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GENETIC DISSECTION OF THE FINAL EXOCYTOSIS STEPS IN PARAMECIUM TETRAURELIA CELLS: TRIGGER ANALYSES H. MATT,1 H. PLATTNER," K. REICHEL,8 M. LEFORT-TRAN 3 AND J. BEISSON4 1 Faculty of Biology, University of Konstanz, P.O.B. 5560, D-7750 Konstanz, Federal Republic of Germany, * Department of Dermatology, University of Innsbruck, Anichstr. 4, A-6020 Innsbruck, Austria, 3 C.N.R.S., Laboratoire de la Cytophysiologie de la Photosynthise, F-91190 Gif-sur-Yvette, France, and 4 C.N.R.S., Centre de Ginitique moliculaire, F-91190 Gif-sur-Yvette, France



SUMMARY A variety of trigger procedures were applied to analyse the exocytotic capability of different Paramecium tetraurelia strains. 7,S K 401, kin 241, nd 9 {18 °C) arecapable of exocytosis (permissive strains), in contrast to nd 6,nd 7,nd 9 (27 °C), tarn 38 and ftb A, although all procedures used enhance [Cas+]( in the cytoplasm of all strains tested and although strains nd 6, nd 7 and nd 9 (27 °C) contain a full set of morphologically normal trichocysts attached to the cell membrane. The results show that only those strains are permissive which were shown previously to contain a rosette of membrane-integrated particles and a Ca1+-ATPase activity in the cell membrane over the trichocyst attachment (exocytosis) sites. The results from trigger experiments with permissive and non-permissive strains would be compatible with a dual function of rosette particles as Ca'+ pumps and Ca1+ channels. Nevertheless, the latter aspect remains uncertain since we show that experiments along these lines published by others (introducing a Ca1+ ionophore from the outside) involve a solvent-induced artifact (pseudoexocytosis: matrix stretching in the absence of membrane fusion). In all strains, except for tarn 38 and ftb A (which have abnormal trichocysts incapable of being attached to the cell membrane), the isolated trichocyst matrix can be transferred from the contracted to the expanded state in vitro with certain trigger procedures. Our data clearly show that an increase of [CaJ+], in the cytoplasm is not sufficient for exocytosis to occur and that non-permissivity is somehow due to an inability to perform membrane fusion. It remains open whether the lack of rosettes and Ca1+-ATPase activity at trichocyst attachment sites are the primary cause of non-permissivity.



INTRODUCTION Trichocysts are genetically controlled with regard to synthesis, attachment to the cell membrane and exocytotic discharge (see Sonneborn, 1974, and figs, i, 2 in the accompanying paper by Plattner et al. 1980). Mutant strains have been isolated which are blocked at these different levels (Beisson et al. 1976 a; Ruiz, Adoutte, Rossignol & Beisson, 1976; Pollack, 1974). Freeze-fracture analyses of different mutants revealed a different ultrastructural organization of the cell membrane at the preformed attachment (exocytosis) sites depending on their capability to perform trichocyst discharge (Beisson et al. 1976 a). Unfortunately the physiological trigger conditions for exocytosis in Paramecium • To whom reprint requests should be sent. 4
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cells are unknown. However, it is well established that the discharge of the secretory contents follows the 'rules' for exocytosis, i.e. it involves membrane fusion and formation of an exocytotic canal. For routine tests in Paramecium genetics picric acid is applied to discriminate discharging from non-discharging strains (Pollack, 1974; Beisson et al. 1976 a). Recently a series of trigger procedures with a more transparent mode of action, i.e. via increase of free intracellular Ca2+-levels, was developed (Matt, Bilinski & Plattner, 1978). Furthermore, that publication, as well as the earlier work by Anderer & Hausmann (1977), provided a means of differentiating between membrane fusion and exocytotic discharge by uncoupling these events. It was the goal of the present study to correlate ultrastructural features visualized by freeze-fracturing (Plattner, Miller & Bachmann, 1973; Beisson et al. 1976 a) and results obtained by Ca2+-ATPase cytochemistry (Plattner, Reichel & Matt, 1977, and accompanying paper) with the ability to respond to various procedures which trigger exocytosis. It will be shown that the coincidence of rosette particles in the cell membrane and of a cytochemically detectable Ca2+-ATPase activity at the preformed docking (exocytosis) sites of trichocysts is crucial for the ability to perform exocytosis in response to different triggers. Satir & Oberg (1978) recently published data which they interpreted in the sense that the membrane-intercalated particles of rosettes, located in the cell membrane over trichocyst attachment sites, would represent Ca2+ channels. We shall present evidence for an alternative explanation for the experimental data presented by these authors. It proved to be crucial to analyse the capability of performing exocytosis (involving membrane fusion) and discharge (involving stretching of trichocysts contents) separately from each other, because stretching can be induced independently from the performance of membrane fusion. The term 'pseudoexocytosis' is coined for an artifact involving matrix stretching without membrane fusion. MATERIALS AND METHODS Cell material Strains and culture conditions used were characterized in the accompanying paper. For further details see Sonneborn (1974) and Beisson et al. (19766). Chemicals Compounds used in previous work (Matt et al. 1978, and accompanying paper) were from the same firms and of the same specifications as indicated there. Chlorpromazine, quercetin and compound 48/80 were from Sigma (St Louis, Mo.). DMSO was from Merck (Darmstadt, Fed. Rep. Germany) and Trypan blue from. Fluka (Buchs, Switzerland). Measurements of cation concentrations For methods used and values obtained see table 1 of the accompanying paper. Trigger experiments Triggering of exocytosis in cells. The effects of various trigger procedures were analysed at 200-1000 times magnification using a light microscope equipped with Nomarski interference differential contrast (see Matt et al. 1978) or with phase-contrast optics. Expulsion of tricho-
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cysts from the cells or stretching of isolated trichocyst contents can be conveniently monitored. Trigger experiments were generally carried out at room temperature by mixing 5 fil concentrated culture sample (containing ~ 50 cells) and 5/tl solution of trigger compounds; these were dissolved in 20 HIM Tris/HCl pH 7-0 with the exception of ionophore A23187 and quercetin. Ten mM stock solution of A23187 or quercetin in DMSO was diluted to a concentration of o-i mM in 2% (v/v) DMSO, so that the final concentrations were 005 mM and 1% after addition to cell cultures or 0-033 mM and 067% after addition of 5 fi\ of 10 mM Caa+ (3-3 mil final concentration). Ionophore A 23187 inevitably precipitates partly upon dilution with buffer, so that the actual concentrations are unknown but considerably lower (saturated) than calculated. The trigger capacity of all strains was also investigated by addition of saturated picric acid, a test commonly used in Parameciitm genetics. All trigger agents were also tested with 1 mM EGTA added (free [Ca'+]0 ~ o). The cation concentrations during trigger experiments correspond to those in table 1 of the preceding paper, unless diluted or added in excess. For some experiments microscope slides were fitted on to a temperature-controlled brass object holder with a internal tubing connected to a perfusion system with a heating and cooling facility (Thermoboy M 6 and DLK 15 cooling unit; Lauda, Fed. Rep. of Germany). This unit was also used to adapt the temperature of cultures and trigger compounds before use. The actual temperature during trigger experiments was controlled by a small thermocouple inserted into the samples, nd 9 cells were analysed also at their culturing temperature (18 °C, 27 °C) or at a reversed temperature. Analysis of the side effects of DMSO. As previously (Matt et al. 1978) we used commonly a final DMSO concentration of =S i%(v/v) (128 mM) to dissolve A23187; these DMSO concentrations were found to exert no side-effect on exocytosis during the test period. Since in a recent analysis nd 9 cells were exposed to 5% DMSO we checked the potential hazards of this unusually high DMSO concentration in combination with different trigger agents and in conjunction with viability tests. Viability tests. Trypan blue exclusion tests (Phillips, 1973) were made to ascertain that the trigger effect was not due to cell damage, since we did not try in these experiments to remove trigger agents after triggering exocytosis. Trypan blue was dissolved in 20 mM Tris/HCl pH 7#o by heating and used after filtration at a final concentration of 0 5 % . Analysis of the stretching capability of the trichocyst matrix. While previous experiments were



carried out with trichocyst contents purified by density-gradient centrifugation (method of Anderer & Hausmann, 1977, as modified by Matt et al. 1978), we now prepared membranefree contracted trichocysts in a rapid way by lysing cells in 4 mM EGTA (30 mM Tris/HCl, pH 7-0) over 2-4 h at room temperature, followed by stirring or pipetting. Other cell structures are sufficiently decomposed to identify reliably trichocysts after stretching in vitro. In a series with K 401 cells we ascertained that the stretching behaviour was the same as with purified trichocyst fractions. Stretching means transition of the trichocyst matrix from the contracted form (as present in situ) to the expanded form (as during exocytosis). Electron microscopy Cells and isolated trichocysts were fixed in 2-5 (v/v) % glutaraldehyde, washed and postfixed with 1% osmium tetroxide; o-i M cacodylate buffer, pH 7-0, was used throughout. For samples exposed to high DMSO concentrations the wash buffer and the OsO4 fixative were changed several times. Washing, dehydration, embedding and staining of ultrathin sections were as indicated in the accompanying paper. Abbreviations Chemicals. ADP = adenosinediphosphate; ATP = adenosinetriphosphate; DMSO= dimethylsulphoxide; EDTA = ethylenediamine tetraacetate; EGTA = ethyleneglycol-ftw (/?aminoethyl ether) JV,iV^'-tetracetate; Tris = tris(hydroxymethyl)-aminomethane. Structures, a = 'ring' of membrane-intercalated particles within the plasma membrane around trichocyst attachment sites; al = alveolar cavity ('alveolus'); am^ = inner alveolar membrane; amo = outer alveolar membrane; c = 'rosette' formed by ~ 10 membraneintercalated particles within the plasma membrane directly over trichocyst tips; crm = crystal4-2
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5 Scale: o = no trigger; = < 3 trigger; = 3--Tj. trigger; = all cells triggered within 3 min at 20 OC; o to = poorly reproducible results. Cells excluded trypan blue for a considerable time beyond the trigger period and cells may recover from the exposure to several compounds after 2. washing (not indicated in details). The Ca4+concentration was -0.07 m~ (unless added in excess) for each left-hand column; for each middle column c, I mM EGTA was added; free trichocysts (right-hand columns) were suspended in EGTA at a final concentration of 2 mM. t Trigger effect observable only when the treatment is extended to 2 to 10 times (depending on the type of trigger agent) the usual time period (3 min). f Trichocysts are stretched to a length of only 10 p m (rather than 30 pm) and thereby become frequently distorted into a comma shape. Only partial stretching of a few trichocysts, which, however, are not expelled from the cell body; this pseudoexocytosis entails previous massive deciliation, partial cell lysis and trypan blue entry into all cells. 11 This trigger effect is obtained only with 2-10 times increased concentrations of trigger agents (depending on their type). @ Due to technical difficulties only an incomplete set of data is presented. The first column was obtained only with K 401 cells. P
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line trichocyst matrix; e = 'annulus' formed by membrane-intercalated particles around the trichocyst tip; ils = inner lamellar sheath, the second layer found within the trichocyst tip contents; MIP = membrane-intercalated particles; os = outer sheath, the outermost layer found within the trichocyst tip contents; pm = plasma membrane; t = trichocyst; tb = trichocyst body (lower portion of a trichocyst); tm = trichocyst membrane; tt = trichocyst tip (upper portion of a trichocyst). For the arrangement of these structural elements seefig.2 of preceding paper. For designations of P. tetraurelia strains see under Cell material in Materials and methods. RESULTS Table 1 summarizes the results from trigger experiments performed with different P. tetraurelia strains. We analysed the exocytotic response of cells in the presence of Ca2+ (~ 0-07 HIM) or after addition of 1 mM EGTA. Furthermore, we tested the capacity of the trichocyst matrix (isolated according to Materials and methods in EGTA) to perform the transition from the contracted to the expanded state (stretching). According to results obtained by ultrathin sectioning the method applied yields membrane-free contracted trichocyst contents which display all the ultrastructural components of the trichocyst tip and body (Matt & Plattner, unpublished observaTable 2. Exocytotic response of nd 0 cells grown at 18 °C [permissive temperature) or 27 °C {non-permissive temperature) and exposed to trigger agents at different temperatures* nd9(i8°C)



nd9(27°C)



Temperature during trigger experiments A



Trigger agents ATPase inhibitors ^-Chloromercuribenzoate Mersalyl acid JV-Ethylmaleimid La'+ Ionophores X-537 A -> Caa+ A23i87t -»- Ca1"1" Lipid-perturbing agents Ethanol Polyethyleneglycol Anaesthetics Dibucain Cationic detergents Cetyltrimethylammonium BrCetylpyridinium Cl~



18 °C + + + +



+ + + +



+ + + +



22 °C + + + +



+ + + +



+ + 4+



27 °C



18 °C



+ + + +



O O 0 0



+ + + +



+ + + +



22 °C



27 °C



0



0



0



0



0



0



0



0



+++ +++



+++ +++



+++ +++



of of



ot °t



+++ +++



+++ +++



+++ +++



0 0



0



0



0



0



+++



+++



+++



ot



ot



ot



+ + 4-



+++



+++



ot



ot



ot



ot 0



+++ +++ +++ ot ot ot • o = no exocytotic response; + + + = full exocytotic response. For further details see Table 1. f No exocytosis occurs. A few trichocysts become partly expanded without being fully expelled from the cell body; this pseudoexocytosis is preceded by massive deciliation, partial lysis of some cells and simultaneous penetration of trypan blue into all cells. I Dissolved in 0-67 % (v/v) DMSO (final concentration).
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Fig. i. Tangential section of nd Q {27 °C) cell showing that most potential attachment sites are occupied by trichocysts (circles), although the latter are not dischargeable after growth at this non-permissive temperature. The broken circle indicates a site which is cut at too high a level to show the attachment of a trichocyst. Stained section, x 22400.
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tions); the presence of other, partly lysed cellular components among an abundance of trichocysts does not impair their identification, when they are stretched by appropriate trigger procedures. Trigger agents were diluted to a concentration where cells showed the maximal effect within ~ 3 min. Trypan blue does not penetrate cells within > 5 min, i.e. beyond the time period required to monitor the exocytotic response. We did not attempt in this study to wash out the trigger agents after exocytosis in order to keep Table 3. Influence of DMSO on exocytosis in nd g cells grown at 18 °C (permissive temperature) or 27 °C (non-permissive temperature) and exposed to trigger agents at 22 °C in the absence or presence of 5 % DMSO ndg(i8°C)



ndS A



Trigger agents* ATPase inhibitors ^>-Chloromercuribenzoate Mersalyl acid iV-ethylmaleimide La»+ Ionophores X-537 A + Caa+ A23i87 + Ca2+ Lipid-perturbing agents Ethanol Polyethyleneglycol Anaesthetics Dibucain Cationic detergents Cetyltrimethylammonium Br~ Cetylpyridinium Cl~



5 % DMSO in buffer



Buffer



5 % DMSO in buffer



Buffer



+ ++ + ++ +++ + 4-4-



+++ +++ +++ +++



o o o o



'Hedgehogs'f 'Hedgehogs'!



+++ + + +||



+++ +++



otil



°t



' Hedgehogs 'f 'Hedgehogs'!



+ ++ 4- + +



+++ +++



o o



o



4-4.4-



4- + +



°t



ot



+ ++ + + 4-



+++ +++



ot ot



ot ot



o o



0



• For concentrations and rating of the exocytotic response see Table 1. f 'Hedgehogs' represent the result of massive pseudoexocytosis. The trichocyst matrix expands without fusion of cell membrane and trichocyst membrane, so that trichocyst shafts remain stuck in the cell body (see Figs. 3—6). This pseudoexocytosis involves massive deciliation, partial lysis of some cells and trypan blue entry into all cells as a consequence of excessive DMSO concentrations in the presence of trigger compounds. X No exocytosis occurs. Only very few trichocysts undergo pseudoexocytosis (see footnotef). || Only 067 % DMSO present. Figs. 2, 3. Phase-contrast micrographs of ndg cells exposed to A23187 and Ca2+. x Fig. 2. nd g (18 °C) cell showing true exocytosis, i.e. several fully discharged trichocysts after addition of 0-033 mil A23187 (in the presence of 067 % DMSO) and 3-3 mM Ca1+. Fig. 3. Formation of 'hedgehogs', i.e. cells with expanded but never fully discharged trichocysts (pseudoexocytosis) in nd 9 (27 CC) cells after addition of 0-033 rnM A23187, 3 3 mM Ca'+, in the presence of 5 % DMSO. Note the formation of small droplets (due to artifactual membrane ruptures) on top of several trichocyst shafts in Fig. 3, but not in Fig. 2.
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the cells viable for longer time periods, although this can be achieved with a variety of compounds (Matt & Plattner, unpublished observations). As shown in Table 1 exocytosis can be triggered in wild-type cells (?S) and in closely related strains without mutations affecting the exocytotic apparatus (K 401, kin 241) by a variety of agents (ATPase inhibitors, compound 48/80, Ca2+ ionophores, lipid perturbing agents, polyethyleneglycol, anaesthetics, cationic detergents) or by physical means (heating or slow freezing). The majority of these trigger procedures depend on the presence of extracellular Ca2+, since they fail after Ca2+ chelation by EGTA; exceptions are anaesthetics, La3+ (which rapidly immobilizes cells) and, with less reliability, cationic detergents, nd 9 cells cultivated at a permissive temperature of 18 °C behave in a practically identical way as yS, K 401 or kin 241 cells. When grown at a non-permissive temperature of 27 °C nd 9 cells are incapable of performing exocytosis with any of the trigger procedures tested. The same holds true for strains nd 6 and nd 7 (Table 1) after the culturing temperature used; according to picric acid tests (Beisson et al. 19766) the result would probably be the same after cultivation at any temperature over a wide range. Strains tarn j 5 and ftb A also give no exocytotic response to any of the trigger procedures applied. The data of Table 1, therefore, can be well correlated with the classification of permissive and non-permissive strains by means of the classical picric acid test. All strains display a ciliary reversal reaction (indicative of an increase of free intracellulcar Ca2+) in response to any of the trigger procedures, regardless of whether subsequent trichocyst exocytosis takes place. As Table 1 shows, membrane-free trichocyst contents can be stretched (for micrographs: see Matt et al. 1978) most easily with cationic detergents, by heating or slow freezing. The stretching reaction proceeds in a more sluggish way with ^>-chloromercuribenzoate, mersalyl acid or La8"1", but it can be observed when the incubation time is extended; similarly the stretching reaction can be recognized with increased concentrations of anaesthetics. Quercetin results in partly stretched and distorted trichocyst contents ('comma-like form'). An identical series of observations was made with the trichocyst contents not only from strains jS, K 401, kin 241 and permissive nd 9 (18 °C) but also from non-permissive nd 9 (27 °C), nd 6 and nd 7 cells (Table 1). Hence, the inability of non-permissive cells to expel their trichocysts is not due to an inability of their matrix to perform the transition from the contracted to the expanded state. In contrast, these stretching tests were all negative with trichocysts from strains ftb A and tarn 38. Table 2 summarizes in more detail the results obtained with nd 9 cells, cultivated at a permissive or non-permissive temperature. The results do not depend on the temperature during the trigger experiment but on the culturing temperature. Even



Fig. 4.ndg (27 °C) cell exposed to Ca*+ and A23187 in the presence of 5 % DMSO for the purpose of analysing side effects of excessive DMSO concentrations. Note the ruptures of the plasma membrane and outer alveolar membrane (pm + am^) and the stretching of the trichocyst matrix (tb, trichocyst body; tt, trichocyst tip). Although cells were thoroughly washed before osmication, residual DMSO produces precipitates, especially in deeper portions of the cell. Stained section, x 27000.
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when maintained at reversed temperatures for a time period far exceeding that required for carrying out these trigger analyses, e.g. over several hours, the exocytotic response of ndg cells remains unaltered (unpublished observations). Fig. 1 illustrates that nd 9 {2j °C) cells contain abundant trichocysts attached to the cell periphery, although they are incapable of discharging them (Table 1). Recent experiments by Satir & Oberg (1978) led us to investigate any potential hazards which the use of too high a solvent concentration (DMSO) can entail in this system (see Discussion). While we used normally a maximal DMSO concentration of less than 1 % (and only for dissolving A 23187 and quercetin) without any detectable effects on the exocytotic response and on the viability within the trigger period, we now deliberately raised the DMSO-concentration to 5 % as used in the cited reference. We also extended this schedule to a variety of trigger agents (Table 3). These investigations were restricted to permissive and non-permissive ndg cells, since the rationale of the cited work was to bypass Ca2+ channels, thought to be represented in permissive cells by rosette particles, which are missing selectively in non-permissive nd 9 cells. Table 3 indicates that 5 % DMSO, in combination with A 23187, leads to a hedgehog-like appearance of the cells; the trichocysts are not expelled but stick out partly from the cell body (Fig. 3 compared with Fig. 2). This corresponds to light-microscopical photographs presented by Satir & Oberg (1978). However, our electronmicroscopic examinations of these samples show unequivocally that these lightoptical observations do not correspond to a true exocytosis (Figs. 4, 5), since the trichocyst and the cell membrane fail to fuse. Both membranes become extended as a consequence of matrix stretching, which, as mentioned above, non-permissive cells are able to perform. Finally, the membranes rupture and become recognizable in the light microscope as a droplet on the expanded trichocyst tip (Fig. 3); this phenomenon is not observed when permissive cells perform true exocytosis. Fig. 6 compares schematically the events occurring during ' pseudoexocytosis' versus true exocytosis. The latter has been extensively documented in the literature (see Plattner et al. 1973; Plattner & Fuchs, 1975; Beisson et al. 1976&). Similarly, nd 9 (27 °C) cells form 'hedgehogs' also as a consequence of solvent-induced pseudoexocytosis when ^>-chloromercuribenzoate, mersalyl acid and X-537 A are applied in the presence of high DMSO concentrations. The occurrence of pseudoexocytosis is paralleled by simultaneous penetration of trypan blue and by the formation of extensive ruptures in the surface membrane complex (Fig. 4). This is also in contrast to our results with permissive cells, when they perform true exocytosis. Fig. 5. Detail from Fig. 4 showing pseudoexocytosis provoked by an excessive DMSO concentration (in presence of Caa+ and A23187) in a non-permissive ndg (27 °C) cell. Arrows mark regions where the cell membrane and the trichocyst membrane are clearly visible side by side; in the lower right corner the trichocyst membrane has possibly ruptured, so that only the cell membrane is visible. Stained section, x 62000.
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DISCUSSION



In Table 4 our most essential data are put in relation to the findings of the previous report (Plattner et al. 1980), to our earlier freeze-fracture (Beisson et al. 1976 a, b; Plattner et al. 1973), cytochemical (Plattner, Reichel & Matt, 1977), and trigger analyses (Matt et al. 1978). The following questions arise. Is a general increase of [Ca2+][ in the cytoplasm necessary and/or sufficient for exocytosis to occur? Do trichocyst attachment sites process a special, localized Ca2+-regulating system? If so, which structural and functional elements may be involved? Exocytosis triggering and increase of free intracellular Ca2+ concentration,



[Ca^y



Matt et al. (1978) have reviewed how a variety of different trigger procedures might mobilize Ca2+ and thus activate ciliary reversal and exocytosis in wild-type cells. Using the ciliary reversal reaction as an indicator of [Ca2"1^ increase to > io" 6 M (Naitoh & Kaneko, 1972), all trigger procedures used evidently cause such an increase of [Ca2+]j in the cytoplasm with all P. tetraurelia strains analysed (Table 4). As far as quercetin (see Fewtrell & Gomperts, 1977) or other ATPase-inhibitors (Matt et al. 1978) are concerned, the ciliary reversal reaction could be due to a blockage of the ciliary Ca2+-regulating system. The induction of ciliary reversal was already known for cationic detergents, chlorpromazine (cf. Dryl, 1974) and local anaesthetics (Browning & Nelson, 1976). Chlorpromazine is a neuropharmacon, which — at the concentrations used - is expected to act in a similar way as the local anaesthetic dibucain in our system. Compound 48/80, a polyamine trigger agent frequently used in the study of exocytosis in mast cells (see Douglas, 1974), is also able to produce ciliary reversal in all strains analysed but exocytosis only in permissive Paramecium cells (Table 1). The exocytotic responses obtained here with a variety of trigger procedures correspond well to those observed with the picric acid test which, since its introduction by Jennings in 1906, is still frequently used in Paramecium genetics. Unfortunately the physiological exocytosis trigger mechanism is not yet known for Paramecium cells. With the trigger procedures which we used, the cells remain fully viable beyond the trigger period (and, with some procedures, for unlimited time periods thereafter, if trigger agents are removed: Matt & Plattner, unpublished observations). Therefore, we believe that the trigger effect achieved with permissive strains cannot be due to cell damage in our case. The lack of any exocytotic response in non-permissive strains nd 6,nd 7 and nd 9 (2j °C), in spite of the occurrence of a strong ciliary reversal reaction, indicates that a [Ca2+]t increase in the cytoplasm in the sense of the stimulus-secretion-coupling concept (Douglas, 1974) is not sufficient for exocytosis to occur. This could be interpreted in different ways. The trichocyst attachment site might lack some fusionmediating element in non-permissive cells; alternatively, the ciliary reversal reaction does not indicate a [Ca2+]! increase at the trichocyst attachment sites. This is not unlikely, as the latter sites appear morphologically to be sealed off from the rest of the cytoplasm. This could imply the occurrence of at least two spatially separated Ca24" regulating systems, one on cilia and one on trichocyst attachment sites. If one assumes
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a Ca -regulation system, e.g. a Ca pump, selectively at the preformed exocytosis sites (see preceding communication), the lack of exocytosis in response to ATPase inhibitors in non-permissive strains would force one to postulate that such a pump would simultaneously act as a Ca2+ channel; the results with non-permissive cells would require the disturbance of both functions. This and other possible explanations are discussed below. Structure-function correlation Strains nd 6,nd 7 and nd 9 {27 °C) have a normal set of normal-looking trichocysts, but the close apposition of trichocysts to the cell surface membrane and the increase of [Ca2+][ in the cytoplasm in response to trigger agents evidently does not guarantee the ability to perform exocytosis. We looked for other differences between discharging and non-discharging strains. It appears from the data collected in Table 4 that the following characteristics coincide with permissivity (discharge capability): (1) the presence of rosette MIP; (2) the reactivity of the trichocyst attachment sites with ATP + Ca2+ or monophosphate media (p-nitrophenylphosphate); (3) the possible relevance of unidentified connecting material at least in some strains, as discussed in the accompanying paper. Satir & Oberg (1978) recently claimed to have found some evidence for the possible function of rosette particles as Ca2+ channels. They used non-permissive nd 9 cells from the same stock (Gif-sur-Yvette) and incorporated the Ca2+-ionophore A23187. As these cells lack rosette particles (Beisson et al. 1976 a) the authors expected that one could take the ionophore as a substitute for the missing rosettes, if these function as Ca2+-channels. Unfortunately, the experiments published by Satir & Oberg (1978) are inconclusive. Our Figs. 3-5 demonstrate unequivocally that the phenomena obtained under the published experimental conditions (which we repeated) do not represent a genuine exocytosis. Trichocysts are never actively discharged. The trichocyst and the cell membrane do not fuse (Figs. 4, 5). Both membranes become expanded around the trichocyst shaft, which undergoes stretching without formation of an exocytotic canal until both membranes finally rupture; they then become visible as small droplets on top of each trichocyst shaft even in the light microscope (Fig. 3). As the classical criterion for exocytosis, i.e. formation of a membrane continuum from the previously separated membranes of the secretory granule and the cell surface (Palade, 1975), is not fulfilled, we call this artifact' pseudoexocytosis' (see Fig. 6). In this context we also refer to the extensive critical evaluation of membrane fusion processes in protozoan cells by Allen (1978). We explain the results published by Satir & Oberg (1978), which we repeated here, as follows. The ionophore invades the cytoplasm (due to the high DMSO concentration used) and is then also incorporated into the trichocyst membrane. Ca2+ subsequently gets access to the trichocyst matrix, which is then de-condensed by the Ca2+-dependent process that we have recently outlined somewhere else (Bilinski et al. 1979), whereas - under normal conditions - Ca2+ would enter the trichocyst space via the exocytotic canal after membrane fusion has occurred. A similar pseudoexocytosis 5
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artifact can be provoked with other chemicals, provided an unusually high DMSO concentration is added (Table 3). Clearly one could assume a bypass of otherwise missing Ca2+ channels in non-permissive Paramecium mutants only if the insertion of artificial channels leads to a normal sequence of events, including membrane fusion. Despite the lack of experimental proof it appears still possible that rosette MIP could act as Ca2+ channels. Although electrophysiological findings before and after deciliation indicated the absence of Ca2+ channels from the surface membrane outside cilia (Ogura & Takahashi, 1976), this interpretation should not be taken literally, because the trichocyst regions appear to be largely sealed off from the rest of the cytoplasm (as visualized by electron-staining procedures: Westphal & Plattner, unpublished observations). In fact, Hara & Asai (1980) very recently presented electrophysiological evidence for the involvement of extraciliary Ca24" channels in exocytosis performance in another ciliated protozoon. How, then, can one account for the lack of exocytosis in nd6,nd 7 and nd 9 (27 °C) cells in response to dibucain and chlorpromazine ? With both compounds exocytosis can be triggered in permissive cells in the absence of Ca2J" (Table 1) and both are known to mobilize Ca2,+ by detachment from membrane-bound pools (Nicolson, Smith & Poste, 1976; Leslie, Elrod & Bonner, 1978). Furthermore, how can one explain the lack of exocytosis in non-permissive cells after exposure to Ca2+-ionophores under proper experimental conditions? In both cases one would expect a priori that one could force non-permissive cells to perform exocytosis. One explanation for the negative results would be lack of access of liberated Ca2+ to the potential membrane fusion sites. Alternative explanations might be related to the other possible functions (or their disturbances, respectively) of the Ca2+-ATPase (/>-nitrophenylphosphatase) activity at the preformed exocytosis sites. As discussed in the accompanying paper, this could involve protein phosphorylation, ATP and/or Ca2+ detachment from membranes or Ca2+-regulating proteins and structural elements like connecting material respectively. A defect in either one of these functions, if it were essential for exocytotic membrane fusion, could restrain the non-permissive mutant cells from performing exocytosis. Our general conclusion is that permissivity does not depend on the ability of the matrix to perform the transition from the contracted to the expanded state, but is governed exclusively by membrane-related properties (Table 1). Rosettes, Ca2+ATPase activity and possibly connecting material (see Plattner et al. 1980) are features which are somehow correlated with (perhaps mandatory for) permissivity; however, the limiting factor for permissivity might equally well reside in other constituents or properties, which we do not yet know. A simple increase of [Ca2+]! does not necessarily suffice for the induction of the final steps of exocytosis in genetically disturbed cells. We thank Drs J. Benger, F. Tiefenbrunner and H. Winkler for helping us with laboratory facilities, Miss A. T. Orque for preparing ultrathin sections, Dr S. Pollack for providing us with the football mutant and the firms Eli Lilly, Hoffmann-LaRoche and Knoll AG for generous gifts of chemicals. For this study H.P. was supported by the Deutsch Forschungs-
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