. Sa). Therefore, the
change of the amplitude and the kinetics must be
due to the lack of Na* or the presence of NMDG.
The delayed repolarization and the lack of the after-
depolarization is presumably correlated to the elimi-
nation of the inwardly rectifying Na* current (Kriip-
pel, 1993), that quickly terminates mechanically
activated hyperpolarizations. Therefore, the dura-
tion of the hyperpolarization does not outlast the
duration of the outward current as known for other
ciliates (Ogura & Machemer, 1980; Deitmer, 1982).
But the lack of Na™ does not explain why the recep-
tor potential amplitude is reduced. If a Na inward
current antagonizes the K outward current and thus
contributes to the peak amplitude of the receptor
potential, one would rather expect an increase of the
hyperpolarization when Na” is replaced by NMDG.
Thus, some additional effect of NMDG must be as-
sumed. The amplitude of the receptor potential
might be reduced because the NMDG ions them-
selves block the K outward current partially, or the
large NMDG ions compete with the Ca ions at the
membrane surface. A reduced receptor potential
then reflects the reduction of the Ca activation of
the K-outward current similar to the one seen in low
[Ca®*], (Fig. 7a).

To summarize, Na ions participate in the repo-
larization of the receptor potential that is mechani-
cally activated at the posterior cell end of Euplotes.
Their influence on the amplitude of the receptor po-
tential and of the receptor current is not clear and
is currently analyzed in more detail.



260

The authors wish to thank Mr. Norbert Spreckelmeier from the
electronics workshop and Mr. Herbert Lutter from the fine-me-
chanical workshop of the department for their excellent work,
Mrs. G. Key and Mr. H. Mikoleit for skillful technical assistance
and for preparing the figures. This work was supported by
Deutsche Forschungsgemeinschaft, SFB 171, C7.

References

Deitmer, J. W. 1981. Voltage and time characteristics of the
potassium mechanoreceptor current in the ciliate Stylonychia.
J. Comp. Physiol. 141:173-182

Deitmer, J. W. 1982. The effects of tetraecthylammonium and
other agents on the potassium mechanoreceptor current in
the ciliate Stylonychia. J. Exp. Biol. 96:239-249

Kriippel, T. 1993. Inward rectification by hyperpolarization-acti-
vated Na current in the marine ciliate Euplotes vannus. J.
Membrane Biol. 133:263-270

Kriippel, T., Lucken W. 1988. Membrane excitability and mem-
brane currents in the marine ciliate Euplotes vannus. Eur. J.
Protistol. 24:11-21

Kriippel, T., Lueken, W. 1990. Calcium-dependent sodium cur-
rent in the marine ciliate Euplotes vannus. J. Membrane
Biol. 116:79-86

Kriippel, T., Westermann, R., Lueken, W. 1991. Calcium-depen-
dent transient potassium outward current in the marine ciliate
Euplotes vannus. Biochim. Biophys. Acta 1062:193-198

Kubalski, A., Martinac, B., Saimi, Y. 1989. Proteolytic activation
of a hyperpolarization- and calcium-dependent potassium
channel in Paramecium. J. Membrane Biol. 112:91-96

Lueken, W., Gaertner, M., Breer, H. 1983. Mating-type-specific
loss of conjugation competence by irritation in Euplotes van-
nus. J. Exp. Zool. 226:11-17

Machemer, H. 1985. Mechanoresponses in protozoa. In: Sensory
Perception and Transduction in Aneural Organisms. P. S.
Song, G. Colombetti, F. Lenci, editors. pp. 179-209. Plenum,
New York

Machemer, H. 1989. Cellular behaviour modulated by ions: elec-
trophysiological implications. J. Protozool. 36:463—487

Machemer, H., Deitmer, J. W., 1987. From structure to behav-
iour: Stylonychia as a model system for cellular physiology.
In: Progress in Protistology 2. J. O. Corliss, D. J. Patterson,
editors. pp. 213-330. Biopress, Bristol

T. Kriippel et al.: Posterior Mechanosensitivity in E. vannus

Machemer, H., Sugino, K. 1989. Electrophysiological control of
ciliary beating: a basis of motile behaviour in ciliated protozoa.
Comp. Biochem. Physiol. 94A:365-374

Machemer-Rohnisch, S., Machemer, H. 1984. Receptor current
following controlled stimulation of immobile tail cilia in Para-
mecium caudatum. J. Comp. Physiol. A 154:263-271

Morris, C. E. 1990. Mechanosensitive ion channels. J. Membrane
Biol. 113:93-107

Naitoh, Y., Eckert, R. 1973. Sensory mechanisms in Parame-
cium. II. Jonic basis of the hyperpolarizing mechanoreceptor
potential. J. Exp. Biol. §9:53-65

Nakaoka, Y., Iwatsuki, K. 1992. Hyperpolarization-activated in-
ward current associated with the frequency increase in ciliary
beating of Paramecium. J. Comp. Physiol. 170:723-727

Ogura, A., Machemer, H. 1980. Distribution of mechanoreceptor
channels in the Paramecium surface membrane. J. Comp.
Physiol. 135:233-242

Preston, R. R., Saimi, Y. 1990. Calcium ions and the regulation
of motility in Paramecium. In: Ciliary and Flagellar Mem-
branes. R. A. Bloodgood, editor. pp. 173-200. Plenum,
New York

Preston, R. R., Saimi, Y., Kung, C. 1990. Evidence for two
K* currents activated upon hyperpolarization of Paramecium
tetraurelia. J. Membrane Biol. 115:41-50

Preston, R. R., Saimi, Y., Kung, C. 1992a. Calcium current
activated upon hyperpolarization of Paramecium tetraurelia.
J. Gen. Physiol. 100:233-251

Preston, R. R., Saimi, Y., Kung, C. 1992b. Calcium-dependent
inactivation of the calcium current activated upon hyperpolar-
ization of Paramecium tetraurelia. J. Gen. Physiol.
100:253-268

Ricei, N. 1990. The behaviour of ciliated protozoa. Anim. Be-
hav. 40:1048-1069

Ricel, N., Giannetti, R., Miceli, C. 1987. The ethogram of Eu-
plotes crassus (Ciliata, Hypotrichida). I. The wild type. Eur.
J. Protistol. 23:129-140

Saimi, Y., Martinac, B. 1989. Calcium-dependent potassium
channel in Paramecium studied under patch clamp. J. Mem-
brane Biol. 112:79-89

Valbonesi, A., Ortenzi, C., Luporini, P. 1992. The species prob-
lem in a ciliate with a high multiple mating type system, Eu-
plotes crassus. J. Protozool. 39:45-54

Westermann, R., Kriippel, T., Lueken, W. 1990. Contributions
of fast and slow potassium outward currents to repolarization
of the action potential in Euplotes vannus. Acta Protozool.
29:305-313



