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Abstract. Paramecium tetraureli@esponds to extracel- revealed a minor inward current with a periodicity simi-

lular GTP & 10 nv) with repeated episodes of pro- lar to that of the depolarizations. This current persisted

longed backward swimming. These backward swim-when known voltage-dependent ¥acurrents were

ming events cause repulsion from the stimulus and arélocked pharmacologically or genetically, which implies

the behavioral consequence of an oscillating membranthat it may represent the activation of a novel purinergic-

depolarization. lon substitution experiments showed thateceptor—coupled G4 conductance.

either M@ or Na" could support these responses in

wild-type cells, with increasing concentrations of either ey words: GTP — Paramecium— Electrophysiology

cation increasing the extent of backward swimming. Ap-__ pyrinergic — Mg* — conductance — Naconduc-

plying GTP to cells under voltage clamp elicited oscil- t3nce — C3* conductance

lating inward currents with a periodicity similar to that of

the membrane-potential and behavioral responses.

These currents were also [ffg and Nd-dependent, sug-  Introduction

gesting that GTP acts through Kfgspecific (mg) and

Na'-specific (\,) conductances that have been describedurinergic responses (responses elicited by purine

previously inParamecium.This suggestion is strength- nucleosides and nucleotides, but not by cyclic nucleo-

ened by the finding that Mg failed to support normal tides) are common among metazoa (Gordon, 1986), but

behavioral or electrophysiological responses to GTP in dittle is known about their existence in lower organisms.

mutant that specifically lack,, (*“ eccentric¢), while  To date, the only purinergic responses described in mi-

Na" failed to support GTP responses ife’$t-2;" a mu-  crobes are those exhibited by the ciliated proti2ssa-

tant that specifically lack$,, Both mutants responded mecium tetraureligClark, Hennessey & Nelson, 1993)

normally to GTP if the alternative cation was provided. and Tetrahymena thermophilg§Francis & Hennessey,

As lyq and Iy, are both C&'-dependent currents, the 1995) to extracellular GTP. At a concentration as low as

characteristic GTP behavior could result from oscilla-10 nv, GTP cause®arameciumo switch from its un-

tions in intracellular C&" concentration. Indeed, apply- stimulated pattern of predominantly forward swimming

ing GTP to cells in the absence of either Mgr Na"  to an unusual pattern of alternating forward and back-
ward swimming with transition periods of whirling (ran-
domly directed motion). This behavioral response trans-
lates into avoidance of GTP in a chemoresponse assay

* Dedicated to Julius Adler on his 65th birthday. (Clark et al., 1993; Francis & Hennessey, 1995). Phar-
macologically, the behavioral response is specific to
Correspondence tcD.L. Nelson GTP or its closely related analogue G§FS. GDP, for

Abbreviations: BST, backward swimming time; Ch,,,, concentra- example, is about ]‘_O_fOId less active than ,GTP’ ATP is
tion of C&" in the cell body; [C&"];, concentration of C& in the 1,000-fold less active, and other nu_CI_eondes such as
ciliary compartment],,, Mg®*-specific currentj,,, Na'-specific cur- ~ CTP, UTP, ITP, and XTP show no activity (Clark et al.,
rent; TEA, tetraethylammonium chloride 1993). Currently, no other characterized purinergic
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responses are guanine-nucleotide-specific, maRag- a mutation,nd6, that prevents trichocyst discharge (Lefort-Tran et al.,
mecium’sresponse to GTP a new pharmacological clasd981), to minimize cell trauma during microelectrode insertion.
of purine reception.
Paramecium’sswimming behavior is governed by BEHAVIORAL ASSAY
changes in its membrane potential (Naitoh & Eckert,
1969). Membrane hyperpolarization results in increasene hour prior to experimentation, cells were washed from culture
forward swimming speed, whereas depolarization causeiid into 10 mv HEPES buffer adjusted to pH 7.2 with Tris. For
the cell to slow down. If a depolarization is sufficiently studies of the ion dependence of the GTP response, this solution was
strong, voltage-dependent Tachannels present in the supplemented with stated concentrations of (a) Ga@®) KCl plus 1
ciliary membrane open, resulting in the firing of a T“ﬁ%cg r':"dgg';zm}fé méacgf(bla;?ﬁ;‘v’;“;s*(ﬁt&(e‘g s:g;rp'cﬁ
+ . . . . -
%ga;jze)d’_rii f;;segqsgﬂ??lszofﬁr:gz’ggl\:g :Sgcioﬁigﬁlfo’ diEions £t+)) (c), and (d) to allow for the activation of €adependent
K*, Mg®*, and N4 currents. Cells were allowed to adapt to the ex-
tration [C"chil causes reversal of the ciliary power perimental solutions for 1 hr before adding GTP. The effects of GTP
stroke, so that the cell whirls or swims backwakhara-  on Parameciumbehavior were assessed for a period of 90 sec, begin-
meciau|timate|y adapt to a depolarizing stimulus by a ning approximately 2 sec after adding nucleotide to the cells. Back-
return to forward swimming. Consistent with this elec- Ward swimming episodes were regis_tererj usir]g a computer, which then
trophysiological control of swimming behavior, each calculated percentage backward swimming time (%BST) as a fur1ct|on
GTP-induced backward swimming event is associatetﬁf the total observation period (Clark et al., 1993) (program available
with a membrane depolarization whose magnitude is de-|Oon request).
pendent on GTP concentration (Clark et al., 1993).
Initial investigation into the GTP signal-transduction ELECTROPHYSIOLOGY
pathway revealed that the oscillating depolarizations are
not dependent on the voltage-depender?t*@arrent that Conditions used to record membrane potential have been described
yields the upstroke of the previously characterizecﬁ*@a (C!ark et aI.', 199_3). Free-runni_ng membrane potenrials were recorded
based action potential; while a mutant lacking this Cur_usmg a capillary intracellular microelectrode (_:ontaml_ngr@.KC!, tip
. i . . . resistancea. 150m(). The cells were placed in “resting solution” (4
rent fa||§ to ShOW GTP-mQuc_ed baCkwar_d swlmmlng ePmy KCI, 1 mm CaCl, 1 mv MOPS buffer plus Tris to pH 7.2) for 1
sodes, it retains the oscillating depolarizations (Clark ety prior to experimentation. The same solution supplemented with ei-
al., 1993). This suggests that the depolarizations are aifer 0.5 nu MgCl, or 10 mv NaCl was used during intracellular
upstream event in the GTP signal-transduction pathwayecording.
and that they are most likely used to directly open the Conditions used to record membrane currents under two-
voltage-sensitive & channels, which results in back- electrode voltage clamp were described (Preston, Saimi & Kung,

. . g 1992). The capillary intracellular microelectrodes used to establish a
ward swimming. Here we show that the oscillating de_voltage-clamp usually containedM CsCl, tip resistancea. 40 m().

polarlzatlons aCtua”y res_u!t from _the parallel aCt!Vatlon Electrodes containing t Cs-glutamate were used for recording under
of two separate depolarizing cation currents, either ofc1- free conditions. The solutions used during recording under voltage
which is capable of producing the behavioral responseclamp were designed specifically to isolate MgNa', and/or C3*
One of these is a G&dependent and Md-specific cur-  currents inParamecium.All solutions contained 1 m C&* (CaCl,)
rent (Preston, 1990) and the other is &Gaependent and/or Ca(Ok), 10 ma EDTA, 1 mv HEPES buffer, pH 7.2. “C&-
and NJ-SpeCifiC current (Saimi & Kung, 1980). Not solution” additionally contained 10 mntetraethylammonium chloride

v do th b i | | ch ffect TEA) and was used to study &acurrents; “Mg?* solution” addi-
only do these observations reveal a novel chemoetiec O(onally contained 5 m MgCl, and 10 nm TEA and was used to study

pathway inParameciumthey also define an important g2+ currents; and “Na solution” additionally contained 10 mNaCl
and previously unsuspected physiological role for thesend 10 m TEA and was used to study the Neurrent.
two cation currents. The C&* conductance that underlies responses to GTP iR*Mg
and N4 is suppressed if membrane potential is held >5 mV negative to
rest Gee beloy so cells bathed in Ga solution, TEA-free C&'-
Materials and Methods solution, or Cf-free solutions were held at =25 mV, while cells in'Na
solution were held at —20 mV, and cells in Rfgsolution were held at
-15 mV. Cells in 10 mn Ba®* were held at -5 mV. These potentials
CELL Stocks AND CULTURE approximate resting potential in each of the respective solutions. Cur-
rent traces shown were filtered at 10 Hz. All recordings were made at
Paramecium tetraureliastock 51S, was cultured in either a wheat room temperature (22—24°C). Deciliated cells were prepared by agita-
grass medium or in a semi-defined artificial medium, as describedtion in 5% ethanol for 2 min, as described (Preston & Usherwood,
(Clark et al., 1993; Preston, Saimi & Kung, 1990). Both were inocu- 1988).
lated with a food organisnknterobacter aerogeneb addition to this Amplitudes of GTP-induced currents were determined during a
wild-type stock, the following mutants derived from the wild type were 4—6 min period approximately 2 min after applying GTP to individual
used: d4-95pawn B (Kung, 1971), d4-623Dancer (Hinrichsen & cells. This observation period typically included 8-10 current oscilla-
Saimi, 1984), d4-70Gccentric A(Preston & Kung, 1994), d4-652 tions. These currents were averaged and this figure was then used to
fast-2(cam™) (Kink et al., 1990). All cell lines additionally contained calculate mean responses from the number of cells stated.
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s swimming in response to GTP. Cells were viewed
3 20 - h individually through a dissecting microscope for a
5 period of 90 sec after GTP addition, during which
—?, - | time the duration of each backward swimming
8 N event was recorded using a computer. The
B ! percentage of time spent swimming backward was
0—=F—T 15 11 é é 6 "0'5 ; é "‘ 8| 1|6 then calculated. Cells were bathed in buffer (10
0 005 0.1 0'22 0. + mm HEPES buffer adjusted to pH 7.2 with Tris)
Mg=* (mM) Na™ (mM) plus the stated concentrations @) (CaCb, (B)
KClI plus 1 mm CacCl, (C) MgCl, plus 1 nm
E F CaCl, and 4 mu KCI, or (D) NaCl plus 1 nwm
CaCl, and 4 nu KCI (seeBehavioral Assay in
10mv ! Materials and Methods). The GTP concentration in
i all experiments was 1fim. Each data point
1 min represents the average for five cells, while the bars
represent the standard error. Membrane-potential
recordings show typical responses to the addition
and subsequent removal of 1061 GTP from a
cell bathed in resting solution plug) 0.5 mM
MgCl, or (F) 10 mmv NaCl.
GTP GTP
Results K*, Mg?*, or Na. The strength of the response was

defined by the amount of time the cells spent swimming
Parameciumtypically responds to extracellular GTP backward as a percentage of the total observation period
with repeated episodes of backward swimming that eac%BST). The results are shown in Fig. 1.
last about 8 seconds. These reversal events usually recur Neither C&" (200 uM to 5 mm) nor K* (1 to 16 nm)
several times during the initial minute of exposure tosupported GTP-induced backward swimming (Figs.
GTP, but their frequency declines gradually with increas-1A,B), but both Mg* and N4 did. Backward swimming
ing time, and the cell ultimately resumes forward swim-durations rose sharply as extracellular Mgoncentra-
ming without further interruption. This behavior was tions increased from 10@m to 1 nm (Fig. 1C), with the
originally described in cells bathed in a medium contain-response finally attaining 36% BST. At higher concen-
ing C&", K*, Mg?*, and N& (Clark et al., 1993). All trations of Mg" (2 to 5 mm), the response decreased
four of these cations are membrane-permearPamna-  slightly to a constant BST of 27%. GTP-induced back-
meciumand thus could all be involved in the transient ward swimming depended on extracellular™N@ancen-
membrane depolarizations that underlie the characteristitation with the response increasing linearly from 0.5 to
behavior in GTP. Therefore, a possible dependence of mm, then rising more sharply between 4 and @ (fig.
the GTP response on these cations was investigated D). A maximum response of 42% was attained at 16
observing the behavior of individual cells exposed to 10mm Na“. The increase in %BST that occurred with in-
uMm GTP in various extracellular concentrations ofa creasing concentrations of either fgor Na" was at-
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Fig. 2. GTP-induced membrane currents. Current traces were recorded under two-electrode voltage clamp fronApwitditgge, B) eccentric,

or (C) fast-2cell. Each set shows three pairs of currents recorded immediately prior to (upper trace in each pair) and approximately 2 min after (lowe
trace in each pair) adding 10v GTP. Top pairs of traces show currents recorded in the presence rfMgf*™ (“Mg 2* solution”; seeMaterials

and Methods), middle pairs show currents in 10 mM l&Na ™ solution”; seeMaterials and Methods), while bottom pairs show currents recorded

in the absence of either Mfor Na' (“Ca?* solution”; seeMaterials and Methods). Note that ImCa2* is present in all these solutions. Holding
potential was —15 mV in Mg, —20 mV in Na&, and —25 mV in the absence of these catiosee(Materials and Methods and text).

tributable to both an increased frequency and an inmechanisms underlying the oscillating depolarizing tran-
creased average duration of the backward swimmingsients.
events (not shown). Mg?* and N& are presumed to be able to support the
Examples of the membrane potential changes thabehavioral responses to GTP because they are able to
underlie these behavioral responses irfMand Nd are  traverse the plasma membrane and, in so doing, to de-
shown in Fig. E andF. Adding 10pum GTP to a cellin  polarize the cell. This depolarization would be sufficient
the presence of 0.5 mMg?* caused a membrane re- to activate voltage-dependent Tahannels that reside
sponse that was complex and that appeared to contain the ciliary membrane (Ogura & Takahashi, 1976),
two distinct phases. The initial response was a rapid andausing C&" influx, ciliary reversal and backward swim-
prolonged depolarizatiorté. 10 mV) that relaxed slowly ming. Two distinct pathways for Mg and N4& influx
during GTP application. Membrane recovery during re-are known to exist ilfParameciuma Mg?*-specific cur-
moval of the stimulus also appeared to be slow, but wasent, l,, (Preston, 1990), and a Napecific current]y,
not investigated systematically. Superimposed upon théSaimi & Kung, 1980). To assess the possible involve-
sustained depolarization were repeated, slow, depolariznent of these conductances in the GTP response, mem-
ing transients. These transients initially occurred atbrane currents were recorded under voltage clamp. The
about 5- to 10-sec intervals, but their frequency declinecclamp was established using experimental conditions
with increasing time of exposure to GTP, as did thethat had been used previously to isolate and characterize
behavioral responses. When GTP was washed out of thig,; and I,. In the presence of 5 mMg?* extracellu-
bath, these transients ceased. Qualitatively similar relarly, 10 uM GTP elicited inward current oscillations
sponses to GTP were observed in the presence o0 m(Fig. 2A, top). The frequency of the current oscillations
extracellular Na (Fig. 1F). While both phases of the varied from cell to cell and declined slightly over the first
membrane response to GTP appear to be involved itwo minutes of exposure to GTP, but approximated that
generating GTP-induced swimming behavior, the obserof the behavioral events and of the depolarizations. The
vation that they can be separated by genetic mutation (Jorm of the oscillations also showed considerable cell-
Mimikakis, personal communicatigrsuggests that two to-cell variation, but generally comprised an inward cur-
distinct mechanisms underlie the depolarizations. In theent that was sustained for 5-10 sec, superimposed upon
present study, we restricted our investigation to thewhich were repeated, fast, inward-current tran-
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Table 1. Persistence of the GTP-evoked inward current despite mutadistinguish between the two possibilities, we used two
tional and pharmacological inhibition of known Mg Na*, and C&* mutants that specifically lack eithé,\l,’,g (eccentric;Pres-

conductances ifParamecium. ton & Kung, 1994) orly, (fast-2; Kink et al., 1990).
Amplitude (pA) n Applying 10 um GTP to thely,,-deficient mutaneccen-
tric in the presence of Nayielded inward currents that
A were similar in form and magnitude to those of the wild
Wwild type 73+16 11 type (860 + 137 pAn = 3; Fig. 2B, middle). Inward
eccentric 102 + 36 4

currents seen when Mgwas the predominant extracel-
lular cation were reduced considerably compared with
B those of the wild type (94 + 41 pAy = 4; Fig. 2B, top),

fast-2 79+ 20

()]

18 m IEQ: Zgﬂg j but were of similar magnitude to those observed in the
m - absence of either Mg or Na" (102 pA; Fig. B, lower;

0 mm CI” 9333 5 Table 14). Conversely, applying GTP to thi,-
30 mv CI 7817 5 deficient mutanfast-2in the presence of Mg elicited

c inward currents that were comparable with those of the
pawnB 96 +43 6 wild type (214 + 101 pAn = 6; Fig. 2C, top), but the
Deciliated wild type 8131 °> currents elicited in the presence of Naere reduced to
Dancer 106 + 49 5

the extent that they were indistinguishable from those
D observed in the absence of N@5 + 19 pA,n = 5; cf.

(230””0' o 91x14 6 79 pA, Table 2; Fig. 2C middle and bottom).

mm Amiloride 64 + 15 6 . . . .
Consistent with these observations was the finding

Control 6812 4 that by inhibitingl,,,, the eccentricmutation deprived

10 mv B&?* 104 +23 4 g

Parameciumof the ability to respond behaviorally to
Inward currents were elicited by 40m GTP in cells bathed in G4 GTPin M92+ (Fig. 3A), while responses in the presence
solution (no M@* or Na*). (A) The periodic inward current was ob- Of Na" (Fig. 3B) were indistinguishable from those of the
served in the wild type and in mutant lackimg, (eccentrig or I,  wild type (Fig. D). Similarly, by inhibiting I, the
(fast-2. (B) Thg current observeq in thg Wild_ type in the presence o_f 10fast-2 mutation specifically inhibited backward swim-
mm TEA™ persisted after removing this cation from the bath solution, ming in response to GTP in Nasolutions (Fig. B),

and was also detected under ®ee conditions. The current was not while responses in I\/Fg solutions were unaffected (Fi
affected significantly by imposing an inward Gjradient (30 mu CI~ P g

added extracellularly).@) A GTP-induced inward current was re- 3A)- ) ] ]
corded frompawn B,a mutant that lacks, 4 and from wild-type cells These data are consistent with the idea that GTP

after inhibiting this C&* current by deciliation. The current was unaf- jnduces backward swimming in the wild type through the
fected inDancer,whose mutation hinders inactivation gf| (D) The parallel activation of Mg andly, Both of these currents
inward current remained after adding 21ramiloride or 10 nw Ba?* are Cé*—dependent' under physiological conditions they

to the bath solution. Both treatments fully inhibit|,, Data represent tivate followi . in int llular &
mean peak inward currents (x standared deviation) recorded from aclivaie following an Increase In Infraceliular T.a

cells. concentration ([C%l*]cyto; Preston, 1990). This raises the
possibility that the inward current elicited by GTP in the
absence of M§ and N& is a GTP-induced C& con-
sients. The maximum amplitude of these responses tguctance that, in turn, elicits,y andly, Several C&"
GTP in Mg* was 206 pA (¥26 pAn = 10). Similar  currents have been describedRaramecium:one elic-
currents were observed in the presence of 3 Na",  ited upon depolarizationl {, 4 Oertel, Schein & Kung,
although their magnitude was increased (586 + 64pA, 1977), a second activated upon hyperpolarizatigg
= 5) compared with those in Mg, and the fast inward Preston, Saimi & Kung, 1992), and a third seen in re-
transients were a more prominent feature of the responsgponse to anterior mechanical conductangg { Ma-
(Fig. 2A, middle). We also examined the effects of GTP chemer, 1988). There is preliminary evidence for a
in the absence of either Mgor Na', with C&* as the  fourth, ligand-activated C4 conductancel(, ; Hennes-
sole extracellular catiorsgeFig. 1A). Under these con- sey, Kim & Satir, 1995). Thd._,4 can be suppressed
ditions, there is no behavioral response to GTP. Surprisgenetically (Oertel et al., 1977), pharmacologically (Gus-
ingly, inward current oscillations were observed undertin & Hennessey, 1988; Hennessey & Kung, 1984), and
these conditions (Fig.A bottom), although their mag- by deciliation, the latter suggesting an association with
nitude was reduced considerably compared witifMg  the ciliary membrane (Dunlap, 1977). The other three
Na* currents (73 pA: TableA). Ca* currents appear to be localized on the body (so-
The inward currents in Mg and N& might reflect  matic) membrane. These differences allowed us to in-
either activation ol andly, or activation of a previ- vestigate their possible roles in the GTP response.
ously unknown Mg§*- or Na"-permeant pathway(s). To First, we excluded the involvement of the only other
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A despite its inability to respond behaviorally with back-
} ward swimming (Clark et al., 1993), 4 can also be
i/ inhibited in the wild type by deciliation (Dunlap, 1977),
30 y but this treatment had no significant effect on the GTP-
} induced current (Fig.B; Table IC). The Dancermuta-
204 / tion also affectsl., 4 by enhancing it (Hinrichsen &
_— Saimi, 1984). Again, the mutation had no apparent ef-
104 fect on the GTP response (FigB4Table IC). I, can
§\n\§/§\ be inhibited using amiloride or B4 (Preston et al.,
?/”/ T T T

40-

% backward swimming time

1992). The GTP-induced inward currents were found to

T , persist in the presence of either Ziramiloride or 10 nw
00102 051 2 5 Ba’*, concentrations that are adequate to inhiki,,
Mg2+ (mM) fully (Fig. 4C: Table D).

While these data suggest that GTP increases
[Caz*]Cyto by a mechanism that is distinct from these two

% voltage-activated C& currents, the GTP-induced cur-
~ rent is voltage sensitive. This is demonstrated in Fig.
30 y 4D. Throughout this investigation, in each of the various

5 % solutions, membrane potential was clamped at resting
20 potential 6eeMaterials and Methods) rather than at the
é\/
4
§/

a0{B

—40 mV value used in most previous studies. However,
holding at potentials >5 mV negative to rest caused the
GTP-induced C& conductance to inactivate reversibly
_7:1!\?/0—0\._._. but fully (Fig. 4D, middle).

T I o
0O 051 2 4 8 16
Na* (mM) Discussion

104

% backward swimming time

0-

Fig. 3. lon-dependence of the behavioral response to GTéedentric . A
andfast-2.Response of thg,,-deficient mutaneccentric(O) and the The results described here suggest that the OSCIllatlng

I o-deficient mutantfast-2 (@) to 10 um GTP () as a function of ~ d€Polarizations that underlie repulsion from GTP in
increasing M§* concentration orf) as a function of Naconcentra- ~ Parameciumare caused by the parallel activation of two
tion. The behavioral test solution contained, in addition to the indicatedindependent ion current,, andly,. Behavioral obser-
Mg?* or Na" concentration, 1 m CaCl and 4 mv KCl (as in Fig. £ vations have demonstrated that either®¥gr Na* can
gmdD; seeMateriaIs and Methods). Points represent mean responses cgupport the backward swimming episodes and that the
five cells with standard errors. extent of backward swimming increases with extracellu-
lar Mg®* and N4 in a concentration-dependent manner.
significant ions in the bathing medium, TEAnd CT,in ~ Behavioral data cannot tell us whether these cations enter
generating the inward current. TEAnvolvement was the cell via a single, nonspecific pathway or by way of
excluded by removing it from the bathing medium with separate M§'- and Nd-specific conductances. But by
no apparent effect on the inward current (Fig; Zable  specifically inhibiting Mg*-dependent responses to GTP
1B). The contribution of Clwas examined by replacing with a mutation that blockdy, and inhibiting Nd&-
this anion with glutamate in both the capillary micro- dependent responses with a mutation that supprégses
electrodes and in the bathing medium. Glutamate wasve have shown the single, nonspecific channel hypoth-
chosen because it does not permeate &@lannels in esis to be untenable.
Paramecium(R.R. Preston and Y. Saimynpublished For largely historical reasons, discussion of the pos-
resultg. Not only did the inward current persist under sible functions of,, andly,in Parameciunhas focused
these conditions (Fig.At Table B), it remained unal- on their contribution to the overall form of the action
tered when an inward Clgradient was imposed (30nm  potential (Kung & Saimi, 1982; Preston & Kung, 1994).
TEA-Cl added extracellularly: Fig.A; Table B). Thus, Action potentials are initiated when the membrane de-
by elimination, C&" is the likely carrier of the oscillating polarizes beyond the threshold required for opening volt-
inward current. age-sensitive G4 channels in the ciliary membrane.
Thepawn Bmutant lacks a functiond}, 4(Oertelet  The C&" that enters the cilia at this time is the primary
al., 1977) but GTP-induced currents were observed inmpetus for ciliary reversal, but it may also allow for
this mutant (Fig. 8; Table IC). These observations are activation ofl, andly, Both currents are depolarizing
consistent with earlier findings that GTP induces appar-under physiological conditions, which has led to the sug-
ently normal membrane-potential oscillationgpiawn B,  gestion that their role is simply to prolong the spike and
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A 10 mM TEA C control
0 mM TEA 2 mM amiloride

W TV VYV VYV YV Fig. 4. Properties of the current induced by GTP

in the absence of extracellular Kfgor Na'.
Voltage-clamp records of currents elicited by 10
- um GTP from cells bathed in “CH solution” (no
OmM Ci control Mg?* or Na'; seeMaterials and Methods)Aj
W‘_—'—"Y‘ W w7 WY Current oscillations were unaffected by removing
TEA, a common R-channel inhibitor, from the
bath solution (upper two traces) or by reversing
30 mM CI’ 10 mM Baz+ the CI" gradient (lower two traces) from outward
- /-—~——~—-T ——— (0 mm CI") to inward (30 nm CI"). (B)

v V Y GTP-induced inward currents were observed in
pawn Band in deciliated wild-type cells, both of
which lack the depolarization-activated Ca
current, and irDancer,a mutant in which this

_ _ Ca&* current is enhancedC} The GTP-induced
B pawn B D Vi = V= 25 mV inward current was not inhibited by either 2vm
WYN‘—W/—— vV v Y YV amiloride (upper two traces) or 10MrBa*
(lower two traces), conditions that fully suppress
deciliated wild type V, = -35 mV the hyperpolarization-activated €acurrent. D)
The GTP-induced inward current was inactivated
" PV M at membrane potentials negative to rest. The top
trace shows the GTP-induced current when the
Dancer V, = -25 mV holding potential Y/,) approximates resting
potential {/,) in C&*/TEA-solution, —25 mV.
" ' H '“ i ‘ i ' “ Holding membrane potential at 10 mV negative to
rest (—35 mV) inhibited this current fully (middle

100 pA L— trace) but reversibly (lower trace).
20 sec

resultant backward swimming events. Subsequent menreport, but it would be consistent with our findings and
brane repolarization and recovery of forward swimmingwith the numerous reports of cytoplasmic*Cascilla-
is effected by a fast outward rectifying’iKurrent and by  tions in other cell types (Tsien & Tsien, 1990).
a slower C&"-dependent K current (Saimi et al., 1983). Previous studies on metazoa have suggested that
Our studies have revealed an important additional an@ontributions to oscillations in intracellular [€2 can
previously unsuspected role fg, andly, Because the come from intracellular C4 stores and/or from the ex-
inward current oscillations shown in Fig. 3 were re- tracellular space via ion channels (Tsien & Tsien, 1990).
corded under voltage-clamp, GTP must activate thes®arameciumljike most cells, has extensive intracellular
currents by a mechanism that is completely independenta* stores. One is located within a system of mem-
of membrane depolarization. Thlg, andly,mustnow brane-bound “alveolar sacs” that lie just beneath the
be viewed in their own right as physiologically relevant plasma membrane throughout the entire cell (Stelly et al.,
intermediates in a signal-transduction pathway that isL991). The function of the alveolar stores is unknown,
initiated by the binding of GTP to its putative receptor but one suggestion is that they are the protozoan equiva-
and that results in cell repulsion from the stimulus. lent of the sarcoplasmic reticulum of myocytes (Erxleben
The oscillation ofly,, and Iy, is particularly inter-  &Plattner, 1994). According to this model, when stimu-
esting. The two conductances may be controlled by inlated appropriately, alveolar sacs releasé‘Gato the
dependent oscillators, but a simpler and more plausiblemall space between plasma and alveolar membranes
explanation is that their activation is governed by aand trigger trichocyst secretion (trichocysts are defensive
single, common oscillating regulator. As these inwardorganelles). The close proximity of this €astore to the
currents were recorded under voltage clamp, this reguMg®* and N& conductances of the plasma membrane
lator must be chemical rather than electrical. BQfly  also makes it an attractive candidate as a source of a
andl, are [C&']-dependent currents, so it is reasonablepossible GTP-induced rise in [@:'afyto.
to propose that they are activated in response to GTP-  The second possibility, thdf,, andly, activate in
induced oscillations in [c%i]cym. Confirming such response to periodic increases in cell permeability to ex-
changes in [C%f]Cyto is beyond the scope of the present tracellular C&", is strengthened by the discovery of a
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residual GTP-induced inward current that persists wherion of [C&*], and hence backward swimming. The
all cations other than Gahave been removed from the behavioral response presumably terminates when
bathing medium (Figs. 2 and 4). Showing unequivocally[CaZ*]Cyto falls, I,4 andl, deactivate, and a repolarizing
that the residual GTP-induced current is indeed 4*Ca conductance and/or electrogenic #Mgnd Nd pumps
conductance is beyond the scope of the present reporeturn the membrane potential to resting level. With re-
and may be difficult becausBarameciumdies within  polarization, ciliary C&" channels close and [€§;
seconds of removing extracellular €aThis thwarts ~ drops, due to Cd extrusion through the ciliary mem-
demonstration of an absolute dependence oR*Ca brane and/or diffusion of C4 away from the ciliary
However, it may prove possible to show reversal of theCompartment.

current at the equilibrium potential for €a There is a Although we have seen no evidence for a repolariz-
precedent for such purinergic control of ciliary activity ing conductance, the membrane currents shown above
among higher organisms. Extracellular application ofWere recorded under conditions designed specifically to
ATP to mucus-transporting epithelial cells from amphib- inhibit K" currents. The slow activation of a €a

ians and mammals causes their cilia to beat faster (vildependent K current (of which there are two iRara-
lalon, Hinds & Verdugo, 1989). ATP is believed to bind Mecium;Preston et al., 1990) in response to a rise in
to a R-purinoceptor on the cell surface and to caus&'Ca [C&®*] 10 Would be sufficient to serve this purpose.
influx. However, in these cases, the rise in intracellular _ Why design a signal-transduction pathway that con-
[Ca2"] elicits C&*-dependent K efflux to hyperpolarize  t@ins two different currentsl g, andly,) that each pro-

the membrane and stimulate ciliary beating (Vilalet duce the same end effect? Perhaps the environmental

al., 1989; Weiss et al., 1992 'hge, Klauke & Plattner conditions (in particular the salt concentrations) that
19’95) ' v ' ' ' Parameciumexperiences in a fresh-water pond change

In the absence of a specific pharmacological or ge_quite drastically according to rainfall, drought, and influx

netic inhibitor of the residual GTP-induced current, it is of water f_rom dlffe_r_ent mineral sources. It may be that_
. . . . these varied conditions have selected for redundancy in
impossible to determine whether the currentdgquired

for the Mg?" and N4 oscillations or whether it is a third chemosensory and locomotor response mechanisms,

+ D which would allow a cell to respond under wide-ranging
(C&™-permeant) conductance that is elicited by a COMonditions. The considerable machinery devoted to this

hmgr: osc;lrzatotr. Smce” thr'ls cor:du'ctadncgéper&ststaft.er Inéignal-transduction pathway suggests that the GTP re-
ibiting the two well-characterize currents in- g onse is important taramecium.

Parameciumjt may represent a novel conductance. Its The literature offers many examples of oscillating
persistence after deciliation suggests that it must be reéytosolic C3* levels. but in most cases their function
stricted largely to the somatic membrane. This would b&gmains to be expla'ined. The responsePafamecium

consistent with the observation thpawn Bdoes not , exracellular GTP may be the first clearly defined case
swim backward in GTP (Clark et al., 1993), for if the of ingracellular C3* oscillations linked with a corre-

suggested Cd influx is restricted to the cell body, itis sponding physiological “output”: periodic backward
most likely buffered by the cytoplasm before it ever gyimming.

reaches the ciliary reversal mechanism. Thus in the wild

type, GTP-induced backward swimming is dependent on

the depolarization associated with R)tgand Ng influx, We are grateful to Dr. Ching Kung for providing the mutant stocks used

. . . _ e D _ throughout these studies, to Dr. Yoshiro Saimi and John Mimikakis for
which in trn activates the voltage-sensitive Cehan helpful discussions, and to John Mimikakis for sharing results in ad-

nels in the.cmary membrane. The apparent localization,ance of publication. This work was supported by National Institutes
of the residual GTP-induced conductance to the celbf Health grants GM34906 to D.L.N. and GM51498 to R.R.P., and by
body membrane (Fig.B) and its inactivation by mem- National Science Foundation grant MCB9410756 to T.M.H.
brane hyperpolarization (FigD) should aid in fully de-
scribing and understanding its properties.
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