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Abstract. The concentration of intracellular calcium, changes in swimming (Nakaoka & Oosawa, 1977). The
[Ca**];, in Parameciumwas imaged during cold- temperature change induces a slow transient depolariz:
sensitive response by monitoring fluorescence of twaion of the membrane potential and this depolarization
calcium-sensitive dyes, Fluo-3 and Fura-Red. Coolingriggers the opening of the voltage-dependert'@han-

of a deciliatedParameciuntaused a transient increase in nel in the ciliary membrane and thus initiates the action
[C&a?"]; at the anterior region of the cell. Increase in potential. The C& influx increases the intraciliary con-
[Ca?"]; was not observed at any region in‘Cdree so-  centration of C&" and this C&" causes the directional
lution. Under the electrophysiological recording, a tran-changes in swimming (Hennessey et al., 1983). Previou
sient depolarization of the cell was observed in responseneasurements of the membrane potential suggested th
to cooling. On the voltage-clamped cell, cooling in- a transient depolarization in response to cooling is in-
duced a transient inward current under conditions whereluced by a decrease of Konductance and the depolar-
K™ currents were suppressed. These membrane depoldration in response to warming is induced by an increas
izations and inward currents in response to cooling weref Ca&* conductance (Hennessey et al., 1983; Nakaoka €
lost upon removing extracellular €4 The cold- al., 1987; Inoue & Nakaoka, 1990).

induced inward current was lost upon replacing extracel- In the present study, using image analysis of the
lular C&* with equimolar concentration of &§ Mg®*  concentration of intracellular calcium, [E%, and elec-

or Mn?*, but it was not affected significantly by replac- trophysiological recording, we show that cooling of a
ing with equimolar concentration of Baor SP*. These  deciliated Parameciuminduced a transient increase of
results indicate thaParameciumcells have C& chan-  [Ca?*]; at the anterior region, and this [€% increase
nels that are permeable to €aBa" and Sf* in the  was caused by influx of external €a Thus cooling of
anterior soma membrane and the channels are opened hyParameciumcell induced not only a decrease of K
cooling. conductance but also an increase of Ceonductance.
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Introduction

CeLL CuLTURE
Many organisms have thermal sensation (Jennings, 1906;
Hensel’ 1974.)' However, the mECha.mSm of tIf]ermore_Paramecium multimicronucleatumas cultured in a hay infusion in-
cept!on remains unknown. Rarameuumres_ponds 10 oculated withKlebsiella pneumoniaeThe culture temperature was
cooling below the temperature tf) which it has beenkept constant at 25°C by incubation in a water balarameciuncells
adapted, and to warming above this temperature, by praeat the stationary phase were collected by low speed centrifugation an

ducing transient changes in the frequency of directionabuspended in an adaptation solution containings @aCl, 0.5 mv
MgCl,, 4 mm KCl and 1 mu HEPES (N-2-hydroxyethylpiperazineN
2-ethanesulfonic acid)-Tris [Tris(hydroxymethyl)aminomethane] (pH

R 7.2). Cells were preincubated in this solution at 25°C for 1 hr or more

Correspondence toY. Oosawa prior to examination.
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DECILIATION cell. Injected volumes (50-100 pl) were between 10 and 20% of the
cell volume which was assumed to be 500 pl.

The cells were deciliated by incubation in an adaptation solution con-
taining 5% ethanol for 0.5-1 min and then transferred to the various,
experimental solutions (Ogura & Machemer, 1984). CALIBRATION

Calibration was done as follows: the mixed solution of fluo-3 (2,
final concentration) and Fura-Red (1M, final concentration) were
added to calcium calibration buffer solutions (Calcium Calibration
. . . Buffer Kit #2, Molecular Probes, OR) which contained 1, 17, 38, 65,
When the responses of [E% imaging or membrane potential under 100, 150, 225, 351, 602, 135@Ca2* in 100 mv KCI, 10 mv MOPS,
current clamp \_/vere reporded, the deciliated cells were transferred to thEH 7.2. Our results are given in terms of both fluo-3/Fura-Red ratio
standard solution which contained Iun€aCl,, 4 mm KCl and 1 nm
HEPES-Tris (pH 7.2) or the C&free solution which contained 1vm
MgCl,, 4 mv KCl and 1 nm HEPES-Tris (pH 7.2). The solution used
to bathe the deciliated cells during voltage clampi{TEEA* solution) INTRACELLULAR RECORDING
contained 1 m CaCl,, 10 mv TEA-CI (tetraethylammonium chloride)

SOLUTIONS

and C&* concentration.

and 1 nu HEPES-Tris (pH 7.2). In some experiments, 11r8aCl, Membrane potentials and membrane currentBarfameciumwere re-
was replaced by equimolar concentration of BaG@rCl, CoCl, corded using a method described previously (Naitoh & Eckert, 1972;
MgCl, or MnCl,. Nakaoka & lwatsuki, 1990) and retained on a chart recorder with the

paper moving at a speed of 4 cm/min. The capillary microelectrodes
used for current clamp containedulKCl, with tip resistance of about
TEMPERATURE CHANGE 50 Mohm. Voltage clamp electrodes contained11CsCI, with tip
resistance of about 50 Mohm.
The deciliated cells were placed in a glass vessel mounted on an in-
verted microscope. The temperature was varied by switching the wate,
flow beneath the vessel, and was monitored with a thermocouple prob
placed near the specimen in the vessel (Nakaoka et al., 1987).

sults

[Ca®"]; IMAGING

IMAGE ANALYSIS OF [Ca™']; CHANGE Cooling from 25 to 20°C caused a transient increase o

Image analysis of the [¢4; change was performed using a mixture of [Cazqi at the ‘finteno,r region of tbe demhatt_ad CF_“” In
the calcium indicator dyes, fluo-3 and Fura-Red (Lipp & Niggli, 1093; Standard solution (Fig. B). In C&*-free solution, in-
Novak & Rabinovitch, 1994) with a [G4], image analysis system crease of [C&], was not observed at any region (Fig.
ARGUS-50/CA (Hamamatsu Photonics, Japan). The principal advaniC). Figure JA shows [C&"]; image at 5 sec after cool-
tage of using mixture of the fluo-3 and Fura-Red is the ability to makeing (maximum response; frame 3 in Fig3 4ndC). The
measurements as a ratio of fluorescence intensity at two wavelength§,a|ueS of the fluorescence ratio at two areas (anterior 0
gh's ratiometric approach yields the value of fCjawhich is indepen- posterior) of the cell are shown in Figure 2. The tran-
ent of the amount of dye contained within the cell; in addition it ". . . . .
minimizes the effect of variations in emission intensity due to varia- sient increase of [éé]l In response to COOImg attamed a
tions of illumination intensity, emission collection efficiency, and ef- P€ak value at about 5 sec from the start of cooling (Fig.
fective cell thickness in determining actual fCp. The set of filters ~ 2A). Return from 20 to 25°C did not cause an increase o
used for fluo-3 and Fura-Red was as follows: a bandpass excitatiorECaZ*]i at any region. In a buffer solution that contained
filter centered at 480 nm (half bandpass 20 nm); a long-pass emission 7 ny Caf*, 20 um fluo-3 and 100um Fura-Red, the

filter centered at 520 nm; a fluo-3 emission fllFer c_entered at 525 nmXaJue of fluo-3/Fura-Red ratio was not changed signifi-
(half bandpass 10 nm) and a Fura-Red emission filter centered at 66 antl (about -0.1 as a ratio vaIue) by temperature
nm (half bandpass 10 nm). Fluorescence images at 525 nm for quo-§ y ) y P

and 660 nm for Fura-Red upon excitation at 480 nm were stored in ephange from 25 to 20°C. Therefore, this temperature
computer (PC/AT compatible) with time intervals of 3 sec and then Change did not affect significantly the ratio value when
fluo-3/Fura-Red ratio was calculated. The values of the fluorescence€alcium concentration was constant.

ratio at two areas (anterior or posterior) of the cell are shown separately

in Fig. 2. Anterior region was determined by locating the oral appa-

ratus. ELECTROPHYSIOLOGICAL RECORDING

A Parameciuntell responded to cooling with a transient
MICROINJECTION membrane depolarization (Fig. 3). This depolarization

had a peak value about 5 sec from the start of cooling ir
The arrangement of pressure injection was a modification of the methstandard solution. In Ga-free solution, a small under-
Odls' tt.hat have t.’eet” dd?icrg’ed by Qosa"f‘ba”d Yama?ism (1989). Theiing hyperpolarization was observed (Fig. 3). Cooling
solution was Injected Into garameciunce means or an air pres- .
sure pulse (30160 psi, 0.3-0.5 sec: Basic P);cosprizer, Gener:fl Valvef?f the cell WhI.Ch .WaS voltage clamped a.'t._30 mv (ngar
through a microcapillary of the tip diameter of aboyim. A mixture  1€Sting potential in standard solution) elicited a transient

of 0.2 mv fluo-3 (Dojindo, Kumamoto, Japan) and ImnFura-Red  inward current (Fig. A). In this experiment, the Kcur-
(Molecular Probes, OR) both dissolved in water was injected into therents were suppressed by the use of a voltage clam
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Fig. 2. [Ca?"]; responses in standard solutigk énterior;C, posterior;

data from four different cells), and in €afree solution B, anterior;D,

posterior; data from four different cells)EX A record of temperature.

Fig. 1. (A) [Ca®*]; responses dParameciuncells in standard solution ~ Anterior (1) and posterior (2) areas that were calculatedntg (D)

(left image) and in C&-free solution (right image) at arrowhead 3 in are shown inf).

(D). (B) Ratio images of [C&]; response in standard solution, an@) (

in C_a?*_—free squFion.D)_Arecord of tempe_rature. The arrowhead_s in The ability of other divalent cations to cause the

(D) indicate the tl_me points where the rat|9|mages were obta'lndﬁm_n( gold-induced inward current was tested. The cold-

and C). These images are representative of results obtained in 3 . . .

additional cells in standard solution and in 25 additional cells if"Ca induced inward C_urrent was lost in t_he so_lutlons_ replacec

free solution. extracellular C&" in C&*/TEA" solution with equimolar
concentration of C®, Mg?" or Mn?*, but it was not
affected significantly by replacing Gawith equimolar

electrode containing 1 CsCl, and by including 10 m  concentrations of Bd (Ba?*/TEA* solution) or Sf*

TEA-Cl in the bath solution (Hinrichsen & Saimi, 1984). (SP*/TEA* solution) (Fig. 5). The cells transferred to

The cold-induced inward current was lost in a solutionCa&*/TEA*, B&*/TEA* or SP*/TEA" solution showed

replaced 1 m CaCl, with 1 mm MgCl, (Mg /TEA* the inward currents whose peak amplitude from the rest

solution), where a small underlying outward current wasing level were respectively, —208.0 + 23.2 pA & 5,

observed (Fig. A). Subsequently, when the cell was re- mean +SD), -214.0 £ 67.0 pAIf = 4), —222.0 + 20.7

turned to C&'/TEA" solution, it showed cooling induced pA (n = 4) at -30 mV. However, in the GATEA*

inward current againdata not showp The amplitude of  solution, the inward current decayed within about 40 sec

cold-induced inward current in GHTEA" solution de-  after the start of cold stimuli, while the decay was slowed

creased as the membrane potential was made more posihen the extracellular Cawas replaced by either Ba

tive than resting potential (Fig.B}. However, inward or SP* (Fig. 5).

current always appeared below 0 mV. At =30 and -20

mV, the cold-induced inward current was not observed inpjscussion

Mg?*/TEA* solution, however, at -10 and 0 mV, the

small inward current was observed a_few times. TthOLD_|NDUCED Ca* INFLUX AND

vpltage clamp of the memprane potgntlal at more pOSin)gysrANE DEPOLARIZATION

tive than 0 mV caused the increase in fluctuation of the

membrane current, and the cold-induced inward curren€ooling from 25 to 20°C caused a transient increase ir

was indistinguishable from its underlying fluctuation.  [Ca®"]; at the anterior region of a deciliat&hramecium

10s
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Fig. 3. Changes in membrane potential of
. 5 mV I Parameciuncells elicited by cooling in standard
(C) solution (left trace) and in CG&-free solution (right
25 30s trace). Open arrowheads indicate the start of
cooling. Bottom trace is a record of temperature.
These traces are representative of results obtained
in four additional cells in standard solution and in

20 two additional cells in C&-free solution.
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Fig. 4. (A) Cold-induced membrane currents in?GZEA* solution 25 30s

(left trace), and in a solution replaced MnCaCl, with 1 mv MgCl,

(right trace). Holding potential was —30 mV. Open arrowheads indicate

the start of cooling, and filled arrowhead indicates the cold-induced 20

Ca&" current. Bottom trace is a record of temperatui). The I-V

relationships of the cold-induced membrane current. The cold-inducedFig. 5. Divalent cation selectivity of cold-induced inward current.
membrane current from the resting levalm, was measured at 5 sec Currents elicited by cooling in G4TEA" solution, and upon replacing
after the start of cooling. Closed circles, inXYTEA* solution; open 1 mm CaCl, with equimolar concentration of BagISrCh, CoCl,
circles, in a solution replaced 1nmCaCl, with 1 mm MgCl,. Each MgCl, or MnCl,. Representative recording are shown from different
symbol is the mean (#b) of measurements from 3-5 cells. cells in each solution. Bottom trace is a record of temperature.

complished by influx of external G4 through cold-
cell (Figs. 1 and 2). The membrane potential response afensitive C&" channels at the anterior soma membrane.
the cell to cooling was a transient depolarization (Fig. 3). Previous measurements of the membrane potentic
These increases of [€5; and membrane depolarization indicated that the reversal potential of the cold-inducec
in response to cooling were lost upon removing extra-depolarization was more negative than the resting poten
cellular C&* (Figs. 1-3), suggesting that they were ac-tial and was dependent on extracelluldr ¢oncentration
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(Nakaoka et al., 1987; Inoue & Nakaoka, 1990). Based It is unknown whether this G4 channel is directly
on these results, it was thought that cold-induced depoeontrolled by cooling or the G4 channel is controlled
larization was primarily attributed to decrease df¢on- by some second messengers which respond to coolin
ductance. In the present study, we found that cooling oFurther investigation of the operation of this<ahan-
the voltage-clamped cell induced €acurrent under nel is needed.

conditions where K current was suppressed (FigA)4

Thus the cold-induced depolarization involves both de-ye thank Prof. Fumio Oosawa for critical reading of the manuscript.
crease of K conductance and increase of“Caonduc-
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