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Abstract. We analyzed [C&]; transients irParamecium  (v) Finally, Mn?* entry during veratridine stimulation,
cells in response to veratridine for which we had previ-documented by Fura-2 fluorescence quenching, may in-
ously established an agonist effect for trichocyst exocy-dicate activation of unspecific Mé& channels by verat-
tosis (Erxleben & Plattner, 1994. Cell Biol. 127:935— ridine. Our data have some bearing on analysis of other
945; Plattner et al., 1994.. Membrane Biol158:197—  cells, notably neurons, whose response to veratridine is
208). Wild-type cells (7S), nondischarge strain nd9—of particular and continous interest.

28°C and trichocyst-free strain “trichless” (tl),

respectively, displayed similar, though somewhat diverg«ey words: Calcium — Exocytosis — Membrane fu-

ing time course and plateau values of fQatransients  sjon — Paramecium— Secretion — Veratridine
with moderate [C&], in the culture/assay fluid (5Qm

or 1 mv). In 7S cells which are representative for a
normal reaction, at [Gd], = 30 nv (c.f. [C&"]/®' = Introduction
[B0 to 100 m), veratridine produced only a small cor-
tical [Ca"]; transient. This increased in size and spatialVeratridine, like batrachotoxin and aconitine, is fre-
distribution at [C&"], = 50 wm of 1 mm. Interestingly — quently used as a Na channel agonists [2, 21]. Yet these
with unusually high yet nontoxic [C4, = 10 mw, lipophilic alkaloids can also act rather unspecifically,
[Ca?*]; transients were much delayed and also reduceds.g., by labilizing membranes (causing increased fluidity
as is trichocyst exocytosis. We interpret our results aand channel activity), as shown for veratridine [2, 7, 42,
follows. (i) With [C&*], = 30 nw, the restricted re- 50]. Veratridine is frequently assumed to act from out-
sidual response observed is due to?*Cemobilization  side the cell, but it may also become active from inside
from subplasmalemmal stores. (ii) With moderatethe cell [19, 22], whereby it would have to penetrate the
[Ca®], = 50 um to 1 mm, the established membrane cell membrane [8, 22]. Activation of Na channels [1, 7,
labilizing effect of veratridine may activate not only sub- 22, 52], or possibly also of N&C&** exchangers [52] or
plasmalemmal stores but also®ainflux from the me-  of Ca channels [12, 51] may then ensue.
dium via so far unidentified (anteriorly enriched) chan- In Parameciumyeratridine induces trichocyst exo-
nels. Visibility of these phenomena is best in tl cells, cytosis [15, 29, 36], though less efficiently than the poly-
where free docking sites allow for rapid €apread, and  amine secretagogue, aminoethyldextrane (AED) [35, 38]
leastin 7S cells, whose perfectly assembled docking sitesr caffeine [15, 27]. For both these agents we demon-
may “consume” a large part of the [€% increase. (iii) strated, also by fluorochrome analysis, the occurrence of
With unusually high [C&',, mobilization of cortical a cortical [C&"]; transient orginating primarily from cor-
stores and/or C4, influx may be impeded by the known tical pools (“alveolar sacs” [49]) and reinforced by su-
membrane stabilizing effect of €4 counteracting the perimposed C# influx from the medium [14, 15, 26,
labilizing/channel activating effect of veratridine. (iv) 27]. For trichocyst secretion induced by veratridine, the
We show these effects to be reversible, and, hence, not tsource of calcium is addressed in this paper.
be toxic side-effects, as confirmed by retention of in- The strains we used were the 7S (wild type), nd9-
jected calcein. 28°C and tl. 7S cells represent the normal situation, as
they possess numerous trichocysts docked at the cell
I membrane ready for immediate synchronous release by
Correspondence tad. Plattner exocytosis. This involves membrane fusion and contents
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discharge (“decondensatior? severalfold stretching of [Ca®*], was adjusted close to intracellular resting levels
pear-shaped contents to needles during expulsiofCa?"],"**' = 50 — 100 m, as determined for the differ-
through exocytotic openings), [37, 38]. Membrane fu-ent strains in refs. [26, 27]), e.g., to 3G1hor when
sion requires a subplasmalemmal ffaincrease [14, [Ca**],was increased to unusually high, though nontoxic
15, 26, 27], while decondensation of contents, with nolevels of 10 nu [36]. Previously we had no explanation
Ca detectable by x-ray microanalysis [45], requires acfor the latter quite unexpected result. Alternatively, we
cess of C&" to the secretory materials [5]. This normally did not know whether C& may be released from cortical
occurs by influx of C3" after formation of an exocytotic stores, while trichocyst expulsion cannot be seen in the
pore [37, 38]. The nd9 mutant we used was grown at @bsence of Cd,. Interestingly, with high [C&], we
nonpermissive temperature of 28°C, so it cannot secretéee that [C&]; transients generated by veratridine are
any of its trichocysts, although they are docked in greaf€duced and delayed.

numbers at the cell membrane [3, 4, 30, 40]. Their  In the current work we show that dependence of
trichocyst contents can decondense in vitro, but sincéeratridine-mediated [C%); transients on [CH], may
nd9—28°C cells cannot form an exocytotic fusion pore,Nave two origins. (i) At low [C&T, (CBO nw), cortical
C&* must artifically obtain access to trichocyst contents[C& ']; transients may develop by mobilization from al-
to provoke their (“internal”) decondensation [40]. The tl Veolar sacs. (i) At “medium” [C&], (CBO pwm, nor-

cells form no trichocysts [39], so they display empty mally _prese_nt i_n_ cultures, or up to Imj, z_;\dditional ca*
trichocyst docking sites [40]. influx is a significant component. In this case, the chan-

There were different reasons to include these rnu_neI activation effects of veratridine may prevail, while
tants in our studies. Considering the differences in cell(”') at high [C&], (10 mv) the membrane stabilizing

A ; o i
cortex structure, we wanted to see whether mutantgffte.gt. of (f .o;/erndg's ;nhe Iabﬂm;ng!actwatmg gbve;i.
would develop similar [C&]; transients in response to ratridine. /in intermediate concentration obtained by di-

veratridine as the wild type. Any difference may yield luting [C&], = 10 mw to a final value of 1 m during

; : ype. Ay ):y stimulation with a 10-fold excess of veratridine also

important functional clues. For instance, nd9-28°C Ce”Sserved o rule out toxic effects of high [€%,. In addi-

may show internal decondensation.of trichocyst conten?On vitality was tested by dye exclusion or. by monitor-

1|r_1hreflpon”se to a phermeableh agonist [27], as vC\i/?mf;oun ng the response to multiple veratridine applications.
€ Ul cells may Show much more pronounce @ Channels actually activated by veratridine may unspe-

transients which may much more rapidly spread toward%ifically carry Ca, as we tentatively show by K

the cell interior via unoccupied trichocyst docking Sites’quenched Fura-2 fluorescence [9, 16] and we try to pin-

and this is in fact what we observed. All strains analyzedpoim more clearly candidates. ’

contain the vast alveolar sacs system closely attached to 5, findings may have some bearing also on the

the cell membrane, except at the origins of cilia and atyn41ysis of some other cells, to which veratridine is fre-
docking sites of trichocysts [38]. Could veratridine mo- quently used as a cell membrane channel agonist.
bilize C&* from these stores in all these strains and how

may this be related to Gainflux? Another question we
briefly addressed is the possible consequence of mutated,
nonfunctional voItage-deper:dent S:a channels in cilia ofcELL CULTURES

another mutant, d4-500r (“pawn”), [20, 44]. Finally,

nonsecretory mutants nd9 and tl. were used also foParamecium tetraureligells were grown, monoxenically in a medium
technical reasons. since these cells. in contrast to 7' oculated withEnterobacter aerogenesn dried lettuce medium

. . . . ([Ca?"], adjusted to 50um and [N&], to 0.4 mw, [33]). Wild-type
cells, are not vigorously dislocated during quasl- ces (strain 7S), a trichocyst-free strain “trichless” (tl) [39], and a

explosive trichocyst expulsion. Therefore, these strainsipawn” mutant (d4-500r) devoid of ciliary voltage dependent Ca chan-
though mobile, are much more easily and reliably amenels [20, 44] but with normal secretory capacity were all grown at
nable to 2 fluorochrome analysis of calibrated [’Ca 25°C, the nondischarge mutant nd9 [3, 4, 30, 40] was grown at 28°C.
transients, while 7S cells can be preferably used foAll were used at early stationary phase.
semiquantitative, but fast,\lanalysis on a subsecond
time scale [14, 26, 27]. CHEMICALS AND SOLUTIONS

In our previous work with veratridine we combined aji fluorochromes, calcein and BAPTA were purchased from Molecu-
quenched-flow and freeze-fracture to analyze quantitatar Probes (Eugene, OR). Veratridine (Sigma, Deisenhofen, Germany)
tively exocytosis by ultrastructural changes occurring atwas dissolved as a 25nmstock solution in 0.025 N HCI titrated with
performed exocytosis sites (typical of trichocyst dockingKOH to pH 7.3.
sites inParameciuncells) during membrane fusion, re-
sealing and endocytosis [36Parameciumhas no volt-  CELL STIMULATION AND MICROFLUOROMETRIC[Ca’];
age-dependent Na channels [32, 41] and veratridind RANSIENT MEASUREMENTS
stimulated trichocyst exocytosis is independent of.Na The anterior or posterior cell pole, respectively, was aligned in front of
No immediate trichocyst secretion occurred whenthe opening of a capillary (inner diamete wm) containing the trigger

aterials and Methods
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solution, with the use of a home-made turnable slide-holdef.” Ca be obtained with tl and nd9-28°C cells (Fig. 1, middle

concentrations in the medium, [€%,, were adjusted as previously and bottom), to be combined with calibration as previ-
described [14] and additionally measured in parallel controls, by oc- e - -
casional extracellular Fura Red addition. Veratridine (in absence OPUSIy specified [26], since these cells are not dislocated

Fura Red, but with defined €& content, as indicated in figure and by exocytosis, Whlc_h In 7_5 cells !S SO wgorogs th"f"t fast
table legends) was applied locally at a distancém® wm from the ~ CLSM/IN\ analysis is advised. Since [EF'is quite
cell, resulting in a trigger concentration 61 mm. In some experi-  Similar in these strains, images obtained with Fluo-3 in-
ments cells were incubated with [E%, = 10 mv, and this was either jected 7S cells by X/CLSM analysis could be adjusted
kept at this level or diluted to 1 m depending on whether the trigger in Fig. 1 (top) to those obtained with Fura Red -

lution added in 10-fold lemented wiflt. 22" : . : _
solution added in 10-fold excess was supplemented with.d@a 1, o4 ings with the other two strains analyzed. As previ-
= 10 v can cause a transient [€4 increase, though no exocytosis

[14]. Therefore, increments were referred to 1% at the usual ~OUSly described [14], high [C4, values (10 nw) per se
[Ca?], = 50 pm. produce increased [€§/°' levels (though without en-

To chelate [C3T, to [BO nw, i.e., slightly below resting levels ~ suing exocytosis in 7S cells), and the data achieved under
(50-100 m), we added 4.5 m EGTA to the extracellular medium, as - sych conditions were also normalized to usual basal
in ref. [26]. Since [C&); can decrease with time, when &ds re- 02+ |evels, to visualize more clearly the increment
moved [12], the fast C4 chelator BAPTA (1 nw final concentration) ! . . .
was eventually added to the veratridine solution. In some controls,aCtuaIIy _prOduced t_’y local veratridine st|ml_JIat|o_n. Key
vehicle only was applied. In other controls veratridine was applied todata derived from Figs. 2 and 3 are summarized in Tables
cells loaded with calcein to document membrane integrity [48]. 1 and 2.

[Ca®*); transients were evaluated either conventionally in the dual In 7S cells, at [C%_*]O = 30 nw, veratridine causes
Wavelength mot_ie, or by fast confocal laser scanning migroscopyomy a rather Slight cortical [éé]l transient which is
(CLSM) in the single wavelength modsegebelow as well as figure much more pronounced at [6310 = 50 M and even

and table legends). In detail, all fluorochromes were dissolved in 10 o [ .
mm Tris-HCI buffer pH 7.2 and microinjected to a final concentration more at [C&]o = 1 mu (by dilution of [C‘E?]o =10

of 50 um (Fura Red) or 10Qum (Fluo-3, Fura-2, calcein), whereby MM in preincubation medium during veratridine applica-
homogenous intracellular distribution (except for closed compartmentstion, as described in Materials and Methods). Most im-
like vacuoles and trichocysts) became visible, beforé?{l;@hanges portantly, if high [Cé*]o is maintained, by adding 10vm

were evaluated as described previously [26]. Veratridine—inducedCa2+ to the veratridine solution, the veratridine induced

[Ca?"), transients were conventionally analyzed with the double exci- ) . . . .
tation (440/490 nm)/single emissior=690 nm) fluorochrome Fura [Ca +]i transient Is conS|derany delayed and reduced in

Red. Cell regions analyzed were either anterior or posterior, periphera@mplitude (Fig. 2)3 Wh'le exocCytosis Is strqngly 'nh|b|t_ed
or central, respectively. As shown in the enclosed color image, definedinder these conditions (Table 1), just as in our previous
cortical or more central cytoplasmic areas of similar size, close to or afreeze-fracture studies [36].

[B0O wm distance from the cell border, respectively (boxes in Fig. 1), Surprisingly, nd9—-28°C and tl cells revealed a pro-
were evaluated. Mf-quench of Fura-2)(, = 360/380 nmXen = nounced cortical [CH]; transient (Fig. 3) not only at

510 nm) was used to demonstrate veratridine-stimulatetf Emiry by > .
unspecific M&* conducting channels [9, 16]. Confocal analysis with [Ca +]° = 50 pm, but also at 30 m, thus strongly Sug-

Fluo-3 injected cells was carried out at video rate in an Odyssey xL,9€sting mobilization from cortical pools, while such evi-

Noran Instruments (Middleton, WI, and Bruchsal, Germany), = dence was much less pronounced with 7S cells (Fig. 2).
488 nmh,,, = 515 nm as previously described [14]. Calcein was ana- Spillover into central cell regions is most pronounced in
lyzed by CLSM with the same filter set. tl cells, where it may be facilitated by unoccupied dock-

_ Exocytotic response was classified as follows. In 7S cells, veratyn o gitas  This is most striking in tl cells triggered in
ridine-induced exocytotic response (membrane fusion and trichocyst

secretory contents release by stretching [“decondensation™]) amprese_n(?e of [Cﬁ]o .= 1 mv (ag_am b}’ qIIUt!On du”ng
[Ca?*], transients were correlated in time by confocal ime series with Veratridine application), thus strictly indicating superpo-
alternating fluorescence and transmitted light pictures as previoushsition of store mobilization by G4, influx.
described [14]. In nd9-28°C cells, veratridine-induced q[atran- Upon veratridine stimulation, cortical [éal in-
sients were paralleled by internal trichocyst decondensation since thesgregse can be seen within 1 to 2 sec (i.e., the time re-
cells are incapable of membrane fu3|o_n,‘ just as described for ce_aﬁe!nauired for filter changes) in tl and nd9-28°C cells, or
treatment [27]. The amount of veratridine-stimulated exocytosis (in . . . .
7S) or “internal decondensation” (in nd9) was classified in three cat-ov_er S“ghtly |0nger time pe”OdS in 7S and d4-500r Fe.”s
egories (Tables 1, 3), namely “—, +, ++" indicating no, weak-to- (Figs. 2, 3, Tables 1, 2). In all cases, the veratridine
medium and strong local response, respectively, upon local veratridinénduced [C&"]; signal attenuates, as it sweeps, with some
application. delay, towards the interior of the cell (Figs. 1-3).
In pilot experiments with [C&], = 50 um, d4-500r
cells showed a similar reaction to veratridine as 7S cells

Results (Fig. 2 bottom). This is comparable to data from the
Cohen group [24].
Figures 1-3 inform about [G§[°'and [C&"]; transients Data from Figs. 1-3 can be summarized as fol-

occurring during veratridine stimulated exocytosis. Val-lows. (i) Veratridine can mobilize cortical Ca pools. (ii)
ues of [C&']'®S'for the different strains are betweEB0  This may be superimposed by €anflux which then
and 100 m, thus closely resembling values previously augments cortical [CGd]; transients. (iii) High though
reported [26, 27]. Fura Red false color images can easilyot toxic [C&*], = 10 mm in the trigger solution inhibits
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Fig. 1. False color representation of veratridine induced®[T;dransients at [Ci], = 30 nv, indicating mobilization of cortical pools. 7S (top)

loaded with Fluo-3, tl (middle) and nd9-28°C cells (bottom) loaded with Fura Red and stimulated locally with veratridine (arrowheads). False color
evaluation, also for Fluo-3 injected 7S, as described in the text. Note restricted cortiég], [GBerease accompanied by cell contraction and
exocytosis (visible particularly in transmitted light images, not shown) in the wild-type 7S (region marked by arrow) and occasionally by local cell
contraction and a restricted amount of trichocyst exocytosis in 7S cells. Squares indicate regions evaluated quantitatively in the figuess and tabl
shown. Bars= 20 pm.

cortical [C&"]; responses. (iv) With [Cd], = 1 mm may occur via the somatic cell membrane, although ve-
during veratridine application, maximal [€%, tran- ratridine is also reported to activate defective ciliary Ca
sients result. This implies that preincubation in highchannels in “pawn” cells [47].

[C&a?"], exerts no toxic effects. Finally, (v) €4 influx Tables 1 and 2 summarize more clearly some of our
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Fig. 2. Veratridine induced cortical [G4]; transients in 7S cells (top) .
and a “pawn” mutant, d4-500r (bottom), all Fura Red loaded. 7S was " , \ , , \ ! . , , , , R

triggered at [C&], = 30 nv, 50 pM, 1 mv (after preincubation at 10
mm and 10-fold dilution during veratridine application), or 10um
(undiluted during veratridine application). The “pawn” cell (example
representative of 3 cells evaluated) was triggered atJga= 50 um.

time (s)

Note in 7S cells immediate rise in cortical [€} in most cases, with
only small, but significant cortical [(4]; increase at [CH], = 30 nv,
but considerably delayed rise in presence ofq{ia= 10 mm (“un-

Fig. 3. Veratridine induced [CH]; transients in nonsecretory mutants,
tl and nd9-28°C. Fura Red loaded cells were stimulated at*[Ga=

30 nv, 50 um or 1 mwv ([C&?"],

= 10 mwm in preincubation medium,

diluted” during veratridine application). For further explanations, see 10-fold diluted during veratridine application), respectively. Note most
text. Mean values M, n = number of cells analyzed. rapid and pronounced cortical response of tl cells. Mean valussyi+

findings. (i) Not only cortical and central [E§, peak C& " -insensitive fluorescence-quench only in presence
values achieved by veratridine stimulation depend orof Mn?*. This effect is generally attributed to involve-
[Ca®"],, but also times required for increase and decay asnent of unspecific M& conductances [9, 16]. Some
well as recovery values achieved. (ii) IncreasingiQa  discontinuity, with a slight signal decay in the bottom
up to 1 nm increases the resulting [€3, transients and  part of Fig. 4 (without MA"), is due to the problem that
exocytotic response. (iii) To some extent all these value§'S cells cannot be kept totally immobile during the
vary between the different strains. As mentioned, tl mayanalysis time of 1 min.
show the strongest reaction because of free diffusion  Since inParameciumsome cation channels are dis-
pathways. Alternatively, assembly of functional docking tributed or activated unequally over the cell surface [14,
sites in 7S cells may bind/“consume” much of fre¢fCa  15], we analyzed, in Figs. 5 and 6, reaction of the two
One candidate is calmodulin occurring at properly as-cell poles of 7S cells to veratridine, in presence of
sembled trichocyst exocytosis sites [25, 34]. For thesgCa®*], = 50 um or 30 nv, respectively. Though not on
reasons, the reaction of nd9-28°C may be in between #n absolute quantitative scale, fif, ratio evaluation of
and 7S cells. (iv) Veratridine induces trichocyst exocy-rapid CLSM analysis, we could obtain data with high
tosis in 7S cells (as it does in d4-50@ata not show))  time resolution, as summarized in Table 3. Again, with
as previously analyzed [36], while it causes internal de{C&*], = 50 um, veratridine produces a stronger corti-
condensation of trichocyst contents without external re<al [C&]; transient than in presence of [E€R, = 30 nv,
lease (exocytosis) in nd9-28°C cells which are incom-particularly in the anterior cell pole, though rates of
petent for membrane fusion. [Ca®; increase are not significantly different. Most re-
Which channels of the somatic cell membrane couldmarkably, exocytotic response is also considerably stron-
conduct C&" during veratridine stimulation? To address ger and faster in the anterior cell pole (Table 3) where
this question, we analyzed Mhinduced Fura-2 quench- some of the established cation channels are known to be
ing, as outlined in Materials and Methods. As docu-concentrated [32, 41], as discussed below. Recovery
mented in Fig. 4 with\,, = 360 nm, veratridine induces rates are quite different in the two cell regions.
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+ ~a .
60 k- ‘ 0—0 _pMn? &4 anterior
50 o—a 4 Mp* 35k V—¥ posterior
0—0 control
S 40k
% 30 F 249 _
— : [Ca®"],=50uM|
5 0 3
oy 25
=20k B
ol (=3
| S
10 +
20
o [Ca™],=50uM
ur %z 2
120 F ' 15k
[Ca™'],=30nM
100
10 |-
2 sof 5
o
> 1 1 1 1 1 1
5 60F 0 1 2 3 4 5
P N
gﬂ wl time (s)
20k Fig. 5. Veratridine induced rise of cortical [€Y; at the anterior cell
pole exceeds that at the posterior pole. Typical experiment with Fluo-3
ok loaded 7S cells locally stimulated with veratridine at their anterior or
I 1 ! 1 I L L posterior end, respectively, in presence of{da= 50 um or 30 nv,

0 10 20 30 40 50 60 respectively. Changes in [E%, were followed in the cortical region by
time (s) CLSM during 5 sec with 33 frames/sec. The amplitude of the posterior
cortical [C&"]; rise was quite similar with both [G4, situations,
Fig. 4. Veratridine activated unspecific M&influx shown by M- whereas [C#T; increase is selectively strong at the anterior part of the

quench of Fura-2 in 7S cells. After loading with Fura-2, a cell was €l [Cg_*]o = 50 pm, thus indicating that Cdinflux predominates
locally triggered at its anterior pole with veratridine, another cell, also'" this region. For statisticseeFig. 6.
at the anterior end, with veratridine +Ivn?* ([Ca®*], = 50 um).
Fura-2 emission at., = 380 nm (top) declined in the cortex of both
cells, independent of the presence/absence of*Nmthe trigger so-  volved in veratridine activation may range from depo-
lution, indicating a rise in cortical [G4d];. In contrast, C& insensitive  |grization by activation of Na channels to §|.a
emis;ion of Fura-2 ak., = ‘360 nm (bottom) declined significantly independent mechanisms. Only the latter can be as-
only in presence of M?T which eqtered the cell and quenched F_ura-2 sumed foiParameciuni15, 36] since these cells have no
fluorescence. The slight change in absence of M# due to unavoid-
able cell movement during mock application. VOltagefdepe_ndent Na channel [32, 41]. .
Which might then be the common denominator for
the stimulatory effect of veratridine? Several aspects can
Finally we document, in Fig. 7, that [§, re-  be discussed that are only in part related to the Na chan-
sponses to veratridine are concentration-dependent arit¢! agonist function commonly attributed to this alkaloid.
reversible, thus again excluding toxicity. With increas- ~ First, veratridine may act not only from the outside,
ing stimulation, increasing [éﬂl responses and S||ght|y but it has been shown to activate some cells, e.g., via Na
delayed exocytosis can be achieved. In some experichannels also from inside [19, 22]. At pH 7.3, as used
ments, conducted with calcein-loaded cells, we docuhere for extracellular application, veratridine is lipophilic
ment absence of cytotoxic effects since this small markefnd thus can “see” targets in the cell membrane, while it
(621 Da) does not leak under our experimental condialso enters cells [8, 22]. The cytosolic pH Barame-
tions (data not showp ciumis unexpectedly low, i.e., 6.6, as recently reported
[11]. Protonation fully activates veratridine [22] and,
thus, can explain some of the effects we sePaname-
Discussion cium, for instance internal trichocyst decondensation, as
discussed below. Paradoxically this can also explain
Just like in some other cell types [2, 8, 21, 42], includingwhy we achieved no exocytosis activation in 7S cells
neuronal systems [1, 7, 12, 13, 17, 31, 51], veratridineafter microinjection of veratridine [36], since this was
induces exocytosis iRarameciuntells [15, 24, 29, 36]. also performed in strictly buffered solution pH 7.3. In
Depending on the cell type analyzed, mechanisms ineonclusion, permeation into/through membranes due to
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Fig. 6. Amplitude of cortical [C4"]; in the anterior cell pole exceeds
that in the posterior pole at [, = 50 um, but not at 30 m. Fluo-3
loaded 7S cells were locally triggered, in presence of[{;a= 50 um

or 30 nv, as indicated. Presented are cortical{Gaamplidutes at 1-2
sec and at&10 sec, respectively, after veratridine application. Highest
amplitudes occurred at anterior sites with f{dg = 50 um, thus in-
dicating preferential anterior Gainflux. Mean values #Sem, n =
number of cells analyzed.
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lipid solubility [8] is highest in nonprotonated form,
while protonation entails activation [22].

Second, veratridine increases lipid bilayer fluidity
[7, 42], with the likely effect that different cation chan-
nels or exchangers can achieve higher open probability
[8]. In some systems activation of Na channels may be
the primary step [1, 7, 22, 52] entailing other steps to
follow [12, 51, 52].

Third, since we observe cortical [€%; transients
also with [C&"], < [Ca®*]/®!, we conclude that veratri-
dine can also activate Ca channels of cortical stores,
notably alveolar sacs [49], from where [€h transients
most likely take their origin. The amount released by
cortical store activation is sufficient to give a remarkable
signal in the present study.

Fourth, increased [C4]; signal in presence of
[Ca®"], = 50 uM or 1 mu, respectively, indicates €%
influx in response to veratridine, in agreement with
45C& flux measurements [24].

Despite the different modes of action to be assumed
for the different agonists which can stimulate trichocyst
exocytosis inParameciuncells, [C&"]; responses to ve-
ratridine are, with some respect, similar to those obtained
with the other agonists, i.e., AED or caffeine [26, 27].
The [C&"]; reaction is most rapid with AED [14, 37],
while [C&*]; increase is slower with caffeine [27] or
with veratridine (this paper), respectively, as analyzed by
rapid CLSM. Similar [C&"]; increases were obtained
with the nonpermeable secretagogue, AED, &at°1@

O0—0 cortical
ob—0a ¢entral

‘,.
7t

()

time (s)

Fig. 7. Dependence of [G4]; response on veratridine concentration

300 301 306 600

and of exocytotic response on cortiéd); [@e, shown by multiple

veratridine application in different concentrations to Fluo-3 loaded 7S cells in presence?df,[€a50 um. The anterior cell end was 3times
stimulated with veratridine (arrows). The first trigger was suboptimal (#lveratridine due to increased distance of application pipette), evoking
a 2-fold cortical signal increase but no exocytosis. The second and third trigdemig veratridine) were applied to the same cell region 4.7 sec
and 300.8 sec, respectively, after the first trigger. Both evokedHmld [Ca"]; rise in the cortex and, with a delay of 0.4 or 0.8 sec, respectively,
trichocyst exocytosis (arrowheads). Central {Qaincreased only after the third trigger.
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Table 1. Veratridine evoked [CH]; transients in Fura Red loaded wild-type (7S) and mutant cells &TCa 30 rm, 50 uM, 1 mm (by dilution
of 10 mv during veratridine application) and 10mfinal concentration

Strain n [C&", Cortical [C&", Central [C&"); Trichocyst reaction
(M)
Rest (m1) max. () rec. () Rest (m1) max. () Rec. (m) Membrane Decon-
fusion densation

7S 3 65+ 13 100+ 10 72+18 63+11 62+12 66 + 22 + +
nd9-28°C 3 3 x 1¢° 65+ 9 204+ 19 113+22 57+ 2 100 £ 25 89+ 23
tl 3 77+ 6 262+ 13 97+ 9 74+ 4 95+ 15 7611 - -
7S 5 109+ 6 204+ 19 153+12 109+ 6 154+ 9 144+ 8 ++ ++
nd9-28°C 3 5 x 10 85+ 16 186+ 31 149 + 38 83+ 8 116 £10 103+ 6 - +
tl 3 79+ 2 241+ 50 111+ 7 87+ 5 146 £ 14 102+ 5 - +
7S 3 74+12 343 +163 124 +£19 104+ 7 249 + 69 203 +18 ++ ++
ndo-28°C 6 1C° 87+14 204+ 13 130+ 26 91+10 162 +14 110+ 14 -
tl 2 64 +14 468 + 10 195+ 78 113+ 7 290 + 37 113+75 -
7S 3 102 75+10 181+ 81 152+ 4 - - - - -

Cortical and central [CH]; values before stimulation (“rest”), at maximal response time (“max’,a) and 12 to 15 sec recovery (“rec”) after local
veratridine stimulation are indicated. Cortical fCjasignals are accompanied by exocytosis in 7S (membrane fusion and contents decondensation
during release), or by “internal trichocyst decondensation” in nd9-28°C cells; for evaluation of exocytotic respeMaterials and Methods.

Mean £sem, n = number of cells analyzed.

concentration, also at [€§, = 50 wm, causing maxi- where veratridine was applied at [€%, = 10 mv (Fig.
mal cortical [C&"]; increases by a factor ai2.9, 5.7 or  2), we show that, despite the steepef Qgadient across
6in 7S, nd9-28°C or tl cells, respectively. Caffeine hasthe cell membrane, the [€]; transient is delayed and
to enter the cell to mobilize stores, as previously dis-initially reduced in size (e.g., when compared to 1ga
cussed [27]. Concomittantly, with caffeine or veratri- = 50 uMm or 1 mm, respectively, in Fig. 2) and exocytosis
dine, exocytosis procedes considerably more slowly thais inhibited (Tables 1, 2). (Inhibition of veratridine trig-
with AED [28] and both agents produce “internal tricho- gered trichocyst exocytosis by [€%, = 5 mm was
cyst decondensation,” as defined above, in nd9-28°Qreviously observed also by Kerboeuf and Cohen [24]).
cells — quite in contrast to AED. This effect would be How can this be reconciled? We tentatively attribute this
compatible with labilization of trichocyst membranes, effect to the long estabished membrane stabilizing effect
thus allowing access of ato secretory contents as of Ca* [18], while at lower [C&"],, the established la-
cortical [C&"]; rises to submicromolar concentrations re- bilizing effect of veratridine may cause channel activa-
quired for “decondensation” [5, 23]. This would imply tion [7, 42]. Similarly, in chromaffin cells, high [G4],
that veratridine (of caffeine) may activate so far un-entails reduced veratridine-induced fCaincrease [31]
known channel or transporter systems in the membraneasnd catecholamine release [10, 12]. Alternatively, other
of trichocysts whose contents are poor in Ca, but rich inmembrane stabilizing agents, like quinidine, can abolish
Na [45]. veratridine effects [50]. In addition, veratridine can bind
There remains, however, a striking difference be-C&* so that it cannot enter the cell sufficiently to acti-
tween the different agonists for trichocyst exocytosis.vate its targets. On the other side of the{Gascale, 30
Only with veratridine, the stimulation of trichocyst exo- nu does not allow signal amplification by €ainflux
cytosis (analyzed in detail previously by Plattner et al.and thus, reduces the cortical f£h signal and exocy-
[36]) and the effect on [CH]; increase (this paper) is totic response (Tables 1, 2), when immediate membrane
reduced with [C&], = 10 mm (a concentration well fusion is strongly inhibited according to previous
tolerated by these cells). This effect remained unex-quenched-flow/freeze-fracture analyses executed 80
plained until now, particularly since we had shown themsec after stimulation [36].
opposite effect with AED [35] where increasing [CR, In addition to activation of intracellular Garelease
to 10 mu strongly accelerates all steps of the exo-channels, probably located in alveolar sacs, which cell
endocytotic cycle inParamecium.In an experiment membrane channels may be activated by veratridine, i.e.,



M.-P. Blanchard et al.: Veratridine-Mediated dynamics 163

Table 2. Veratridine-evoked [CH]; increments following veratridine stimulation

Strain n [Ca], Cortical [C&"]; increment Central [C4]; increment
(M)
(nv) at max. trmaxS) (nv) at rec. (m) at max. trmadd) (nv) at rec.

7S 3 35 2 7 0 8 3
nd9-28°C 3 3 x 10 139 4 48 43 10 32
tl 3 185 2 20 21 5 2
7S 5 95 5 44 45 5 35
nd9-28°C 3 5 x 1P 101 3 64 33 4 20
tl 3 162 2 32 59 4 15
7S 3 269 4 50 145 5 99
nd9-28°C 6 10° 117 2 43 71 2 19
tl 2 403 1 130 177 1 0
7S 3 10? 106 5 77 - - -

Represented here is the difference betweerf{Caalues at maximal response (“max” at timg,) or after recovery (“rec”, 12 to 15 sec),
respectively, and baseline values before stimulation. Data obtained at differéfi,[@Carived from Table 1. Unless indicated otherwises 5.
For evaluation of exocytotic responsmeMaterials and Methods.

which channel activities could contribute to trichocyst likely, just because [Cd]; transients are more pro-
exocytosis? nounced anteriorly).

First, ciliary voltage dependent Ca channels are un-  Which channels may be candidates? Mainly two
likely to be involved in generating a normal cortical channel types are reported which could meet these de-
[C&?"]; signal and exocytotic response. We conclude thismands. (i) Nonvoltage dependent Na channels, charac-
from different observations. (i) Cilia and trichocyst re- terized by Saimi [43], are activated by veratridine or
lease sites are separated(ily.m and mutual activation some other exocytosis stimulating agents, like AED or
is not the rule. (ii) Activation of voltage dependent cili- caffeine, preferentially in the anterior cell region [15].
ary Ca channels by depolarization does not provokdii) Mechanosensitive Ca channels could theoretically
trichcoyst exocytosisdata not showh (iii) Veratridine  also be taken into account here because they are concen-
causes a graded effect over the entire cell surface, witkrated towards the anterior cell pole [32]. (iii) While we
[C&a?"]; and exocytotic response deminishing from theroutinely exclude mechanical activation during secretion
anterior to the posterior cell pole (Table 3), while suchactivation (not shown heresee Erxleben & Plattner
differentiation is unknown to us from cilia (though it [15]), activation of either type of cation channel or of any
may exist). (iv) Finally we achieved normal [€% tran-  other unidentified type, possibly of some Ca channels
sients and exocytosis with “pawn” cells, though their still to be specified [46, 47] or via a newly discovered
defective ciliary Ca channels may be activated by veratNa'/Ca* exchanger in ciliates [6] would appear feasible
ridine, as suggested in refs. [24, 47]. or, at least, cannot be excluded. Can the number of can-

Second, as outlined above, the #nquenched didates be restricted? We tend to include activation of
Fura-2 fluorescence we see suggests activation of somenspecific C&" conductances via Ca and/or Na channels,
unspecific cation conductances [9, 16]. Third, somefirst, to explain stronger anterior [€Y; transients in
[C&a®"]; response occurring over the entire cell surfaceresponse to veratridine, and, second, to explaifj-Na
could involve different K or Na (or Ca) channels since in independent veratridine effects [36] considering that Na
Parameciumboth types are activated by €aas sum- channels irParameciumalso carry C&', particularly at
marized by Preston [41]. Fourth, preponderance of bothlow [Na?*], [43]. In the present context, previous mea-
[C&a?"]; signals and exocytosis performance in anteriorsurements of Cd-dependent cGMP formation [47],
cell regions in response to veratridine, suggest activationvhole cell-patch recordings of €aactivated currents
of unequally distributed somatic cation channels or un{15] and*°C&" flux measurements [24] during veratri-
equal activation of equally distributed such channels, asline activation are compatible with the trigger mecha-
discussed below. (An alternative explanation by unequahism we discuss, yet the precise type of cell membrane
sensitivity of the exocytotic machinery to €ais un-  channel carrying G4 has to be established.
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Table 3. Comparison of [C&]; response in anterior or posterior cortical and in central regions, respectively, of Fluo-3 loaded 7S cells

Cell pole [Ca&", Cortical C&"-transient Central Ca-transient Exocytosis
() (M)
Maximum  t;, (5) Recovery ~ Maximum  ty, () Recovery  Delay Amount
fifo fifo fifo fifo €]
Anterior (7) 3 o® 2.3+0.9 0.30+0.17 1.0£0.3 1.6+0.6 1.2+0.9 1.3+0.7 0.84 +0.34 +
Posterior (1) 3 *1 23 0.23 15 1.0 - 1.0 - -
Anterior (8) 5 x 105 3.4+0.8 0.40+0.24 1.8+05 22+1.0 29+13 1.7+x11 0.31+0.25 ++
Posterior (5) x 26+1.0 0.79+£0.58 1.6+0.2 16+0.7 28+04 14+05 0.61+0.93 +
Anterior 103 ++
Posterior not done ++
Anterior 102 -
Posterior _

Either the anterior or the posterior cell pole, respectively, have been exposed to veratridine and evaluated at difféjgninfieated are
fluorescence changes relative to values at ré§§ & [Ca?*]2“VaJ[Ca?*]l*s) as specified in Materials and Methods and Results, as well as
half-times required for the responsg,jt For evaluation of exocytotic responsgeMaterials and Methods. Mean valuesséw, n = number of

cells analyzed.

Conclusions

In conclusion, veratridine is an alternative agonist for 6.
trichocyst exocytosis ifParameciumcells. Here verat-
ridine may operate in a way independent from"Nget 7
its effect depends on [G§,. With high [C&"],, i.e., 10

mM, membrane stabilizing effects may prevail over
membrane labilizing/channel activating effects of verat-
ridine. Channels involved mediate €anflux by some
unspecific cation conductances — an effect superim-*
posed to cortical Ca store mobilization.
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