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Abstract. The lipophilic fluorescent dye, FM1-43, as application of the anti-calmodulin drug, R21547 (calmid-
now frequently used to stain cell membranes and tazolium). Essentially we show (i) requirement of cal-
monitor exo-endocytosis and membrane recycling, in4modulin and appropriate [Mé&] to maintain docking
duces a cortical [C4]; transient and exocytosis of dense sites in a functional state, (ii) requirement of{Car of
core vesicles (“trichocysts”) iParameciuncells, when  some other Mg" to drive membrane resealing during
applied at usual concentrations 10 uM) in presence of exo-endocytosis, (iii) requirement of an “empty” signal
extracellular C&" ([Ca?*], = 50 um). When [C&*],is  to go to the regular endocytotic pathway (with fading
kept at 30 m (<[C&™]®%), in about one third of the fluorescence), and (iv) occurrence of a “filled” signal for
population of extrudable trichocysts docked at the celltrichocysts to undergo detachment and redocking (with
membrane, FM1-43 induces membrane fusion, visible byfluorescence) after “frustrated exocytosis”.

FM1-43 fluorescence of the vesicle membrane. How-
ever, in this system extrusion of secretory contents cang
not occur in absence of any sufficient3taUpon read-
dition of C&* or some other appropriate Igfeat 90um,
secretory contents can be released (complete exocytosis).
Resulting ghosts formed in presence of*GaSr* or
Mn?* are vesicular, but when formed in presence of

Mg?*, for reasons to be elucidated, they are tubular, .
though both types are endocytosed and lose their FMlRecentIyaquorescent dye, FM1-43, has been introduced

43 stain. In contrast, in presence of [’ = 3 mw as a valuable tool in exo-endocytosis research (Ryan et

(which inhibits contents release), the exocytotic opening I.’I 199§;BHenk1e|9,9I§;)bk?rr§ Bl'etZ, h1'|$_99€k5); Cochilla, ,IAnk;l
reseal and intact trichocysts with labeled membranes and®'son etz, )- 'Z Ipopd%(t:o ut water-soluble
with still condensed contents are detached from the ceff@tionic styrene compound, use uM concentra-
surface (“frustrated exocytosis”) withifiL5 min. They tion, is spontaneously mseryed mto_the ogter leaflet of the
undergo cytoplasmic streaming and saltatory redocking,ce” membra_me from where it can _dlffuse Into membranes
with a half-time of 5 min. During this time, the popu- of exocytotlp vesicles after fuspn. Internahzaﬂqn of
lation of redocked trichocysts amenable to exocytosis 9NOStS” derived from labeled vesicles and recycling of

upon a second stimulus increases with a half-time3# isyn(;a_ptlc vedsmlgs cka_m thl;S be_ alnalyzedb Flés'on afttertreij-
min. Therefore, acquirement of competence for exocy-22c!Ng and redocking or vesiCles can be demonstrate

totic membrane fusion may occur with only a small delayPY destaining through the exocytotic opening in absence

after docking, and this maturation process may last onI)P:| eeralceIIuIallr Fll\gééd.fBKdl'uring fa seccl)ndlg%%r?d;f fulsicl?n
a short time. A similar number of trichocysts can be( enkel et al,, » Klingauf et al., » Ravalall,

; ; Klingauf & Tsien, 1999), as reviewed by Cochilla,
detached by merely increasing [Kfg, to 3 mv, or b . .
y i ing [ y Angleson & Betz (1999) and by Cousin and Robinson

(1999).
- We now apply FM1-43 t¢®arameciuncells to label
Correspondence tdH. Plattner membranes of dense core vesicles (“trichocysts”) during

ey words: C&" — Calcium — Endocytosis — Exo-
cytosis — Membrane fusion -Paramecium
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exo-endocytosis and we find some surprising novel asan unspecific cation channel (Saitow, Nakaoka &
pects, based on the following presuppositions. A cellOosawa, 1997). Therefore, we expose cells to high
contains1L000 trichocysts docked at the cell membrane,[Mg?*], and/or to the calmodulin antagonist, R24547.
which all are ready for immediate release upon stimula-These treatments can cause trichocyst de-docking with-
tion (Plattner, Strzl & Matt, 198%). Trichocyst mem- out membrane fusion (no release of secretory contents at
branes normally fuse with the cell membrane very rap-decondensation-permissive €k, = 50 um) and, thus,

idly and synchronously upon stimulation, e.g., by themay give us some insight into the mechanism of “frus-
polycationic secretagogue, aminoethyldextran (AED,trated exocytosis” induced by FM1-43.

Plattner et al., 198% b; 1993; Knoll et al., 1991). Prob-
ably due to its positive charge, FM1-43, applied at a
usual concentration of 5-1Am (Henkel et al., 1996;
Cochilla et al., 1999; Murthy & Stevens, 1999), per S€pgramecium tetraurelizells were cultivated and used for £amag-
induces fusion of trichocyst membranes with the celling and FM1-43 staining as indicated previously (Klauke & Plattner,
membrane, as we find. Normally trichocyst exocytosis1997; 1998). We used wildtype (7S) cells in axenic culture to avoid
includes “decondensation” of trichocyst contents, i.e. FM1-43 labeling of interiorized bacteria.

explosive elongation of paracrystalline secretory materi- _ Usually [C&], was kept at 50.u, but eventually C& was

. elated to a calculated value of 30 by adding EGTA or the fast
als, from carrot-shape to long needles which are extruded >+ « . BAPTA each at 1 m. FM1.43 (Molecular Probes, Eu-

into the EXtrflce”war space. 5ThiS process rQQ_Uires eXtragene, OR) was dissolved in SwrPipes-NaOH buffer pH 7.0 to a final
cellular C&*, [C&"], > 10°° M, but is inhibited by concentration of 5 to 1Quv. For staining the complete trichocyst
[Mgz*]O =1 mm (Bilinski, Plattner & Matt, 1981). When membranes, membrane fusion was induced at lowGao prevent
[Ca2+]0 is reduced, C& mobilization from subplasma- bqth, rglease of secretory con.tents (depending cﬁT@mhis s_ystem
lemmal pools (Klauke & Plattner, 1997: 1998) can still [Bilinski et aI_., 198_1])_, and rapid closure of exocytotic openings (nor-

. : mally occurring within 350 msec [Knoll, Braun & Plattner, 1991]).
cause some exocytotic membrane fusion (Knoll et al'Under normal conditions, dynamics of exo-endocytosis coupling would
1993; Erxleben et al., 1997.; Plattner, Braun & Hentschelpe much too rapid (Plattner et al., 1993) to allow the dye to diffuse into
199), yet no contents discharge can occur. We nowthe secretory vesicle membranem{ showl). Protracted resealing of
demonstrate that, with FM1-43, this situation can be exthe fusion pore was ascertained by adding, under light microscope
ploited to induce a novel phenomenon, “frustrated exo-°°|””°'r [C§+]tc>h: QOthto aliquots Whelze, 'g_ca:‘ Causf "";hOCYSt o
cytosis”. This involves resealing of FM1-43 tagged release and, thus, indicate open pores. It indicates a closed, reseale

g - ,State, when no trichocyst contents are released under these assay con-
tr!ChOCVSt membranes, followed b}’ detachment ( f_ree ditions. Only one third of the docked trichocysts could perform mem-
trichocysts) and reattachment of intact, labeled tricho+rane fusion upon exposure to 4 FM1-43 at low [C3*], = 30 nv.
cysts at the cell surface. (Thus, the phenomenon we deFhis amount could not be increased by adding any other established
scribe is widely different from usual recycling which stimulant, like caffeine (Klauke & Plattner, 1998) or 4—(?hlor0—m—f:resol
involves refiIIing of empty vesicles.) Upon a second (Eéatlusl?]e(;ﬁ;anchard&Plattner, 2000), as we found in pilot experiments
stlmu_lus these redockeq tncho_cy;ts can undergo exocy- We also exposed cells to [M, — 3 mv and/or to the calmod-
IQSIS.II’] a _re.gmar way. Since this mvplves some synchroyin antagonist, R24571 (calmidazolium, Boehringer Mannheim,
nization, it is possible to roughly estimate the time scalemannheim, Germany), 5am in DMSO, at [C&'], = 50 M, without
required for achieving exocytosis competence afteirM1-43 application. After 30 min we took random Nomarski interfer-
docking. Furthermore, we show requirement of appro-ence contrast pictures for counting the relative number of *free” (non-

priate concentrations of éﬁ or of some other M&. in docked) trichocysts in the cytoplasm, in a square field placed over a
’ . terminal cell segment, for evaluation at a final magnification of 1,500

the medium, to suppqrt eXO_CytOSIS'COUpIEd endOCytOSIStimes. (DMSO controls were without any effect).

whose morphology widely differs depending on the type For [C&*]; measurements, 10@M Fluo-3 (Molecular Probes)
of Me?" used. Most important is the novel implication dissolved in 10 m Tris-HCI buffer pH 7.2 was injected into single
that internalization may go through different routes, cells, as outlined previously (Klauke & Plattner, 1997; 1998). Wave-
which evidently depend on a signal indicating the length used for evaluation of Fluo-3 was,itation = 488_nm and
“filled” or “empty” state of an exo-endocytotic vesicle, Memissen = 520 nm (or 520-560 nm when combined with FM1-43

. analysis). FM1-43 labeling in different membranes was documented
In search of some rational clues to the novel phe-

. g Lo using Agyeitation = 488 nm andi¢ission =520 nm (or=560 nm in

nomenon, “frustrated exocytosis”, we take into consid-combination with Fluo-3) on frames taken in videorate by a fast con-
eration the presence of calmodulin at trichocyst dockingocal laser scanning microscope system (CLSM, Odyssey XL, Noran,
sites (Momayezi et al., 1986) and the requirement ofBruchsal, Germany) mounted on an inverted microscope (Axiovert
calmodulin for maintaining the assembly of a functional from Zeiss, Oberkochen and Jena). Confocal z-series ip..Steps

docking site inParameciun(Kerboeuf et al., 1993), the wgre taken to follow mternahzz_atlon of resealed trlc_hocysts under con-
interference of M§+ in the C&* binding Capacity of the ditions of “frustrated exocytosis” or of empty vesicles (ghosts) after

. complete exocytosis when fluorescently labeled trichocysts had been
calmodulin molecule (Malmendal et al, 1999) and thededocked and redocked and cells stimulated at different redocking

easy exchange of bivalent CationsnarameCiurT(ErX' _ times for a second time by AED. Median optical sections were selected
leben et al., 1997, Plattner & Klauke, 2000), possibly viato count the number of FM1-43 labeled trichocysts in their different

Materials and Methods



N. Klauke and H. Plattner: “Frustrated Exocytosis” 239

states, i.e., docked, detached (free), redocked or emptied (ghostsfades out (Fig. B), so that their final determination is
Counts were referrgd to 1,0g0v? area evaluated, containing periph- impossible to determine.
eral and central regions of a cell. In the following we show how intact docked tricho-
cysts, with intensely labeled membranes, can be de-
tached. We call this “frustrated exocytosis” since dense
core vesicles undergo fusion but do not empty upon
FM1-43 stimulation, in presence of low [€3,, i.e., 30
FM1-43 molecules are not only capable to spontaneouslyy. For resealing, 3 m Mg?* was added for at least 3-5
integrate into the cell membrane but, at the usuaf{za  min. While this slowly promotes closure of exocytotic
= 50 pm, also to induce exocytosis of some trichocystsgpenings, it prevents contents release. This is shown by
(Fig. 1a-d’). Their “decondensing” contents and “_ghost" substituting Mg* for C&* which then can no more in-
membranes become_ flgorescently Iabeled. This FM1yyce C3*-dependent stretching (“decondensation”) of
43-induced exocytosis is accompanied by a sevenfolghe trichocyst matrix (Fig. 4). Detachement of intact
transient cortical [C&]; increase (Fig. b). The time trichocysts labeled by “frustrated exocytosis”, with sub-
tpr%m)co;s{h; o[gygt;]siisp?r?ll(:i;();mdes with the onset of geqyent cyclosis and reattachment, can be induced in two
Intense labeling of trichocyst membranes, in the ab'\évriil/SS(r?% Sb)y [(gét%/ riplglg |£3 EI'\:/IE]% toi)rr;v;, (;ii)ﬁs;
sence of any intense labeling of the condensed Comentﬁdding [Méz+]o _ 3om|v| for 60 min (|1:ig. 5’, bottom).
can be acr;le\./ed'a.s follows. In Figct", t”ChSCySt This implies that high [M§'], suffices to drive mem-
aneTl;raFCe é%sen[cl:s a'zﬂ]({ggfgs%yn';'\"é‘;‘jkf gql?'gla;nseor brane resealing, while either Myor C&" can drive
N ° ! ' '’ detachment and allow for the following steps to occur.

1997). This [C&"], is not sufficient to cause G& :
dependent decondensation of trichocyst contents Whic:|(1)ne ha_s to rec"?‘” that only about one third of the total
population of trichocysts can thus be labeled and de-

requires [C4"], 010> m by influx through exocytotic

openings and which is followed by rapid rearrangemenl{ ) . .
of paracrystalline secretory contents (Bilinski et al., achment i115 to 20 min. Re-attachment under condi-

1981) under participation of several €&inding pro- tions of maintained high Mg requirest40 min (Fig. 5,

teins in secretory contents (Klauke et al., 1998). FM1—43b°tt°m' while data_ In _F|g. 5 top,_are less consistent).
stains membranes of docked trichocysts within secondd Ne hatched area in Fig. 5 takes into account some un-
(Fig. 1c"), thus indicating formation of a membrane con- cer.talnty due to the fact that initial changes develop with
tinuum, i.e., exocytotic membrane fusion, yet without Variable speed from one cell to another.
rearrangement or release of secretory contents. This pro- N @n attempt to obtain more detailed insight into the
cess is again accompanied by a cortical{&ansient, mechanism of trichocyst detachment we then analyzed
though this is now less pronounced (1.75-fold, as seen i@y effect of [Mg*], = 3 mm and/or of compound
Fig. 1d) than shown in Fig. b for the same manipulation R24547 upon de-docking of trichocysts with nonfused
at high [C&"],. The only source of G4 may be cortical membranes at [C&, = 50 pm (Table). Either treat-
stores, in this case, since the fClincrease observed is ment causes a significarii/-fold increase of the relative
of a similar size as with other secretagogues at lowhumber of free trichocysts. (Unfortunately, without
[Ca®"], (Erxleben et al., 1997; Klauke & Plattner, 1998). fluorescence labeling we cannot easily analyze the popu-
Membrane resealing seems to be inhibited due to insufiation of docked trichocysts.) The effects of ffcand of
ficient [C&*]; increase, under these conditions. StainingR24547 are not additive, which may indicate the involve-
is more intense when FM1-43 is applied in the absencénent of the same target. When free trichocysts normally
of C&* for <1 min, as can be recognized by comparingrepresentb% of the total trichocyst population, i.e., 50
Fig. 1c’, ¢’ with Fig. 1a’, &'. As described below, tricho- per cell (Plattner, Stal & Matt, 1985), their number in
cysts can then undergo detachment in labeled, intadhe present experiments would increasé€®80. This is
form (“frustrated exocytosis”). about one third of the total population, and would, thus,
Next we checked whether readdition of any #e just correspond to the fraction of trichocysts amenable to
(90 wm) may drive exocytosis and any subsequent re-frustrated exocytosis”.
trieval of labeled ghosts. This is indeed what we found  An example of a time sequence series obtained with
with Caf*, SP* or Mn®* which results in formation of FM1-43 labeled cells (Fig. 6) shows cytoplasmic stream-
globular ghosts (Fig.& &), in contrast to M§* which  ing of labeled trichocysts which then undergo saltatory
causes formation of tubular ghosts (Fidp, ). Globu-  docking to the cell membrane. Redocked trichocysts can
lar ghosts may fragment into smaller balls, but somebe released by exocytosis, e.g., in response to AED (Fig.
additional tubular extensions may also occur with time7). Globular ghosts with subsequent fragmentation and
(Fig. 33). Both, globular and tubular types of ghosts areeventual tubule formation follows, as described above.
internalized in a nonsaltatory manner. Yet their label Does redocking of FM1-43 labeled trichocysts in-

Results

ached from the cell surface. The time required for de-
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Fig. 2. FM1-43 induces membrane fusion and regular exocytosis with formation of ghosts at high,[Ga &) Superficial &) and median view

(@) of a cell exposed to FM1-43 at [, = 30 nw for 5 sec, and immediate readdition of f£, = 90 um for 5 min. Only the fused trichocysts
release their contents, causing intensely labeled globular ghosts which in part already have been internalized in globular or in tublojda' form. (
Superficial p) and median viewl{) of a cell taken 5 min after exposure to FM1-43 atfga = 30 nm for 5 sec, and immediate addition of [¥1g,

= 90 um. Note formation and internalization of many tubular ghosts. Bar&0 pm.

volve maturation of docking/fusion sites? We tried to trichocysts, while the number of ghosts increases. In
answer this by applying an AED stimulus at different Fig. 9 we evaluate the response from the time of the
times of the redocking phase. As Fig. 8 shows, this ensecond AED stimulation on (0 sec) until reestablishment
tails a decrease in the number of docked (releasable)f a set of redocked trichocysts with full fusion compe-

Fig. 1. FM1-43, at usual concentrations sfL0 uM, causes regular exocytosis and a regulaf{Garansient when Cd, is present (left sidea,

a', a',b), but “frustrated exocytosis” and a much more modesE{f&ransient when G4, is reduced (right sides, ¢, ¢’, d). (a, ¢ are transmitted

light, (&', &', ¢/, ") are fluorescence images. Bars5 um. Left: Time sequence of a cell exposed, froyron, for the different times indicated to

10 um FM1-43 at [C&"], = 50 pm, analyzed in transmitted lighg), fluorescenced’, &) and byf/f, ratio determination of a [C4]; transient

formed ). Note induction of exocytosis as well as occurrence of label in the cell membrane (cm), in contents of trichocysts undergoing exocytosis
(t) and in trichocyst ghosts (gh); e cilia. Right: Similar series as on the left, obtained under the same conditions but at 16%,[Ga 30 nw.

Cell exposed to FM1-43 after preincubation at low Qg 30 nv for 1 min, evoking membrane fusion in about one third of docked trichocysts

(t,). Note heavy labeling of cell membrane and subsequent staining of fused trichocyst membranes=#isigio, while secretory contents are
retained in condensed form (“frustrated exocytosis”).
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Fig. 3. Median view of a cell taken 5aj or 30 min () after ghost formation under conditions specified in Fi, &, i.e., at high [C&"],. Individual
ghosts may fragment into 2 to 3 balloonlike structures and eventually form tubular extensions for internalizatien5gau.

R e
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T

Fig. 4. Median view of a cell exposed for 5 sec to FM1-43 at{Qa = 30 nv before incubation in [M§'], = 3 mm for 5 min. @) and @) are
fluorescence and transmitted light images, respectively. This results in “frustrated exocytosis”, with trichocysts whose membrane is intensely
labeled, but now resealed, and which later on will be detached from the cell membrane. Note destaining of the cell membrane (dashed outlines) aft:
washout of FM1-43. Bar= 5 pm.

tence. This is compared with the number of free tricho-Discussion
cysts disappearing due to increasing docking. From th . B
s?i)pes of Eﬁrves \?ve estimate the h?ilf-time rgequired forq-0 our "T“?,W'edge there is r_lo_prece_den_t for f_r ustrated
redocking (disappearance of free trichocysts) min, exocytosis” and its sygtemat_|c induction in _the Ilterf'itL_jre.
and for acquiring fusion capacity also as 35 min. (Ab_AIthough part of our discussion, therefore, is descrlptlve,
solute numbers for the two data sets to be compared ari%e try to find some clugs to the underlymg mechanisms.
different because each state of trichocysts, docked o e argue on the basis of the established presence of

free, are distributed over widely different reference areacalmod_u!in at trichocys_t doc_:king sites_, its involvement in
: aintaining docking sites in a functional state, and the

sizes, as outlined in Materials and Methods). We are ... .
'z u ! I ) binding of C&* and Mg, respectively, to the calmod-

aware of the statistical error inherent to such morpho i lecul bablv with la0Di foct
logical evaluation, but clearly there is no difference rec-U'in molecule, probably \Q" some 0\,/,er apping efiects
its functional statesge“Introduction”).

ognizable between the half-times of the two processes, A
derived from the slopes in Fig. 9, i.e., for free and ex-

trudable trichocysts, respectively. This indicates that theGENERAL ASPECTSPERTINENT TO OUR STUDY

time required for assembly of a functional docking/ Docking of a secretory (or synaptic) vesicle involves
fusion site is small, i.e., at most in the range of minutesco-assembly of a multitude of molecules, including a
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Table. Effect of the calmodulin inhibitor, R24571 (calmidazolium),
and/or of increased [Mg],, added to the culture medium, on the
relative number of free trichocysts in the cytoplasm, determined as
described in Materials and Methods

[Me*"] =90 uM Ca™

0

Medium Free trichocysts n N Increase factor
*+SEM
No addition 0.86 £0.45 28 5 1.0
R24571, 50um 6.64 +£1.23 34 5 7.7
Mg?*, 3 mm 6.40+1.61 10 3 7.4
R24571, 50um
+Mg?*, 3 mm 531+1.76 13 5 6.2

Exposure time 30 min, valuessem, n = number of cells analyzed
= number of independent experiments.

in any detail and in no case has it been observed up to
now that exocytosis-competent vesicles would again be
deprived of their competence, as we show Rarame-
cium (whose docked trichocysts normally are practically
all exocytosis-competent [Plattner et al., 1B8Bnoll et
al., 1991]). Only after releasing their contents are fusion
competent vesicles easily detached in the different sys-
o time (min) tems analyzed so far (“exocytosis-coupled endocytosis”).
. ” " - - " - Since exocytotic membrane fusion involves irreversible
rearrangement of molecular components there was no
Fig. 5. Quantitative evaluation of frustrated exocytosis, trichocyst de-reason to look for reversibility. By implication the as-
tachment and reattachment in cells exposed for 5 sec to FM1-43 asumption was that fusion competence can only be ac-
[Ca*"], = 30 rw before incubation in [M§], = 3mm for 5minto  quired by reassembly of these components after docking
allow for membrane resealing and subsequent addition 6f]Ga 90 of a newly formed “virgin” secretory vesicle.

wM, with a residual [Mg*], = 100 um (top), or for 60 min in [Md&*],, . . .
= 3 mm (bottom). Note that initial decrease of docked trichocysts and Fusion occurs in response to a local increase of

2 . age B
antiparallel increase of free trichocysts in the cytoplasm show similar[.cal +]i generated py influx and/or m(_)blhzatlon from CQI’-
tendency in the top and bottom figure, with some occasional fluctua-tic@l stores (Berridge, 1998; Barritt, 1999; Mackrill,

tion. Hatched area signifies some variable reaction at the beginningl999). Internalization of empty ghosts may be strictly

Means from 3 experiments (sp). coupled to exocytosis since in a variety of systems this
also requires increased [€% (Heinemann et al., 1994;
Henkel & Almers, 1996; Vogel et al., 1999) or a similar

Ca* sensor (Sdhof & Rizo, 1996) which mediates com- Me?*, like SP* (Guatimosim et al., 1998). A novel as-

petence for exocytosis in response to an extracellulapect in our analysis is decoupling of membrane retrieval

stimulus (Lin & Scheller, 1997; Burgoyne & Morgan, from contents release.

1998; Edwards, 1998; Robinson & Martin, 1998; Xu et

al., 1998). Comparison of the population of vesicles

physically docked at the cell membrane with the size ofSPECIFIC ASPECTS OF THEPARAMECIUMSYSTEM

the readily releasable pool, determined by patch-clamp

analysis, reveals that only a fraction of vesicles may bdn Paramecium{richocyst docking and acquirement of

competent for membrane fusion (Morgan & Burgoyne,fusion competence requires co-assembly of docking pro-

1997; Plattner, Artalejo & Neher, 1987 Xu et al., teins with calmodulin (Kerboeuf et al., 1993). Once

1998). Some individual vesicles may again be detachedocked at the cell membrane, all trichocysts can undergo

from the cell membrane, e.g., in chromaffin cells (Oheimexocytosis (Plattner et al., 19851993; Knoll et al.,

et al., 1999; Steyrer & Almers, 1999), before acquiring1991), provided a sufficiently intense [E&transient is

fusion competence. Exocytosis stimulation can cause regenerated (Plattner et al., 1997 This implies activa-

lease only of “mature” vesicles, i.e., with a fully as- tion of cortical stores (“alveolar sacs”), a vast system of

sembled molecular docking/fusion complex. Though re-established Ca-stores (Stelly et al., 1991pge et al.,

versibility of docking of “clear” (Murthy & Stevens, 1995; Plattner et al., 198}, superimposed by G4

1999) and of “dense” vesicles (Xu et al., 1999) has beernnflux from the outside medium (Kerboeuf & Cohen,

observed, the underlying mechanism could not be settled990; Knoll et al., 1992; Erxleben & Plattner, 1994; Erx-
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Fig. 6. Time-sequence of intracellular movements of labeled trichocysts following frustrated exocytosis under conditions specified in Fig. 4. Note
docking of two trichocysts, labeled by arrows, to the cell membrane (dotted line) which has been destained by removal of FM&43uBar

leben et al., 1997; Klauke & Plattner, 1997). Normally tosis, i.e., membrane fusion without contents release,
exocytosis takes only 80 msec for all trichocysts of a cellfollowed by membrane resealing and detachment of se-
suspension (Knoll et al., 1991). 0% of the entire cretory vesicles. In our cells, formation of exocytotic
docked, i.e., releasable trichocyst population, exocytoti@penings is stimulated by FM1-43, possibly due to its
membrane fusion can be induced without contents relipophilicity and its double positive charge in appropriate
lease, when [CH], is kept at levels of, or below, spacing (Kavalali et al., 1999). Compounds of this di- to
[Ca®*]*! (Erxleben et al., 1997; Plattner et al., 1897 polyamine type are known to induce exocytotic mem-
This is due to the requirement of extracellular’Céo  brane fusion in many cells, like iRarameciun{Plattner
drive extrusion (“decondensation”) of trichocyst contentset al., 198, b). FM1-43 also produces a large [€h
in our system, by binding to G&binding proteins con-  signal at [C&"], = 50 uM, and, though a much smaller
tained in the secretory material, Rarameciun(Klauke  one, even at [C4], < [C&']® as seen from compari-
et al., 1998) as imetrahymengChilcoat et al., 1996).  son of Figs. b and M. This is similar to the response to
AED (Erxleben et al., 1997) or to caffeine (Klauke &
INDUCTION OF FRUSTRATED EXOCYTOSIS AND OF Plattner, 1998) where the [€¥; signal generated at low
ORGANELLE DEDOCKING [Ca®*], suffices to induce membrane fusioni#0% of
trichocyst docking sites, yet without contents release
This was the starting point of our experiments. As we(Erxleben etal., 1997; Plattner et al., 1897Exogenous
show for the first time, we can induce frustrated exocy-polyamines activate Garelease from cortical stores (al-
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Fig. 7. Example showing that reattached labeled trichocysts are capable of undergoing exocytosis upon AED stimulation. Labeling was under
conditions of “frustrated exocytosis” and internalization as specified in Fig. 4. Note thgtdatcked trichocysts are of regular shape, while, after
adding AED at arrowhead, many collapsed ghosts are formed withirsec. Bar= 10 pm.
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Fig. 8. Quantitative analysis of time-dependent acquirement of exocy-
tosis capacity of redocked labeled trichocysts. Means of 3 experimentatig 9. Evaluation of the first 90 min shown in Fig. 8, obtained by
series, with sp indicated. An AED stimulus was applied at different 5n41y7ing redocked, labeled trichocysts, as well as free trichocysts.

times after redocking of trichocysts, FM1-43 labeled according to Fig. Note antiparallel changes of docked trichocysts (releasable in response
4. The experimental period shown in the figure is preceded by a period, 5 AED stimulus after redocking) and of ghosts (formed by such an
of “frustrated exocytosis” in presence of FM1-43 (5 sec) af’{fa= AED stimulus), while free trichocysts decrease due to docking. The
30 nw, followed by [Mg™], = 3 mw for 5 min, and subsequent de- first AED stimulus of the second round of stimulation, i.e., after re-
tachment and reattachment at fJg = 90 um (as specified in Fig. 4) docking, was applied at the arrow and from then on at the different time
for 60 min. After redocking, from, on (arrow), aliquots were exposed ints of the abscissa, as specified in Fig. 8. Values are from 3 experi-

each to one AED stimulus at times indicated in the abscissa. Notghents. +sp. Note that organelle numbers indicated per 1,Q06
increase of ghosts on account of decreasing docked trichocysts.  eyajuated area are referring to areas where trichocysts are densely

packed in a narrow zone adjacent to the cell membrane (docked tricho-
cysts), and distributed over a much larger intracellular area (free tricho-

veolar sacs) via a “Cé/(polyvalent cation)-sensing re- Cysts), respectively.
ceptor” in the cell surface and this in turn activates a
“store-operated Ca-influx” via unspecific cation chan-
nels (Klauke et al., 2000). As with AED, mobilization of Instead of our assumption that FM1-43 triggers
C&* by FM1-43 from cortical stores may just suffice to membrane fusion, could one also assume (as suggested
induce membrane fusion in about one third of the dockedy one of our reviewers) that in our cells trichocyst mem-
trichocyst population, when [G§, is kept low. Evi- branes would be permanently liable to spontaneous
dently a [C&"]; signal has to achieve a certain thresholdmembrane fusion, possibly with silently ongoing “frus-
level to allow (i) fusion to occur at all trichocyst docking trated exocytosis”? We deny this possibility mainly for
sites and (i) the fusion pores formed to expand. Accord+wo reasons: (i) The extent of “frustrated exocytosis” we
ing to our observations, Gaand Mg* may interact in  see is incompatible with the persistently low change of
regulating these processes. For instance, it appears frootcupied docking sites, unless membrane fusion is trig-
Fig. 5 that, over longer time periods, Mat sufficiently — gered (Plattner et al. 198Y. (ii) FM1-43 causes mas-
high concentrations in the medium can achieve similasive exocytosis unless conditions are manipulated in a
effects as short time Gaapplication. way to inhibit contents release (this study).
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In the present study we observe the diffusion ofbut not yet functionally docked vesicles seen in some
FM1-43 from the cell membrane into trichocyst mem- other cells by evanescent fluorescent wave microscopy
branes within<3 sec. Prerequisite for this is the con- (Oheim et al., 1999; Steyrer & Almers, 1999). The cur-
tinuum between the two different membranes during for-rent situation is also different from previous experiments
mation of the fusion pore which may not expand com-with exocytosis-incompetent mutaRarameciumstrain
pletely under our experimental conditions, i.e., atZ[q,@ nd9-28°C whose trichocysts are linked only to alveolar
= 30 nv. After the time in low [C&"], the medium is  sacs, but not to the cell membrane, and can be detached
supplemented with [Mg], = 3 mwm, instead of C&, by C&* ionophore treatment (Pape & Plattner, 1990), a
not only to avoid cell damage which would have to be procedure which would cause exocytotic membrane fu-
expected in absence of €a but also to avoid rapid sion and endocytotic membrane retrieval in the wildtype
closure of the fusion pore. In fact, it is well documented cells used here. .
in some other systems that expansion of the fusion pore ~AS @ consequence we have to postulate that a vesicle
is a distinct, C3*-dependent step (Rosenboom & Lindau, Membrane must contain a signal indicating the filling
1994: Ferfadez-Chato & Alvdrez De Toledo, 1995: State. Possible candidates to be considered are proteins
Hartmann & Lindau, 1995: Lindau & Almers, 1995 linking secretory contents to the vesicle membrane, as
Monck & Ferrimdez, 1996). Holding the fusion pore Occurring in pancreatic zymogen granules (Kleene,
open for a sufficiently long time may require an addi- Partsch & Kern, 1999) and chromaffin granules (Glom-
tional regulating mechanism (Fémdez-Chato et al., bik et al., 1999)_, where they participate as a centrifugal
1999). However, the molecular mechanisms of these obsorting mephanlsm, as well asmaram.ec!umrlchocy.sts
servations are not understood. In our cells, at g = (Momayezi et al., 1993). Clearly this is speculative at

3 mm, fusion pores have all resealed within 5 min in this time.

[Mg#", = 3 mm, tested by readdition of G& (which

would cause contents discharge visible in the light mi-REDOCKING OF TRICHOCYSTS AND MATURATION OF
croscope) and the entire population of FM1-43-taggedocKING/FUSION SITES

trichocysts is internalized into the cyclosis stream, before

they finally all undergo redocking. How may €aand  FM1-43 labeled detached trichocysts are redocked in a
Mg?* influence these mechanisms? saltatory manner, just like “virgin” trichocysts (Aufder-

It may be more than circumstantial that trichocystsheide, 1977), via microtubules emanating from ciliary
can be detached from the cell membrane by exposure teasal bodies (Plattner, Westphal & Tiggemann, 1982;
high [Mg®*], or by calmidazolium (Table), i.e., without Glas-Albrecht et al., 1991). In the Results we tried to
previous membrane fusion, even at fJg = 50 um. estimate the time scale of maturation of newly assembled

We consider this possibility since it correlates with sev-trichocyst docking/fusion sites. Within the error range
eral facts established f(ﬂarameciumj_e_’ (|) presence inherent to the methods available for our System, we find
of calmodulin at docking sites (Momayezi et al., 1986), identical half-times for redocking (mirrored by decrease
(ii) its requirement for mediating exocytosis compen-©Of free trichocysts) and reestablishment of exocytosis
tence to docked trichocysts (Kerboeuf et al., 1993), (iii)capacny. Therefore, the time required for maturation

the nonadditive effect of high [Md], and of calmid- mu_st_ be small, i.e.,. maxi_mally in t_he range of_ minutes.
azolium (Table) which both can affect calmodulin func- 1S iS fully compatible with a previous estimation(ds

tion, and (iv) detachment of trichocysts under conditions™in (Pape & Plattner, 1985), achieved by comparing
of “frustrated exocytosis” which may be based on thelime-variable numbers of docked trichocysts with num-
sensitivity of calmodulin not only to G4, but also to bers of preformed docking/fusion sites containing a “fu-

- ; i tte” of integral membrane proteins — an infal-
sufficiently high [Mg?*] (Malmendal et al., 1999). sion rose ) : ) ]
Though still speculative, our current experiments ma))'ble indicator of fusion capacity (Beisson et al., 1976;

allow in the future more detailed analysis on amolecula#Dape & Platmer, 1985.’ Pquph|le et al., 1986). No di-

scale. rectly comparable estimations from other systems are
We underscore that (i) we could for the first time known.

detatch exocytosis-competent secretory vesicles and (ii)

that these are all handled like newly formed vesicles, a¥ ARIABLE ENDOCYTOTIC VESICLE MORPHOLOGY

they are amenable to redocking and fusion in response to

a second secretory stimulus. Thus, their fate is totallyResealing of trichocyst ghosts after exocytosis occurs

different from those vesicles that have fused and releasedithout a clathrin coat (Plattner et al., 13§5normally

their contents before internalization as ghosts. Therewithin <1 sec (Knoll et al., 1991) and, thus, follows a fast

fore, the respective internalization signals must be dif-mechanism defined as “kiss-and-run” (Artalejo et al.,

ferent ones. It also must be different from the mecha-1998; Palfrey & Artalejo, 1998). In our case, exocytosis-

nism underlying occasional dedocking of structurally, coupled endocytosis occurs with either’Car Mg?* in
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the medium, though vesicle morphology is different, i.e., facilitates release of secretory products after exocytotic vesicle fu-

primarily ball-shaped and tubular, respectively. Possibly sion.FEBS Lett363221-225 .

a kiss-and-run mechanism can more easily be supportcf™@dez-Chaco, R., Alvarez De Toledo, G., Hammer, R.E. dBof,

by Ma2* than clathrin-coated vesicle formation since the T.C. ;999. Analysis of SCAMP1 fgncgon m sec_retory vesicle exo-
y Mg . . . A cytosis by means of gene targeting in mide.Biol. Chem.274:

latter requires dynamin dephosphorylation by thé'Ca 3255132554

calmodulin activated protein phosphatase 2B, calcineurimsias-Alorecht, R., Kaesberg, B., Knoll, G., Allmann, K., Pape, R.,

(Marks & McMahon, 1998). This difference in mor- Plattner, H. 1991. Synchronized secretory organelle docking in

phology of retrieved vesicles may depend on the free Paramecium.Saltatory movement along microtubules transiently

charge available to bind to functionally important com- To_rme‘jdfrhom C”Iiary basal bOdiI‘f;h acr‘dnsg'?clﬂc‘)’&esxcgfion of micro-

. : : injected heterologous organelles.Cell Sci.100:45-

ponents of so far unknown identity. Interestingly bal- Glombik, M.M.. Kromer. A.. Salm. T.. Huttner, W.B.. Gerdes, H.H.

!oons an also emanate tUbUIeS,' All these structures are 1999. The disulfide-bonded loop of chromogranin B mediates

internalized. Unfortunately their label fades out and,  membrane binding and directs sorting from the trans-Golgi network

therefore, any selective delivery to internal structures to secretory granule€EMBO J.18:1059—1070

could not be analyzed. Guatimosim, C., Romano-Silva, M.A., Gomez, M.V., Prado, M.A.M.
1998. Recycling of synaptic vesicles at the frog neuromuscular
junction in the presence of strontiuth.Neurochem?70:2477-2483

artmann, J., Lindau, M. 1995. A novel €adependent step in exo-
cytosis subsequent to vesicle fusi®tEBS Lett.363:217-220
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