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Summary

The membrane potential responses ofParamecium
caudatumto the external application of bitter substances
were examined by employing conventional
electrophysiological techniques. Mutant cells defective in
voltage-gated C&* channels were used to record the
potential responses in the absence of contamination by
Ca?* action potentials. The cells produced a transient
depolarization followed by a transient hyperpolarization in
response to a rapid whole-cell application of chloroquine,
strychnine nitrate or brucine. Of these chemicals,
chloroquine was the most potent. Cells produced a simple
depolarization in response to a localized application of test
chemicals to the anterior region, whereas they produced a
transient hyperpolarization in response to an application

to the posterior region. Membrane potential responses to
an application of chloroquine declined with repeated
application. The presence of chloroquine in the external
bathing solution strongly inhibited the membrane potential

responses to an application of brucine or strychnine.
However, the presence of chloroquine did not affect the
membrane potential responses to an application of quinine.
It is suggested that chloroquine, strychnine and brucine
share a common component of their transduction
pathways, but that the transduction pathway for quinine is

different.

Key words: Paramecium caudatumreceptor potential, bitter
substance, chemoreception.

Introduction

Members of the ciliate genu8arameciumare known to Paramecium caudatunm response to bitter substances, |
show behavioural responses to various chemicals and &xamined the effects of some alkaloids on the membrane
accumulate in, or disperse from, regions of solutiongotential ofParamecium caudatun also examined whether
containing these chemicals (Jennings, 1906; Van Houtetthe potential responses were produced through the same
1992). According to these behavioural responses, chemicghathways as the quinine responses. The results indicated that
are classified as attractants or repellentsP@ramecium In Paramecium caudatuproduced biphasic membrane potential
Paramecium tetraurelia the behavioural responses andresponses following application of the bitter substances tested.
changes in membrane potential in response to attractants haA® with quinine, depolarizing responses were produced by
been studied by Van Houten and her colleagues (reviewed lapplication of the chemicals to the anterior region of the
Van Houten, 1992). However, the response®Pafamecium specimen, while hyperpolarizing responses followed
caudatumto repellents are not fully understood. Quinine andapplication to the posterior region. Although the characteristics
its isomer quinidine are known to be potent repellents foof these responses are similar to those of quinine receptor
Paramecium(Dryl, 1973; Van Houten, 1978, 1992; Oami, potentials, the receptor systems for the substances examined in
1996@). The behavioural responses causing chemodispersal tifis study appear to be different from those for quinine. Some
Parameciumare controlled by quinine-induced membraneof these results have been presented verbally and in abstract
potential responses (Van Houten, 1978; Oami, 4996he  form elsewhere (Oami, 1995).
membrane potential responses to a rapid application of quinine
consist of a transient depolarization followed by a transient
hyperpolarizaton and a sustained depolarization. The Materials and methods
depolarizing receptor potential is produced by application of Behavioural mutant specimens Baramecium caudatum
quinine to the anterior region of the specimen, while thgcnrD stock 18D504; Takahaslat al. 1985) defective in
hyperpolarizing receptor potential occurs in response twoltage-gated Cd channels (CNR-mutants) were used
application to the posterior region of the cell (Oami, )96 throughout the experiments. Specimens were cultured in a hay

Quinine is a plant alkaloid known to taste bitter to man. Tanfusion medium inoculated witKlebsiella pneumoniaas
understand the mechanisms of chemosensory transductionfood and collected in an early stationary growth phase. They
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were washed three times with the reference solutiorin the reference solution, and then the external solution was
consisting of 4 mmolt KCI, 1 mmol 1 CaCband 1 mmoltl  replaced by a Ni-containing solution (1 mmot} NiClz in
Tris—HCI buffer (adjusted to pH 7.4), and kept in that solutiorreference solution) for 2-3min until the cilia on the cell
for more than 30min before experimentation. Quininesurface ceased beating. In this solution, the cell exhibited a
hydrochloride, chloroquine, strychnine nitrate and brucinenembrane depolarization of 10-20 mV. The&Niontaining
(Wako Pure Chemical Co., Tokyo) were dissolved in thesolution was then replaced with the reference solution.
reference solution. Whereupon, the membrane repolarized to a level almost

The membrane potential was measured using the methadentical to the original value. The Nitreatment did not
described previously (Oami, 198)6 Test solutions containing affect the input resistance of the cell and suppressed ciliary
chemicals were rapidly applied to the specimen through beating for 20-30 min. The diameter of the pipette tip used for
pipette by increasing the hydrostatic pressure (30-50P#&cal application of the test solution was approximately
3-5mmB0O) inside the pipette (internal diameter of tip 30um. The timing and duration of the application were
approximately 20@im). The opening of the pipette was first followed microscopically and indicated on the recorder
placed 3—4 mm below the cell. It was then raised to the leveimultaneously with the membrane potential responses.
of the cell and at a distance of approximately |2®@0from it.  During the experiment, the external solution was continuously
To apply the test solution to a localized region of the cellperfused to minimize the accumulation of test solution around
ciliary beating was stopped with NiClKuznicki, 1963; the specimen (Oami, 1986 All the experiments were
Oami, 1996). A single cell was impaled by a microelectrode conducted at room temperature (20—24 °C).
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Fig. 1. (A) Membrane potential responses of CNR-mutant £ 20}
specimens ofParamecium caudatunto the external o
application of chloroquine: (i) 0.008 mmotichloroquine, 5
(i) 0.016 mmolf! chloroquine, (iii) 0.031mmoft ZF 10t
chloroquine, (iv) 0.063mmot}t chloroquine, (v) =
0.125 mmolt? chloroquine, (vi) 0.25 mmott chloroquine. S
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The upper trace in each pair of recordings shows theo
membrane potential responsé4n), and the lower trace =
shows the timing and duration of the application of the test g' -10¢f
solution (S). (B) The amplitude of the chloroquine-induced <
transient depolarization (circles) and the transient L ) . )
hyperpolarization (squares) plotted against chloroquine  ~20 0.004 * 0.016 ’ 0I063I 625' 1 4

concentration. Values are means &EM., N=5-9 _ )
measurements from different specimens. Chloroquine concentration (mmot)
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Results whole-cell application of strychnine nitrate. The cell produced
Membrane potential responsesReéramecium caudatuto a transient depolarization when strychnine concentration was
whole-cell application of bitter substances low (Fig. 2Ai,i). This was followed by a transient

To examine membrane potential responses upon applicatifPerpolarization when the strychnine concentration was
of bitter substances, CNR-mutant specimen®aamecium  raised (Fig. 2Aiii). _ o
caudatum were impaled with a microelectrode, and test Fi9-2B shows the amplitude of the strychnine-induced
solutions containing bitter substances were applied throughdgPolarization and the hyperpolarization plotted as a function
pipette. The resting membrane potential of the specimens us@fStrychnine concentration. The amplitude of both responses
in the present study ranged fref5 to-30 mV. Fig. 1 shows mcreasgd as the strychnlqe concentration increased. 1_'he
the membrane potential responses exhibited by CNR-mutafifPolarizing response persisted even when the strychnine
specimens following whole-cell application of chloroquine. concentration was reduced to 0.008 mmbl |

The cell produced a transient membrane depolarization in Fi9- 3A shows membrane potential responses to an
response to an application of 0.008 mmblthloroquine appllcgtlon of brucine. The.characterlstlcs of the membrape
(Fig. 1A)). At higher chloroquine concentrations, the potential responses were similar to .those of the 9h|oroqume
depolarization was followed by a transient hyperpolarizationd Strychnine responses. The effective concentration range for
(Fig. 1Aii~vi). The amplitude of both the depolarizing andnducing the depolarizing and hyperpolarizing potential
hyperpolarizing responses increased as the chloroquif€SPONses was higher for brucine than for chloroquine and
concentration increased. A small sustained depolarization wa&ychnine (Fig. 3B).
often observed following the transient depolarization and
hyperpolarization when the chloroquine concentration was Membrane potential responses to localized applications of
high (Fig. 1Aiii—vi). bitter substances

Fig. 1B shows the amplitudes of the chloroquine-induced CNR-mutant specimens were treated wit#*Miontaining
transient depolarization and hyperpolarization plotted as solution and then with a locally applied bitter substance
function of chloroquine concentration. The amplitude of botithrough a fine pipette either to the anterior or the posterior end.
responses increased with increasing chloroquine concentrationFig. 4 shows representative membrane potential responses.
and tended to saturate at high concentrations. Localized application of 0.125mmoH chloroquine to the

Fig. 2A shows the membrane potential responses to tremterior end produced a simple transient depolarization
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Fig. 2. (A) Membrane potential responses of CNR-mutant
specimens ofParamecium caudatunto the external
application of strychnine nitrate: (i) 0.031mnd!|
strychnine, (i) 0.125 mmott strychnine, (iii) 0.5 mmoft
strychnine. Upper traces, membrane potentia);(lower
traces, the timing and duration of the application (S).
(B) The amplitude of the depolarizing (circles) and i
hyperpc_)lanzmg (sqgares) responses plotted_ against 20 0,004 0016 0063 0.25 1 4
strychnine concentration. Values are meaag .., N=5-9

measurements from different specimens. Strychnine concentration (mmat)

Amplitude of response (mV)
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Fig. 3. (A) Membrane potential responses of CNR-
mutant specimens d?aramecium caudatuno external
application of brucine: (i) 0.125mmaH brucine, (ii)
0.5mmol ! brucine, (i) 2mmolt! brucine. Upper
traces, membrane potenti&h(); lower traces, timing and
duration of the application (S). (B) The amplitude of the
depolarizing (circles) and hyperpolarizing (squares)
responses plotted against brucine concentration applied. -20 ™ L L : ’ : ! * !
Values are means &E.M., N=5-9 measurements from 0.004 0.016 0.063 0.25 1 4

different specimens. Brucine concentration (mmaof)

Amplitude of response (mV)
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Fig. 4. Membrane  potential S M M M
responses of NiGltreated CNR-
mutant specimens ¢faramecium
caudatum to the localized Al Bii Cii

application of 0.125mmot} I 10mVv
chloroquine  (Ai,ii), 1mmolt!

strychnine (Bi,ii) and 2mmoft 3s
brucine (Ci,ii). Ai, Bi and Ci are

responses to an anterior Vm e ~

stimulation, while Aii, Bii and Cii
are responses to a posterior
stimulation.  Vp, membrane
potential; S, stimulus application. S ! [

(Fig. 4Ai). In contrast, the cell produced a transient Similarly, the cell produced a transient depolarization in
hyperpolarization in response to an application to the posterioesponse to an application of 1 mm@dllstrychnine or
end (Fig. 4Aii). 2mmol ! brucine to the anterior end (Fig. 4Bi,Ci), while it
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Fig. 5. Effect of repeated applications of the test
substances on the membrane potential responses of
Paramecium caudatum (A) Responses to Vm
0.125mmoltl chloroquine. (B) Responses to

0.5mmol I strychnine.Vm, membrane potential; S, A
stimulus application. s — L. mre.r

produced a transient hyperpolarization in response to axponentially. The responses resumed their original amplitude
application to the posterior end (Fig. 4Bii,Cii). within 5s of the first application.

Effects of repeated application of bitter substances on the Effects of bath application of chloroquine on the membrane
membrane potential responses potential responses to a rapid application of chloroquine

The effects of repeated applications of bitter substances onTo examine the effects of a continuous application of
the membrane potential responses were examined. Tiehloroquine on the chloroquine responses, 0.125nmholl
transient depolarizing and hyperpolarizing responses inducethloroquine was introduced into the external medium and then
by an application of 0.125mmokl chloroquine became 0.5mmolf! chloroquine was applied to the cell through a
smaller as the application was repeated and entirelgipette. Fig. 7A shows a control experiment in which
disappeared within three repetitions (duration of application).5 mmol 1 chloroquine was applied to a cell immersed in
approximately 5s; interval, 5s; Fig. 5A). Membrane potentiateference solution. The response consisted of a conspicuous
responses to the application of 0.5mmblstrychnine or transient  depolarization followed by a transient
1 mmol 1 brucine also disappeared with repeated applicationdyperpolarization. Fig. 7B shows the membrane potential
but a shorter interval between stimulations was necessary fogsponse to 0.5 mmaofi chloroquine when the specimen was
complete suppression of the responses to these chemicatsmersed in a solution containing 0.125 mméldhloroquine.
(duration, 2s; interval, 3s; Fig. 5B). Again, the cell produced a transient depolarization followed by

a transient hyperpolarization, but the amplitudes of these

Recovery of depolarizing and hyperpolarizing chloroquine responses were much smaller and their duration longer than

responses after an application of chloroquine those obtained in the reference solution. Fig. 7C shows the

The time courses of recovery of the depolarizing and theecovery of the initial response when the external medium was
hyperpolarizing chloroquine responses after an application aéplaced with reference solution.
chloroquine were examined by paired application experiments.

Chloroquine (0.125mmot}) was applied twice, and the Effects of a bath application of chloroquine on the
responses to the second application were examined bfembrane potential responses induced by the application of
changing the interval between applications. A second response strychnine, brucine or quinine

was absent when the interval between applications was 1s (Fig.The effects of bath application of 0.125mméll
6Ai). The depolarizing and hyperpolarizing responseshloroquine on the membrane potential responses induced by
recovered as the interval between stimulations increased rapid whole-cell application of strychnine, brucine and
(Fig. B6AIi—V). quinine were examined.

The time course of recovery of the depolarizing response is Fig. 8A shows representative membrane potential responses
shown in Fig. 6B and that for the hyperpolarizing response ito an application of strychnine. Application of 1mnél|
Fig. 6C. The relative amplitude of the second response witstrychnine caused a transient depolarization followed by a
respect to that of the first response was plotted against ttmansient hyperpolarization in the reference solution (Fig. 8Ai).
interval between applications. Both the depolarizing and thelowever, these responses were abolished when 0.125 mmol |
hyperpolarizing responses recovered more or lesshloroquine was present in the external solution (Fig. 8Aii).
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Fig. 6. (A) Membrane potential responses of a CNR-mutant specimBarafmecium caudaturto paired applications of 0.125 mmol|
chloroquine with varying intervals between applications. (B,C) Time course of recovery of the chloroquine responsesed tiygppedation
experiments. Relative amplitudes of the depolarizing response (B) and the hyperpolarizing response (C) produced in thspsasentd
application of chloroquine plotted against the interval between stimulations. The amplitude is expressed relative todhé¢heainigial

response in each pair of applicatioWs, membrane potential; S, stimulus application.

Fig. 7. Effects of bath application of 0.125mnl| A B C
chloroquine on the membrane potential responses
induced by 0.5mmott chloroquine. Membrane __JlO mv
potential responses of CNR-mutant specimens to a rapid 3
S

application of 0.5mmott chloroquine were compared
before (A) and during (B) the bath application of
0.125mmolt! chloroquine. (C) Recovery after the Vm Wv"\ﬁ—

bathing solution had been replaced with reference

solution. Vm, membrane potential; S, stimulus
application. S [ - I S

Membrane potential responses to strychnine recovered whenFig. 8B shows the effects of bath application of chloroquine
the external solution was exchanged for the reference solutiam the membrane potential responses induced by brucine. As
(Fig. 8Aiii). with the strychnine responses, the membrane potential
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Fig. 8. Effects of bath application of 0.125mnal|
chloroquine on the strychnine-induced (A), brucine-
induced (B) and quinine-induced (C) membrane 1 mmol 2 quinine
potential responses of CNR-mutants. Membrane Ciii 10 mv

potential responses to the substances were compared 35
before (Ai,Bi,Ci) and during (Aii,Bii,Cii) the bath

application of chloroquine. When chloroquine was

applied to the external medium, each test solution

contained chloroquine at a concentration identical to that ,

in the external solution. Aiii, Biii and Ciii show

responses after the bathing solution had been replaced

with reference solutionVm, membrane potential; S,
stimulus application. s—I I e

responses induced by 1 mndibrucine were abolished by an responses consisted of an initial depolarization followed by a
application of 0.125mmott chloroquine in the external transient hyperpolarization. Because the cells used in the
solution, but the effect was reversible (Fig. 8Bi-iii). present experiments were defective in voltage-gate#f Ca
Fig. 8C shows the effects of bath application of chloroquineghannels (CNR-mutant; Takahasdti al. 1985), C&* action
on the membrane potential responses induced by quinine. gotentials were not involved in the membrane potential
specimen immersed in the reference solution exhibited sesponses even when the membrane was depolarized and,
transient  depolarization followed by a transienttherefore, the membrane potential responses recorded are
hyperpolarization and a sustained depolarization in responseeceptor potentials to the substances examined. The amplitude
an application of 1 mmot? quinine (Fig. 8Ci). These quinine- of the responses increased as the concentration of applied
induced membrane potential responses were scarcely affecta#taloid increased, but tended to saturate at high concentrations
by the presence of 0.125 mmdl khloroquine in the external (Figs 1-3). These results suggest thatamecium caudatum
medium (Fig. 8Cii) and remained almost unchanged aftepossesses receptors to chloroquine, strychnine and brucine.
washing (Fig. 8Ciii). The cells produced a membrane depolarization in response
to a localized application of a bitter substance to the anterior
end and a hyperpolarization in response to an application of
Discussion the substance to the posterior end (Fig. 4), indicating that the
A variety of alkaloids have been identified as bitterreceptors responsible for the depolarizing responses are present
substances. However, their effects on the membrane potentiakinly around the anterior region of the cell, while those
responses ilParameciunmhave not been studied except in theresponsible for the hyperpolarizing responses are mainly
case of quinine and its isomer quinidine (Van Houten, 1978round the posterior region of the cell. This distribution is
Oami, 199@). The present experiments revealed thasimilar to that found for quinine receptors (Oami, 1996
Paramecium caudatushowed membrane potential responsesSimilar anterior depolarizing and posterior hyperpolarizing
to chloroquine, strychnine and brucine (Figs 1-3). Theesponses are produced by mechanical (Naitoh and Eckert,
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