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Summary. Veratridine opens voltage-dependent Na + channels in 
many metazoans. In P a r a m e c i u m ,  which has voltage-dependent 
Ca 2+ channels and a Ca/K action potential, no such Na + chan- 
nels are known. A Ca-inward current is correlated to an intracel- 
lular increase in cGMP. The addition of veratridine to P a r a m e -  

c i u m  wildtype and to pawn mutant cells, which lack the 
Ca-inward current, transiently increased intracellular levels of 
cGMP about sevenfold to 40 pmol/mg protein. A half-maximal 
effect was obtained with 250 tzM veratridine. The increase in 
cGMP was maximal about 15 sec after the addition of veratridine 
and declined rapidly afterwards. Intracellular cAMP levels were 
not affected. The effect of veratridine on cGMP was dependent 
on the presence of extracellular Ca 2+. The time dependence and 
extent of stimulation closely resembled the effects observed after 
stimulation by Ba 2+, which causes the repetitive firing of action 
potentials, Ca-dependent ciliary reversal, and cGMP formation. 
The effects of Ba z+ and veratridine were not additive. Wildtype 
cells and, surprisingly, also pawn mutant cells showed avoiding 
reactions upon addition of veratridine indicating that it induced a 
Ca 2+ influx into the cilia, which causes ciliary reversal. The po- 
tency of veratridine to stimulate cGMP formation was little af- 
fected by Na + in wildtype cells, three pawn mutant strains, and 
in the cell line fast-2, which is defective in a Ca-dependent Na- 
inward current. Divalent cations (Ca 2+, Mg 2+, and Ba 2+) inhib- 
ited the effects of veratridine similar to metazoan cells. The 
results indicate that veratridine can open the voltage-operated 
Ca 2+ channels in P a r a m e c i u m  wildtype and, most interestingly, 
in pawn mutant cells. The pawn mutation is suggested to repre- 
sent a defect in the activation of the Ca z+ channel. This explains 
the lack of differences in ciliary proteins between wildtype and 
pawn cells reported earlier. 
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Introduction 

The unicellular protozoan P a r a m e c i u m  is much like 
a neuron with several ion channels differing in their 
properties and locations. The ion channels in Para-  
m e c i u m  have been characterized by standard elec- 
trophysiological techniques (for review see  [9]). A 
Ca-inward channel and a voltage-induced K-out- 

ward current generate a Ca/K action potential that 
lasts for several tens of milliseconds. If sodium ions 
are present in the bathing medium, the duration of 
the excited state can be extended to hundreds of 
milliseconds due to a depolarizing Ca-dependent 
Na-inward current [16]. Under these conditions, re- 
polarization is effectively accomplished by a de- 
layed, Ca-dependent K + current. Changes in the 
membrane potential are also reflected in the swim- 
ming behavior of P a r a m e c i u m .  Usually, when the 
membrane potential rests at about -30 mV, normal 
forward swimming is the prevailing mode of move- 
ment. Hyperpolarization due to an efflux of K + 
results in accelerated forward swimming, i.e., 
speeding. Depolarization caused by the transient in- 
flux of Ca 2+ through voltage-operated Ca-channels 
triggers brief bouts of backward swimming, i.e., 
avoiding reactions. The dissection of individual cur- 
rents and related behavior of P a r a m e c i u m  has been 
substantially aided by mutants in which different 
types of ion channels are seriously affected [17]. A 
group of mutants called pawn has a very small Ca- 
inward current. Consequently, these cells do not 
spontaneously generate Ca/K action potentials and 
do not reverse the ciliary beat. In contrast, the 
group of dancer mutants has a defect in the fast 
inactivation of the voltage-dependent Ca 2+ channel. 
When stimulated, the Ca-inward current is much 
more persistent leading to a prolonged behavioral 
response, i.e., longer periods of backward swim- 
ming [7, 17]. In the past, we used these groups of 
Ca 2+ channel mutants to demonstrate that the Ca- 
inward current generates an increase in intraciliary 
cGMP by a Ca-regulated guanylate cyclase [8, 19]. 
Thus, behavior and cGMP formation can be used as 
a convenient assay for Ca 2+ channel function. 

In P a r a m e c i u m  as a model organism, mutations 
can be extremely helpful to characterize the con- 
nection between a biochemical reaction and ion cur- 
rents [19]. In vertebrate systems, such a genetic 
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approach is not possible. Instead, several toxins 
and drugs are used as pharmacological tools, which 
specifically interfere with ion channel function. Al- 
though the combined use of mutants and drugs 
should be of great advantage, most of these pharma- 
cological compounds tested on Paramecium have 
little efficacy on specific ion conductances [9]. In 
this report, we present behavioral and biochemical 
evidence that the plant alkaloid veratridine, which 
opens Na channels in metazoan systems, is able to 
open Ca 2§ channels in Paramecium wildtype cells. 
Furthermore, veratridine apparently can open non- 
functional or silent Ca 2+ channels in pawn mutants 
with behavioral and biochemical consequences 
identical to those observed in wildtype cells. 

Materials and Methods 

CELL CULTURES AND STIMULATION 

Paramecium tetraurelia 51s, the mutants pawn A (d4-94), the 
double mutant pawn A/B, and fast-2 (d4-562) were axenically 
grown at 25~ temperature-sensitive pawn C (d4-131) at 
35~ 1 liter Erlenmeyer flasks containing 300 ml medium 
with either phosphatidylcholine or phosphatidylethanolamine as 
major lipid source, respectively [22]. Early stationary cells were 
harvested by eentrifugation (500 �9 g for 1 rain) and transferred 
into 200 volumes of equilibration buffer (10 mM MOPS adjusted 
with Tris to pH 7.2, 1 mM KCI, 50 tzM CaC12). During equilibra- 
tion at 25~ (pawn C was equilibrated at 35~ cells were put 
onto a rotary shaker (50 rpm). After at least 2 hr, cells were 
washed once with equilibration buffer and suspended to a final 
density of 20,000 cells/ml. All mutants were tested for their char- 
acteristic phenotype after equilibration. 

Stock solutions of 50 mM veratridine (freshly dissolved for 
each experiment with 50 mM HCI) and 1 M BaCI2 were diluted 
with equilibration buffer prior to use. For stimulation experi- 
ments, about 2500 cells in 125 /xl buffer were mixed at room 
temperature of 21-23~ with an equal volume of stimulation so- 
lution. Unless otherwise indicated, incubations were stopped af- 
ter 15 sec by addition of perchloric acid (1 M final). 

ASSAYS 

Results 

BEHAVIORAL RESPONSE 
OF P a r a m e c i u m  TO VERATR1DINE 

Avoiding reactions and continuous backward swim- 
ming of Paramecium indicate membrane depolar- 
ization of various duration. Usually, wildtype ceils 
swim backward upon addition of Ba 2+ if the concen- 
tration exceeds the Ca 2+ concentration about five- 
fold [11]. This result is confirmed in the Table. 
Bouts of continuous backward swimming were ob- 
served on addition of 0.4 mM Ba 2+ to the incubation 
medium containing 50/zg Ca 2+. Addition of veratri- 
dine to wildtype cells triggered a behavioral re- 
sponse very similar to that observed upon addition 
of Ba 2+ (Table). This response was dependent on 
the presence of Ca 2+ in the bathing medium, impli- 
cating a participation of external Ca 2+ in the reac- 
tion cascade leading to ciliary reversal. The effect 
of veratridine was observed at slightly lower con- 
centrations compared to Ba 2+ (Table). 1 mM Vera- 
tridine was no more toxic to Paramecium than 1 
mM Ba 2+. No signs of bodily damage or deteriora- 
tion, e.g., blisters or lysis, were seen with 1 mM 
veratridine for at least 20 min. As expected, the 
mutants pawn A, pawn C, and pawn A/B com- 
pletely lacked a behavioral response to Ba 2+ since 
the voltage-operated Ca 2+ channels are not func- 
tional in these cell lines (see Table for pawn A/B). 
Surprisingly, addition of veratridine to pawn mutant 
cells (pawn A, C, and pawn A/B) elicited a behav- 
ioral response indistinguishable from that of the 
wildtype (see Table for observations with pawn A/ 
B). Since reversal of the ciliary beat requires the 
influx of Ca 2+ through voltage-operated Ca 2+ chan- 
nels, which are localized in the ciliary membrane [4, 
14], this result indicates that in pawn mutant cells 

veratridine activates a Ca 2+ conductance, which is 
in close proximity to the mechanical switch for cili- 
ary reversal. 

cAMP and cGMP levels were assayed by a radioimmunoassay 
using 125I-iodinated 2-O'-succinyl-cyclic nucleotide-L-tyrosin- 
ylmethylesters as tracers and respective antibodies against 
cAMP and cGMP with crossreactivities of less than 5% [3]. Pro- 
tein precipitated by HC104 and pelleted by centrifugation was 
dissolved in 0.5 M NaOH and determined by the method of 
Lowry using bovine serum albumin as a standard. Swimming 
behavior of Paramecium was monitored in depression slides at 
room temperature under 10- to 30-fold magnification. Usually, 
several cells were observed at once and the response pattern 
prevailing in several experiments is listed. When necessary, ad- 
ditional experimental details are given in the figure legends. 

Veratridine, tetrodotoxin, phosphatidylethanolamine and 
phosphatidylcholine were purchased from Sigma. All other 
chemicals were of analytical grade from usual sources. 

INCREASE OF cGMP IN RESPONSE 
TO VERATRIDINE 

Depolarization of Paramecium wildtype cells with 
Ba 2+ transiently increases intracellular cGMP levels 
[7, 19]. Since veratridine elicited a backward swim- 
ming response of Paramecium similar to that of 
Ba 2+, we investigated the effect of veratridine on 
cGMP levels in vivo. Veratridine elicited a seven- 
fold increase in cGMP concentration within 15 sec 
(Fig. 1A). The time course displayed a maximum 
between 5 and 30 sec, thereafter the cGMP concen- 
tration declined and reached almost basal levels 4 
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Fig. 1. (A) Formation of cGMP and (B) cAMP in Paramecium 
tetraurelia wildtype 51s after stimulation with 1 mMBa 2+ (~1) or 1 
mM veratridine (&). In (A), mean values of three to six experi- 
ments are depicted (SEM 6%). In (B), one of two representative 
experiments is shown 

rain later  (Fig. 1A). The  t ime course  of the c G M P  
response  to vera t r id ine  was comparab le  to the re- 
sponse  to 1 mN Ba 2+ (Fig. 1A). Ne i the r  Ba 2+ [8, 19] 
nor  ve ra t r id ine  e n h a n c e d  ci l iary guany la te  cyctase  
act ivi ty  in vi t ro .  In  fact,  ve ra t r id ine  concen t r a t i ons  
exceed ing  I00 ~XM inhib i ted  guany la te  cyclase  activ- 
ity (data not shown).  Therefore ,  it is conce ivab le  
that  ve ra t r id ine  e n h a n c e d  c G M P  fo rma t ion  by  an  
influx of  Ca  2+ through vo l tage-opera ted  Ca 2+ chan-  
nels  s imilar  to a Ba 2+ s t imula t ion .  This  hypothes i s  is 
suppor ted  by  the fo l lowing obse rva t ions .  Firs t ,  the 
c G M P  e leva t ion  el ici ted by  vera t r id ine  requi red  the 
p r e sence  of Ca  2+ in the ex te rna l  med ium.  In  the 
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Fig. 2. Effect of veratridine on cGMP formation in the Ca 2+ 
channel double mutant pawn A/B (A: 1 mM veratridine; []: 1 mM 
Ba2+), One of three representative experiments is shown 

Table. Behavioral response of Paramecium tetraurelia wildtype 
51s and double mutant pawn A/B to BaZ+and veratridine" 

Concentrations Wildtype 51s Double mutant 
added (mM) pawn A/B 

Ba 2+ Veratridine 
Ba 2+ Veratridine 

0.1 Speeding FS FS FS 
0.2 FS Tumble FS FS 
0.4 CCR CCR FS Tumble 
0.6 CCR CCR FS CCR 
0.8 CCR CCR FS CCR 
1.0 Tumble CCR FS CCR 

a All cells were adapted to equilibration buffer containing 50//.M 
Ca 2+ for at least 2 hr before transfer into test solutions. The 
behavior was monitored for 60 sec. Each entry into the table is 
derived from the results from at least 40 Paramecia. 
FS = normal forward swimming mode; CCR = continuous cili- 
ary reversal that results in prolonged and repeated backward 
swimming for tens to fifties of body lengths including repeated 
bouts of backward swimming lasting > 1 sec in duration; tumble 
= the cell tumbles or rotates around its posterior end, either 
remaining in place or moving very slowly forward, 

p re sence  of 5 nN Ca 2+ (adjus ted  by  E G T A  addit ion)  
dur ing  the s t imula t ion ,  no inc rease  of c G M P  was 
found  (data not shown).  Second ly ,  like Ba 2+, vera- 
t r idine specifically s t imula ted  c G M P  fo rmat ion  
while  the in t race l lu lar  c A M P  c onc e n t r a t i on  re- 
ma ined  a lmos t  u n c h a n g e d  (Fig. 1B). 

In  p a w n  m u t a n t  cells,  Ba  2+ addi t ion  has little 
effect on  c G M P  levels ,  p robab ly  due to the large 
r educ t ion  of  the Ca - inward  cu r ren t  (Fig. 2; [19]). 
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Fig. 3. Dose-response curves for Ba 2§ or veratridine-stimulated cGMP formation in Paramecium tetraurelia (A) wildtype 51s or (B) 
pawn A/B mutant cells. In (A), mean values of 24 (Ba 2+, 2]) or seven (veratridine, A) experiments are shown (SEM <5%). In (B), a 
representative experiment is depicted (n = 2 for Ba:+; n = 4 for veratridine). Stimulation time in this and following figures was 15 sec 

However ,  all pawn mutants tested with veratridine 
showed a strong backing response indicating a func- 
tional Ca-inward current.  When cGMP levels were 
measured in pawn A, pawn Cts, and the double 
mutant pawn A/B after stimulation with veratri- 
dine, a response like that in wildtype cells was ob- 
served (see Fig. 2 for data with pawn A/B). Obvi- 
ously, veratridine stimulates a Ca-inward current in 
pawn mutant cells, which is functionally coupled to 
both ciliary reversal and cGMP formation. It should 
be noted that the onset of  the decline in cGMP lev- 
els in wildtype and pawn mutant cells 15 sec after 
veratridine addition coincided with an adaptive nor- 
malization of the behavioral response, which is usu- 
ally observed after addition of  moderate concentra- 
tions of  Ba 2+ to wildtype cells. 

DOSE-RESPONSE CURVES FOR VERATRIDINE 

An initial effect of  veratridine on the behavior of 
Paramecium was apparent  with 200/XM. We estab- 
lished a dose-response curve for cGMP formation 
elicited by veratridine and Ba 2+ (Fig. 3A). At all 
concentrations,  the plant alkaloid was slightly more 
potent  than Ba 2+. A small increase in cGMP was 
already found with 100/.~M veratridine, the concen- 
tration for a half maximal effect (ECs0) was 250/ZM 
(n = 7, range 180-400 tXM). The ECs0 for Ba ~+ was 
400 /~M under identical experimental  conditions. 
When the mutant pawn A/B was stimulated with up 
to 2 mM Ba 2§ no cGMP elevation was found (Fig. 
3B). With pawn cells, the dose-response curves of 
veratridine were slightly shifted to higher doses 

compared to wildtype cells. The ECs0 concentra- 
tions were 400/zM for pawn A and C, and 700/ZM (n 
= 4, range 450-900/XM) for the double mutant pawn 
A/B (Fig. 3B). 

EFFECT OF CATIONS 

ON VERATRIDINE STIMULATION 

In metazoans,  veratridine persistently activates 
voltage-gated Na  § channels [2, 24]. In Parame- 
cium, a voltage-dependent Na + channel is not 
present [9]. The only identified Na § conductance in 
this protozoan is a Ca-dependent Na-inward cur- 
rent, which can be measured in the presence of Na § 
in the medium [7, 9]. The Ca-dependent Na-inward 
current enhances the effect of depolarizing stimuli. 
This Na § conductance of Paramecium is increased 
in the group of  paranoiac mutants and almost absent 
in the fast-2 mutants [7, 15]. In the experiments so 
far, Na § was not added. Therefore,  an effect of 
veratridine on a Na + conductance would have gone 
unnoticed. Now we equilibrated Paramecium in a 
buffer containing 10 mM Na § and investigated 
whether  the stimulatory effect of  veratridine on in- 
traceUular cGMP formation was altered. 10 mM 
Na § generally attenuated the potency of  veratridine 
(Fig. 4). While Na § slightly shifted the dose-re- 
sponse curve to the right, it did not impair the maxi- 
mal response.  The effect was identical for wildtype 
cells (Fig. 4A), the mutant fast-2, which lacks the 
Ca-dependent Na + current  [15] (Fig. 4B), and for 
the double mutant pawn A/B, which is devoid of the 
voltage-dependent Ca-inward current (Fig. 4C). As 
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a control,  we increased the K + concentrat ion in the 
equilibration buffer instead of Na § The potency of 
veratridine was slightly diminished (Fig. 4A). This 
demonstrated that in Paramecium veratridine most 
likely had no specific effect on a Na § conductance.  
The small attenuation of  activity by Na § and K § 
probably was due to an unspecific interaction with 
surface charges of  Paramecium. Furthermore,  the 
effect of 800/zM veratridine was not antagonized by 
100 /XM tetrodotoxin (data not shown), which in 
most tissues counteracts  veratridine [10]. In meta- 
zoans, the activation of  Na + channels by veratridine 
is often inhibited by divalent cations [2, 24]. This 
was also observed in Paramecium. 10 mM Ca 2§ 
completely blocked the cGMP increase in wildtype 
cells, which were stimulated by up to 2 mM veratri- 
dine (Fig. 5A). The specificity of  this inhibition was 
further investigated using pawn A/B cells since 
Ba 2+ could be used with this mutant. Unlike in wild- 
type cells, Ba 2+ does not cause an elevation of 
cGMP levels in this mutant (see Fig. 2). As already 

reported for Na + channel activation in metazoan 
systems [2], Ca ~+ was more potent  than Mg 2+ and 
Ba 2+ in inhibiting the veratridine effect in Parame- 
cium (Fig. 5B). These results stress that the mecha- 
nism of  action of  veratridine in Paramecium resem- 
bled in several respects the situation in higher 
systems. 

Discussion 

First we address the question whether  veratridine 
stimulates cGMP formation in Paramecium by di- 
rectly affecting the enzymes of  cGMP metabolism 
or by indirectly stimulating an influx of  Ca 2+. Con- 
trol experiments show that veratridine does not ac- 
tivate the guanylate cyclase or inhibit a phospho- 
diesterase from Paramecium in vitro (data not 
shown). If any, veratridine inhibits guanylate cy- 
clase activity at concentrat ions exceeding 100 /~M. 
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The presence of Ca 2+ in the bathing solution of Par- 
amecium was absolutely required for the effect of 
veratridine on cGMP levels and behavior to occur. 
We conclude that the entry of Ca 2+ into Parame- 
cium caused by the plant alkaloid is responsible for 
activation of the Ca-regulated guanylate cyclase 
and for the backward swimming response. 

The next question to be considered is whether 
t h e  C a  2+ translocation triggered by veratridine oc- 
curred by a direct activation of the Ca 2+ conduc- 
tance in Paramecium or by another hitherto un- 
known mechanism. Veratridine is best known to 
cause persistent activation of Na + channels in elec- 
trically excitable cells from metazoans, an action on 
protozoans has not yet been tested. It would be 
conceivable that veratridine caused a depolariza- 
tion of Paramecium by stimulating a Na + influx, 
which could in turn activate voltage-operated C a  2+ 

channels. However, the experimental evidence 
does not support this idea. First of all, a voltage- 
operated Na + channel has not been found in Para- 
mecium. A Ca-dependent Na-inward current is 
known to occur only in the presence of Na + in the 
bathing solution. However, the effects of veratri- 
dine were little influenced by the presence or ab- 
sence of Na +. In addition, tetrodotoxin, a powerful 
inhibitor of the action of veratridine on Na + chan- 
nels, was not inhibitory irrespective of the presence 
of Na +. Although a participation of a Na + current in 
the actions of veratridine in Paramecium should not 
be completely discarded, it is highly unlikely and 
we are left with the conclusion that veratridine di- 
rectly stimulates a Ca 2+ influx. Most likely, the Ca- 
inward current did not occur through the Ca-depen- 
dent Na + channel of Paramecium, which could 

have lost their ion selectivity due to veratridine be- 
cause the fast-2 mutant, which lacks this current 
[15], was equally affected by veratridine as wildtype 
cells. Because veratridine itself is n o  C a  2+ ionophor 
and is not known to unspecifically permeabilize 
cells at the concentrations used in this study, we 
believe that the experimental data indicate that Ca 2+ 
enters Paramecium via an established channel for 
divalent cations. So far, three such channels have 
been identified: (i) the anterior mechanoreceptor 
channel [13, 21], (ii) a hyperpolarization-activated 
Ca 2+ channel [15], and (iii) the voltage-gated Ca 2+ 
channel of the ciliary membrane. First, in pawn mu- 
tant cells, the depolarizing mechanoreceptor poten- 
tial caused by C a  2+ influx is quite normal [21], yet, 
these cells are unable to swim backward. Obvi- 
ously, the small mechanoreceptor-activated Ca z+ 
current alone is not sufficient to cause ciliary rever- 
sal. Mechanical stimulation of cells also does not 
elicit cGMP formation [19]. Because the backward 
swimming and cGMP response of pawn cells to- 
ward veratridine is identical compared to wildtype 
Paramecium, the plant alkaloid is unlikely to act 
only on the anterior mechanoreceptor channel. Fur- 
thermore, it is difficult to envision that in Parame- 
cium veratridine will only affect a highly specialized 
mechanoreceptor-operated channel for divalent cat- 
ions. Second, a hyperpolarization-activated Ca 2+ 
current has so far been observed under voltage 
clamp at potentials smaller than -50 mV. At -90 
mV, the size of this current is about one-third com- 
pared with the depolarization-activated current 
[15]. Paramecium characteristically responds to hy- 
perpolarization with forward speeding. This was 
not observed upon veratridine addition. Although 
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we cannot completely rule out the possibility that 
veratridine shifted the voltage sensitivity of the hy- 
perpolarization-activated channel to more positive 
potentials, we consider this rather unlikely. Under 
these circumstances, the cellular localization of the 
hyperpolarization-gated channel would have to be 
in close proximity to the site of ciliary reversal and 
the Ca-dependent guanylate Cyclase, similar to 
what is known for the voltage-gate channel [4, 14, 
191. 

Although electrophysiological studies are lack- 
ing and are beyond the scope of this paper, we be- 
lieve that our data are most plausibly explained by 
the hypothesis that veratridine directly promotes 
Ca 2+ entry through the voltage-operated C a  2+ chan- 
nels of Paramecium. Indeed, the influx of Ca 2+ 
must occur rapidly and at the same site as that trig- 
gered by other depolarizing stimuli, i.e., at the cili- 
ary membrane, which carries Ca 2+ channels and 
guanylate cyclase. Ciliary reversal and cGMP in- 
crease occur concomitantly and are reliable indica- 
tors of Ca 2+ channel function. The Ca-inward cur- 
rent shuts off rather rapidly as visualized by the 
normalization of the behavior and the fast decline of 
cGMP levels after 30 sec. After a veratridine stimu- 
lation, the Ca 2+ channels are in an inexcitable inac- 
tivated state and are reactivated to an excitable 
closed state in a time- and temperature-dependent 
process [20]. Depolarizations elicited by concomi- 
tant additions of 10 mM Na +, 10 mM K +, or 1 mM 
Ba 2+ together with 1 mm veratridine were not addi- 
tive or synergistic above the maximal levels ob- 
tained with either Ba 2+ or veratridine alone. If the 
two agents would act through different channel 
types, then the responses evoked should have been 
additive. Taken together, these findings indicate 
that the two excitatory agents, Ba 2+ and veratri- 
dine, use the same channel. Considering that vera- 
tridine activates Na + channels in metazoan cells, it 
is reasonable to suggest [5] that the protozoan Ca 2+ 
channel may be an evolutionary precursor of the 
voltage-operated Na + channel. In fact, voltage-op- 
erated Na + channels insensitive to tetrodotoxin are 
known to exist in higher organisms [5]. 

The results with the pawn mutants were sur- 
prising and puzzling at first. Usually, pawns provide 
null controls in experiments in which the flow of 
Ca R+ or its consequences are studied. However, es- 
sentially all pawn cell lines tested electrophysiologi- 
cally (with 1 mM Ca 2+ in the bathing fluid) display 
different degrees of leakiness indicating that at least 
a very low Ca 2+ conductance is still functional [e.g., 
11, 18, 23]. Using wildtype cells, it was found with 
electrophysiological methods that the voltage-oper- 
ated Ca 2+ channels of Paramecium are localized in 
the ciliary membrane [4, 14]. Therefore, a great ef- 
fort was made using one- and two-dimensional gel 

electrophoresis to identify bands possibly related to 
a Ca 2§ channel protein by comparisons of wildtype 
and pawn membrane proteins [1, 12]. However, no 
reproducible differences were observed [1]. The 
data presented here provide a simple explanation 
for this failure. 

Functionally defective Ca 2+ channels are 
present in the pawn mutants studied here: pawn A, 
temperature-sensitive pawn C, and the least leaky 
double mutant pawn A/B. The plant alkaloid vera- 
tridine was able to activate these Ca z+ channels, 
although at somewhat lower potency compared to 
wildtype cells. Behavioral reactions were initiated, 
which were identical to wildtype Paramecia, and 
veratridine stimulation of intracellular cGMP for- 
mation in all pawns was kinetically and quantita- 
tively indistinguishable from that observed in wild- 
type cells. The most plausible interpretation is that 
pawns carry a defect in the activation of the Ca 2§ 
channel. While veratridine is able to activate the 
Ca 2§ channels despite the mutation, Ba a§ is unable 
to do so under standard incubation conditions. In 
fact, at 50 ~M Ca 2+ in the bathing medium, Ba 2+ at 
higher concentrations also induced a weak behav- 
ioral response and a cGMP increase in leaky pawns 
(data not shown). The suggested mutation in pawn, 
a reduction of the activation of the Ca 2+ channel, is 
contrary to the dancer mutation, which is a reduc- 
tion in the inactivation of the Ca 2+ channel [6, 7]. 
The existence of different genetic loci in several 
pawn isolates is not contradictory to the interpreta- 
tion of our results, since the mutations may be distal 
to the actual channel protein. In fact, the findings 
permit a novel look at the pawn mutation. With the 
channel protein itself present in the ciliary mem- 
brane, biochemical processes involved in activa- 
tion/inactivation cycles of the channel may gain an 
increased importance. Extensive electrophysiologi- 
cal studies using veratridine should further reveal 
the nature of the mechanism of action of veratridine 
and give more insight concerning the defect of the 
pawn mutation. 
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