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Abstract. We had previously shown that an influx of to drive membrane dynamics, from internal and external
extracellular C&" (Ca*,), though it occurs, is not strictly  sources, drives the different steps of the exo-endocytosis
required for aminoethyldextran (AED)-triggered exocy- cycle.

totic membrane fusion irParamecium.We now ana-

lyze, by quenched-flow/freeze-fracture, to what extentkey words: Calcium — Endocytosis — Exocytosis —
Cé&™*, contributes to exocytotic and exocytosis-coupledMembrane fusion — Secretion -Paramecium
endocytotic membrane fusion, as well as to detachment

of “ghosts” — a process difficult to analyze by any )

other method or in any other system. Maximal exocy-Introduction

totic membrane fusion (analyzed within 80 msec) occursI hep . I dd dth
readily in the presence Of [éae = 5 X 10—6 M, Wh|le n our SyStem, t arameciumecell, we a ressed the

normally a [C&*], = 0.5 nM is in the medium. A new following questions. (i) To what extent does extracellu-
o . )

finding is that exocytosis and endocytosis is signiﬁcantlyIar C&" concentration, [Cd],, affect exocytotic mem-

stimulated by increasing [¢4, even beyond levels usu- b”rane fusion and possibly also the following steps, i..e.,
ally available to cells. Quenching of [€3, by EGTA (i) exocytosis-coupled endocytotic membrane resealing

application to levels of resting [¢4; or slightly below and (iii) detachment of empty secretory organelle mem-

does reduce (by'50%) but not block AED-triggered branes (“ghosts™) from the cell surface? While (i) has

exocytosis (again tested with 80 msec AED application).beer% tr;oroughlyl analyzed in many systems, e.g., by
This effect can be overridden either by increasing stimyPatech clamp analysis [2, 3, 31, 41], data on (ii) appear

lation time or by readdition of an excess of<a Our controversial and (iii) has not been amenable to study in
data are compatible with the assumption that normall)f;ny other system lby any other”mhethod. In cor;)trast, we
exocytotic membrane fusion will include a step of rapid ave ex_penml(‘anta. ac”cess to all three aspects because
Ca?*-mobilization from subplasmalemmal pools (“al- the particular “design” of our cells and of the quenched-

veolar sacs”) and, as a superimposed step, A-Gdlux, flﬁw metfhodology we dgv:aloped to exploit the syn-
since exocytotic membrane fusion can occur a’[fa © ro'zy ot our lestems(ee de ow). o ated
even slightly below resting [G4],. The other important s generally accepted, exocytosis can be regulate

conclusion is that increasing [€3, facilitates exocy- bé' 2” mcr:_eerl]se of tf)ree m(;raczllglar ﬁar;lc)ncefné;atlé)n,
totic and endocytotic membrane fusion, i.e., membrandC& 1i» Which may be produced by an influx of €g, by

resealing. In addition, we show for the first time that mobilization from internal pools or by both mechanisms

2
increasing [C&], also drives detachment of “ghosts” !nﬂconcert [4, 13('1 14, 55.".54'. 64]. Idn the Iéa%t_cgse,*dCa
— anovel aspect not analyzed so far in any other systen{?1iux may precede mobilization and cause"Gmduce

According to our pilot calculations, a flush of &aor- C&" release (CICR), as occurring during contraction of

ders of magnitude larger than stationary values assume%ard'aC muscle cglls [34]. Altematively, store depletion
may precede, as in skeletal muscle cells [34]. In secre-

tory cells elements of Endoplasmic Reticulum, ER, act-
I ing as putative cortical C4 stores may be compared
Correspondence tad. Plattner with the Sarcoplasmic Reticulum, SR, in muscle cells
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[35, 52]. In secretory cells store depletion can cause &ion™), occurs during an exo-endocytotic cycle and that
C&" release-activated Ehcurrent, CRAC, across the this C&* flush accelerates all steps of the exo-
cell membrane [8]. For various reasons, CRAC is nowendocytotic cycle.
thought to involve subplasmalemmal Tgools. This
now is of conS|dera_bIe interest [8] although, with mOStMateriaIs and Methods
systems, structural identification of such compartments
is difficult. Any of these mechanisms may allow for a Paramecium tetraureliawildtype cells, strain 7S, were grown axeni-
[(_‘,5\2*]i increase upon exocytosis stimulation, from rest-cally until early stationary phase and washed ins Ripes buffer pH7
ing values between IBand 107 m, to subuM, or, locally with KCl and CaC} (1 mv each) added. Cells were starved overnight
in subplasmalemmal spaces, to several 1015, 70]. e t/(-a\sEtng\Ig; i);zij;?: g:cF;Z?glg'[zéue [50, 51] and applied for differ
The Secreto.ry system W.e analyze’ the ciliated pro_ent times in the quenched-flow apparatus described previously [27].
tozoanParamecium tetr'aurellacontalns up td110* se- One volume part of cells, in the medium indicated above, was mixed
cretory organelles (“trichocysts”) docked at the cell with one part of aqueous 0.02% AED solution. Eventually samples
membrane for immediate release. Sites of trichocystvere exposed to EGTA (free acid) to yield different fre€?Czoncen-
docking and exocytosis display a clear-cut freezedrations from 30 m on as indicated in Results and figure captions.
fracture appearance which is explained in Fig. 1 and th&esulting [C4"] values, e.g., in Figs. 2-4, 6 and 7, were calculated
Table. Trichocyst exocytosis can be triggered e_g_acc_ordlng to Fbr et al._ [18] and contr(_)lled (within feasible concen-
. : ; tration ranges) by a calibrated €aselective electrode type ETH129 as
Wlthm 80 msec, by ar_nlnoethyldeXtran’ A_ED [47_51] specified in ref. [27]. Values from both methods closely coincided.
and involves mobilization of C4 from cortical stores According to our measurements, due to dissociation, values 3f[Ca
[16, 17, 26, 28] as well as a SUperimposedz*Gaflux obtained in C&A7EGTA mixtures (as indicated in Results and figure
[16, 17, 25, 26]. Trichocysts are surrounded by “alveo-legends) are not remarkably affected by mixing with AED. Specifi-
lar sacs,” established G4 stores [30, 61, 62], which cally, in experiments shown in Fig. 5 [€9, was adjusted by EGTA
cover almost all of the cell surface, except for trichocystand C&" to different levels of actual free [C4, which have been
docking sites and ciliary bases [1]. Other established aSc_alculeited and measured as indicated above. Occasionally, an exces
. .. of Ca&?* was added as chloride. When incubation times were varied,
pects are the requwement of {':do_r exocytosis, 1.e., not experiments lasting up to 2 sec were executed in the quenched-flow
only for exocytotic membrane fusion [16, 17, 26, 49], but apparatus, while experiments over longer times were performed manu-
also for discharge of secretory contents. In contrast tailly. After reducing [C&"]. for variable times, an excess of Tavas
most other secretory systems, contents discharge requiregentually readded with the AED solution. For detadee Results.
Ca2+e = 10%wm [9]. Controls were run with EGTA only, i.e., during the whole time periods
Trichocyst docking sites display a clear-cut mor- ana]yzed. In one serigs, cells were exposepl for 9_0 mi'n toNCCat*
phology, which undergoes characteristic changes (Fig. ]1(;\;{1;2;?2?0?:; impair cells) before AED stimulation, in an attempt to
Table) d.u”ng synchronous AED stimulation, as ShOWD Quenched-flow included cryofixation by spraying cells into melt-
by combined quenched-flow and freeze-fracture analysisng propane. Subsequent freeze-fracture and electron microscopic
[27, 45, 47, 48]. For instance, we can differentiate, onanalysis was done as indicated previously [27, 45] where we have also
platinum/carbon replicas obtained from freeze-fracturedharacterized stages of the exo-endocytosis cys#eRig. 1 and the
cell membranes, between exocytotic and endocytotiJat_"e)- In addition,fusion intermediates during endocytotic membrane
membrane fusion and Subsequent detachment off|3|on (as defined by [47]) have been analyzed separately in some

“qhost” mot retor raanell membran = rexperiments. Data sampling and evaluation was also as indicated pre-
ghos (e pty secretory organe e) € anes. o viously [27, 45]. In Figs. 2 to 7, for better clarity, zero values are

comparison, by patch clamping, endocytosis is diﬁicu_ltpresented as small negative blocks. Statistical evaluation was by a
[56, 72] and ghost detachment after membrane resealingarameter-free U-test. Significances are indicated for pairs of columns

is impossible to analyze. Our quenched-flow equipments indicated in figure legends. For instanBe= 0.0003 (1vs.3) in
also allows us to vary [C,Qé]e for different time periods, Fig- 2 indicates, that column 3 differs from column 1 with an error
before and/or during stimulation. On this basis, we Canorobability of 0.03% or by a confidence interval of >99.9%.
now analyze the possible requirement of different steps
of the exo-endocytotic cycle for €4, Results

We can thus ascertain for our system, by lowering
[Ca®"].to 30 rm (i.e., slightly below resting [CH]; [26]) We have first varied the time of &% depletion by
by EGTA chelation, that a G4 influx is not strictly ~EGTA (Fig. 2). Due to rapid mixing in the quenched-
required for exocytotic membrane fusion. Despite thisflow apparatus, as indicated by efficient AED stimula-
we can show that both, exocytotic and endocytotic memtion, there is no limitation by diffusion. Thus, the appar-
brane fusion, are accelerated by increasing?ffzébe-  ent rate of C&" chelation by EGTA [40] during appli-
yond levels a cell normally “sees.” Furthermore, we cation times should allow effective binding. Indirectly,
document for the first time that this also holds for inter- this assumption is supported by the overriding effect of
nalization of “ghosts,” a novel aspect which could not prolongated AED application (Figs. 3, 4). We, therefore,
be analyzed so far by any other method. Our calculaattribute AED stimulation in presence of EGTA (result-
tions show that a vigorous flush of &a partly from  ingin[C&"], = 30 nv) to mobilization of internal pools.
external and partly from internal sourceseé“Discus-  These are probably the subplasmalemmal alveolar sac:
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Fig. 1. Ultrastructure of trichocyst docking sites in freeze-fracture replicas (top) and in ultrathin sections (bottom). For refeesticeslable.
“Rosettes” formed by intramembranous particles (IMPs, integral proteins) represent sites occupied by a dischargeable tachoCyisty’ of

IMPs delineates a docking/release site. Upon AED stimulation rosette IMPs decay to smaller IMPs [27] as a focal exocytotic opening i.formec
This opening expands (hatched area within the ring) during trichocyst contents disot)aigesgaling during endocytosis of an empty “ghost”
results first in a “filled ring” (d, with many small loosely scattered IMPs) which collapses to an “oval ring)’ gnd subsequently to a
“parenthesis” ), when the “ghost” is completely detached from the cell surface by internalization. Hence, a “parenthesis” indicates a nono
cupied potential docking site. During AED stimulation, all steps shown are acceleratedayaBalerived from the following diagrams (Figs. 2-7).
Abbreviations: as= alveolar sacs (subplasmalemmal Ca-stores [28, 30, 61, 62] surrounding trichocyst docking sitesgethmembrane, tm

= trichocyst membrane. Note coincidence of “rings” with rims of alveolar sacs which are closely attached to the cell membrane.

Table. Designation of exo-endocytosis stages and changes in freeze-fracture morphology of trichocyst exocytosBas#eseiciurf)

Activation stage Freeze-fracture appearance Stage designation
Resting Double “ring” of IMPsP) with [® “rosette” IMPs in center “Rosettes”
Exocytosis “Ring” unchanged
Exocytotic membrane fusion Decay of “rosette” IMPs to small IMPs, 10 nm fusionore Not analyzed separately
Opening expansion Expansion to size of “ring” “Openings”
Endocytosis
Early membrane resealing “Ring” unchanged, 10 nm fusion pore “Fusion intermediates”
Late stage “Ring” slightly collapsed to oval form with many small IMPs from “Filled” or “oval rings”
“rosette” decay
“Ghost” detachment Collapse of “ring” to “parenthesis”-type structure “Parentheses”

2Stages are as characterized by Plattner et al. [45, 47-49] and Knoll et al. [27].
IMPs is equivalent to intramembranous particles or integral membrane proseig®(s. [27, 49]).
¢ See ref. [27].

which could account for the quick responssedalso  shows, as a percentage of all exocytotic sites, 49% ro-
“Discussion” for rapid cortical fluorochrome signals). Settes (resting stages occupied by a docked trichocyst),
We then varied [CZ], (Fig. 5). Finally the effect of 0% exocytotic openings and 38% parentheses (late re-
[Ca?"], beyond usual values has been analyzed (Figs. 6, 7p€aling stages or sites not occupied by a trichocyst). This
The freeze-fracture morphology allows us to iden-indicates (i) that quenched-flow per se causes no exocy-
tify “resting” exocytosis sites occupied by a discharge- tosis and (i) that not all of the potential trichocyst dock-
able trichocyst, exocytotic openings, membrane resealng sites are occupied. AED stimulation (-EGTA) trans-
ing stages and unoccupied sites. For terminolamge forms rosettes (0%) into exocytotic openings (39%).
Fig. 1 and the Table. AED stimulation, after variable times of EGTA applica-
tion (200—600 msec), produces less openings (8—16%)
and 24-35% of rosette stages remain intact. In the whole
THE SECRETAGOGUEEFFECT OFAED Is REDUCED BuT experiment the percentage of parentheses fluctuates be
NOT ABOLISHED BY CA®", CHELATION tween 39-50% and, thus, resembles controls, with un-
triggered (-EGTA) or triggered (+AED) cells.
In Fig. 2, cells were triggered after different subsecond  These data indicate that low [€%, (30 nv) applied
times of EGTA application resulting in [¢§, = 30 m.  in the subsecond range does reduce, but cannot abolist
A reference value without EGTA incubation (—AED) exocytosis.
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Fig. 2. Transformation of trichocyst docking sites by 80 msec AED stimulation, following different times of EGTA preincubation (resulting i
[C&*], = 30 nu). Columns 1, 7 and 13 are for untreated controls (-EGTA, —AED). Different times of EGTA incubation in all other columns: |
msec (control ~-EGTA), 200 to 600 msec EGTA incubation as indicated, before exposure to AED (for 80 msec). Data from two indepenc
experiments. Negative columns indicate 0% values throughout figure legends. Numbers df)calld ¢f exocytotic siteqj analyzed are indicated
pairwise in this sequence for every group of columns. Statistically relevant differesmed¢loyware commented in ResultStatistics: N,n =

28, 429; 22, 211; 19, 303; 18, 372; 10, 144; 36, 653 for each stage. Significaeeddaterials and Methods for details) for rosettes< 0.0000
(column 1vs. column 2, designated as “ts. 2”), 0.0003 (1vs. 3), 0.04 (1vs. 6), 0.04 (3vs. 6); columns 1vs.4 (P = 0.27) and 1vs.5

(P = 0.15) are not or less significantly different; column 2 (0%) is significantly different from other columrs(.01). Exocytotic openings:

P < 0.0000 (7vs.8), 0.0002 (7vs.9), 0.001 (7vs.10), 0.06 (7vs.11), 0.001 (7vs.12); P < 0.01 for column 8vs.9 to 12; columns 9 and

12 are not significantly different = 0.40). Parentheses stagBs= 0.08 (13vs.15), 0.11 (13vs. 18); other columns without significant differ-
ence.

PROLONGATED SECRETAGOGUEAPPLICATION CAN resealing (endocytosis) when the time of AED stimula-
PARTIALLY COMPENSATE FORCAZ*, CHELATION tion at low [C&*], is prolongated.
In Fig. 4 we combined different times of EGTA

In Fig. 3 we added EGTA for 500 msec to reduce{ga  and/or AED application, respectively, to analyze selec-
to 30 nv, before we applied AED for different times (150 tvely the effect on exocytotic pore formation (100%
msec, 600 msec, 2.8 sec). In this series the control valu@ith 80 msec AED, ~EGTA). Without AED, samples
of 49% rosettes (-~AED) is slightly exceeded, for un- Show no openings (no or 0.5 sec EGTA). 0.5 sec EGTA
known reasons, by statistically nonsignificant fluctua- (resulting in 30 m [Ca®"],) followed by 80 msec AED
tion, by the 600 msec AED value. Untriggered controlsresults in 17% openings, i.eL]L/5 of that in maximally
have no exocytotic openings, while 12% occur after 150triggered controls. This value is close to that in Fig. 2.
or 600 msec AED stimulation. In controls as well as in When EGTA incubation was extended to 20 sec, AED
150 msec or 600 msec AED triggered cells, filled ringsstimulation time also had to be extended to achieve any
fluctuate between 0-4% and parentheses between 33ignificant formation of exocytotic openings. Only with
38%. Prolongation of the AED trigger to 2.8 sec reduces=1 sec AED, openings increase, most significantly in
rosettes to 30%, no openings occur, but filled rings (9%)this series, e.g., when AED was applied for 15 sec (after
as well as parentheses (52%) increase significantly. Be20 sec EGTA). However, incubation with EGTA alone
yond confirming residual exocytotic capacity with low ([Ca®], = 30 nv) beyond 20 sec might also provoke
[Ca®"]. (c.f. Fig. 2), the 2.8-sec values in Fig. 3 infer side effectsgee35-sec application of EGTA only), while
increased exocytotic response and increased membrafégs. 5 and 6 (below) show no significant artifactual
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Fig. 3. Transformation of docking sites after 500 msec EGTA preincubation resulting ff][Ca 30 nv, followed by different times of AED
stimulation (150 msec, 600 msec, 2.8 sec). Control: 500 msec EGTA only, no 8fabstics: N, n (as indicated in Fig. 2): 28, 428; 11, 242; 15,
464; 21, 609. Significances for rosett€s:= 0.003 (1vs.4); no significant difference between other columns. Exocytotic openirgs:0.04 (5
vs.6), 0.004 (5vs.7), 0.16 (6vs.8), 0.02 (7vs. 8); columns 5, 8 and 6, 7 are not significantly different. Filled rings= 0.05 (9vs.12), 0.02
(10vs.12), 0.002 (11vs.12); other columns (except 0%) are not significantly different. ParenthBses0.003 (13vs.16), 0.02 (14vs.16), 0.006
(15 vs. 16); no significant difference between other columns.

induction of openings by 0.5 or 20 sec-EGTA applica-tested, 80 msec AED causes some decrease of rosette
tion. Similar tendencies are seen on the right of Fig. 4and some formation of openings, while filled rings are
i.e., not only longer AED incubation times, but also ex- not formed. With [C4"], = 5 x 10°° m, the number of
cessively prolongated (>20 sec) application of EGTAopenings raises considerably. These are increasingly
alone can produce more openings. transformed to filled rings as [€4, is increased.

In extension of data from Fig. 3 those in Fig. 4 These data show that exocytotic openings are re-
reveal that prolongated €& deprivation can be com- sealed by transformation into the stage which we call
pensated by prolongated AED stimulation. Furthermore;‘oval” or “filled rings” ( = early resealing stages).
Fig. 4 suggests, as already stated, that the system may Béis transformation, directly or indirectly, depends on
affected when [C#], is kept below resting [Cd]; for ~ [Ca?"], (seeDiscussion).
more than 20 sec.

ExocyToTic AND ENDOCYTOTIC MEMBRANE FUSION AS
INCREASING [C&?*], ACCELERATES EXOCYTOTIC AND WELL as GHOST RETRIEVAL ARE ACCELERATED BY
EnDOCYTOTIC MEMBRANE FUSION UNUSUALLY HigH [Ca?*],

What is the response to AED (80 msec) whenqQais  What is the effect of C&, deprivation ([C4*], = 30 nv
reduced for 20 sec to different levels, i.e., from normalfor 500 msec) on AED response (600 msec), when cells
values (0.5 m) to below resting [C&]; values? Thisis are preincubated for 90 min with 10MrC&* or when an
analyzed in Fig. 5. Controls (-EGTA, —AED) display excess of C& (2 mwm) is supplied during AED stimula-
73% of sites occupied by rosettes and none by openingson? We show in Fig. 6 that preloading cells with®Ca

or filled rings (resealing stages). The rest would be pais less efficient than increasing [€%, to unusually high
rentheses which are not listed separately, in this casdevels during stimulation. (Usually cells live in media
Even with 20 sec incubation at the lowest fJavalues  with (110™* m C&*, though they tolerate 10 mwithout
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Fig. 4. Formation of exocytotic openings after different combinations of EGTA (resulting iA'J[Ca 30 nv) and AED application for different
time periods, as indicated at the bottom of the figure (e.g., “0 + 0” designates controls not exposed to EGTA and not stimulated by AED, *“
+ 0.08” designates samples exposed for 0.5 sec to EGTA and for 0.08 sec to AED). Note that dark columns were obtained without AED applica
Negative controls (-EGTA, —AED) contained no exocytotic openings (first column), while positive controls (maximally stimulated by AED withot
EGTA application, second column) displayed 62% of all sites analyzed with openings (normalized to 100%). Other columns (3—-16) obtained .
0.5 to 360 s EGTA application and up to 60 s AED application are commented in Results. Data from 2 to 3 independent exfRiatsits.:

N, n (as in Fig. 2): 65, 1669; 27, 316; 13, 197; 10, 144; 58, 1184; 27, 669; 51, 1354; 37, 1081; 23, 570; 30, 969; 47, 939; 31, 708; 12, 264;
273; 10, 252; 3, 27. Significances for columns 1 to B6= 0.0000 (1vs.2), 0.15 (3vs.4), 0.004 (9vs.12), 0.0000 (1ds.12), 0.06 (13vs.14).

For columns 15 and 16, too few data are available to ascertain statistical significance. No significant differences ascertained between other co
(0% valuesvs. other values not tested separately).

reacting by exocytosis). Figure 6 contains two controlstion, as used in Figs. 4 and 5, has no latent deleterious
with 500 msec EGTA, followed by 600 msec AED or effects.

again by EGTA, respectively. The number of sites oc- In both Figs. 5 and 6, resealing is accelerated with
cupied by rosettes is 63 or 67%, respectively, neitheincreasing [C&7].. In addition, Fig. 6 not only indicates
openings nor filled rings occur, and 34 or 27% of sites,increased endocytotic membrane resealing (indicated by
respectively, are parentheses. These control values aiecreased numbers of filled rings), but the increased
well within the range of other experiments shown. Pre-number of parentheses also indicates the stimulating ef-
incubation with C4&", followed by AED stimulation, fect of increased [C4], on detachment of ghosts.
causes some reduction of rosettes [(y3), formation of As shown in Fig. 6, increased [€3,, activates dif-
some exocytotic openings (13%) and formation of somderent stages of exo- and endocytosis. This aspect was
filled rings (10%), while parentheses remain unchangedanalyzed in more detail in Fig. 7. Different times of
Readdition of C&" (2 mwm) during AED triggering re- EGTA application, resulting in [Cd], = 30 nv, were
duces rosettes tall/4 of controls. Under these condi- eventually combined with different amounts of Ca
tions, no exocytotic openings are recognized, most probadded to AED and with different times of AED applica-
ably because of rapid transformation into filled rings tion. Furthermore, “fusion intermediates” during mem-
(28%) and to parentheses. Surprisingly these increase dyrane resealing, showiridl0 nm focal fusion stages first
[2/3 as compared to controls. From Fig. 6 we concludepresented in ref. [47], were registered separately.

that preloading cells with G4 can only in part compen- In this series, controls (G4, = 30 nv) without
sate for C&" deprivation. Compensation with higher ef- AED revealed 57% of sites with rosettes and 34% with
ficiency is achieved by increasing [€%, during stimu-  parentheses, but no other stages. Positive controls with
lation. Figure 6 also implies that 20-sec‘Calepriva- 80 msec AED had only 2% rosettes, but 56% openings.
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Fig. 5. Transformation of docking sites after 20 sec EGTA application resulting in the increasing f&§, [@dues indicated below, followed by
80 msec AED application. Data from 3 independent experiments. Note increased formation of exocytotic openings®fiire=[6a« 10°° m on,
as well as increased formation of resealing stages (“filled rings”) ag'g#s further increasedStatistics: N, n (as in Fig. 2): 28, 460; 24, 483;
29, 443; 25, 394; 30, 548; 44, 806; 29, 410; 32, 636. Significances relevant for interpretation of columns P te 2413 (1vs.4), 0.03 (1vs.
7), 0.09 (2vs.5), 0.16 (2vs.8), 0.0000 (8vs.11), 0.015 (12ss.15), 0.0001 (1%5s.18), 0.0000 (12ss.21), 0.0000 (12s.24), 0.09 (18vs.24).
Significance of 0% valuess. other values was not analyzed separately.

In both of these controls, the number of parentheses varFhe latter step indicates increased detachment of tricho-
ied between 21 and 34%. While interestingly no fusioncyst “ghosts” (see Introduction). With EGTA (500
intermediates occurred, AED produced 13% filled rings.msec) and subsequent AED (additional 600 msec) with 2
The third columns were achieved with 80 msec AEDmm C&* added (as compared to additional 600 msec
with 5.5 mv C&* added. This clearly caused rapid EGTA, in controls), tendencies were the same as with the
transformation of openings to fusion intermediates, filledpreceding experiments, but transformation of openings
rings and parentheses. These tendencies also could bgpeared even more pronounced, as this setup resulted il
verified, under similar conditions but with prolongated maximal values for filled rings and parentheses.
EGTA incubation, in columns 4 to 6 of Fig. 7. In detail,
AED, in presence of EGTA, produced some openings,
but no fusion intermediates or filled rings. Under similar Discussion
conditions, but with [C&], = 0.5 mv, some openings
were induced, as were some intermediates and manilveolar sacs resemble skeletal muscle SR by their close
filled rings. When [C&"], was further increased to 2 apposition to the cell membrane [49], their SERCA-type
mm, again subsequent to 20 sec EGTA application, theCa®*-pump [30, 62], their content of a calsequestrin-like
number of persisting rosettes decreased, surprisingly feyrotein [46] and possibly by their mode of €amobili-
openings occurred, while later stages increased consid:ation [30, 69]. Nevertheless, the requirement of endog-
erably. In detail, intermediates increased to 6%, filledenous or exogenous €afor trichocyst exocytosis has
rings to 25% and parentheses to 48%. remained controversialsée[17]). Therefore, we now
These findings again clearly indicate that elevationanalyzed this aspect in more detail. We try to discuss
of [Ca?"], favored a series of events, i.e., exocytosis,separately the possible contributions of alveolar sacs and
membrane resealing via fusion intermediates, transforef a C&* influx and we also try to dissect &arequire-
mation to filled rings and their collapse to parenthesesments of the different steps of the exo-endocytotic cycle.
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500 ms EGTA +... AED

B1600 ms 1
B 600 ms, 10 mM Ca preincub. |
| 16 | /0600 ms +2mM Ca

0600 ms EGTA

% frequency (medians)

12

rosettes exocytotic openings filled rings parentheses

-10

exocytotic stages

Fig. 6. Transformation of docking sites after 500 msec EGTA (to yield a basic value 6f][Ca 30 nv), followed by 600 msec AED with different
concentrations of [Cd], added. First column per group: 500 msec EGTA, followed by 600 msec AED (Rbatiaed) shows some exocytosis
(column 5). Second column per group: the same procedure but using cells preincubated for 90 min witlC2®' gseeMaterials and Methods)
results not only in some exocytotic openings but also in increased resealing stages. Third column per group: 500 msec EGTA, followed by 600
AED plus 2 nm C&?* added causes massive exocytosis and still more increased early and late resealing stages (“filled rings” and “parenthese
Fourth column per group: 500 msec EGTA followed by 600 msec EGTA (instead of AED); this negative control shows a high percentage
“rosettes” (resting stages) but neither exocytotic openings nor early resealing stages (“filled rings™) and only the usual percentage of nonoccu
sites (“parentheses”)Statistics: N, n (as in Fig. 2): 15, 464; 10, 149; 20, 277; 15, 279. Significances between columns, for each of the diffel
ent stages. RosetteB: = 0.05 (1vs.2), 0.0000 (1vs. 3); no significance between column 1 andR £ 0.24). Exocytotic opening®® = 0.002

(5 vs. 7), 0.003 (5vs. 8), 0.008 (6vs. 7), 0.008 (6vs. 8); no difference between columns 5 and 6. Filled rings= 0.07 (9vs. 10), 0.0001

(9 vs. 11), 0.04 (10vs. 11), 0.13 (10vs. 12); no difference between column 9 and 12. Parenthd3es: 0.05 (13vs. 15); P = 0.3 for other
columns.

[C&a®"]; IN PARAMECIUM Close apposition of these €astores to the cell mem-
brane may allow for such locally high [€4; which —

Based on electrophysiological data, resting values o !belt still difficult to determine — must be functionally

o ; : ; hly important, since exocytosis rate depends on the
[C&a?"]; in ciliated protozoa, includin@arameciumhave '9 ) ) .
been estimated between10and 5 x 107 m [32, 33 3rd to 4th power of [C&] [57, 71]. Since this space is
37-39]. In this work [C&"] = 10°° M was conside,red és well defined, we try below to estimate any potential rel-

threshold activation value because this induces C”iar)}avance_of extra- and/or intracellular €aources during
reversal in permeabilized cells. Recent fluorometric EP Stimulation.

evaluations showed [E§/®s' = 0.5 to 1.2 x 107 m,
while AED stimulation resulted in a global increase to
3.5 x 10’ m and a cortical increase t&10 x 10° m
[26]. Clearly a strong cortical Ca-signal parallels
trichocyst exocytosis within 80 msec [16] before any
Ca*-signal can be registered in deeper cell layers [26]Total [C&*], free and bound, in alveolar sacs has been
For short times, in théll5 nm thick interspace between estimated as 3 to 5 mby secondary ion mass spectro-
cell membrane and alveolar sacs, values of severdl 10 scopic (SIMS) microscopy [61] and as 5 to 1Gnby

M appear possibleséeend of Discussion), as estimated x-ray microanalysis (XRMAunpublished observatian
also for some other exocytotic systems [57, 70, 71].[61]), respectively. This is well below previous XRMA

CouLb ALVEOLAR Sacs POTENTIALLY ProVIDE ALL
C&* ForRExocyTosIS?



H. Plattner et al.: Extracellular &ain Exo-endocytosis 205

70 S

60

10

38 40

50 +

H
(=)
)

% frequency (medians)
w
S

20 +
10 ~
0+ >
rosettes exocytotic openings intermediates filled rings parentheses
;10 @ control o M 80ms AED (0.5mM Ca) 0180ms AED (5.5mM Ca)
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Fig. 7. Transformation of docking sites after EGTA incubation (from 0.5 to 20 sec) to yield'JCa 30 rv (unless added in excess where
indicated), followed by AED application (80 msec to 0.6 sec), both over widely variable time periods. Eventually an excé3gfofi@#.5 to

5.5 mv) was added to the secretagogue. The sequence of experiments corresponds to horizontal reading of the legend in the bottom of the
i.e., from “control” (first in every set of columns) to “0.5 sec EGTA/0.6 s BE+ 2 mm Ca” (last in every set of columns). Note that filled rings
and particularly fusion intermediates are short-lived stages and, thus, not easily amenable to statistical analysis. For further comment:
“Results”. Statistics: N, n (as in Fig. 2): 51, 893; 28, 659; 11, 211; 12, 245; 30, 650; 14, 295; 15, 464; 20, 277. Significance between selec
columns, was tested for each of the different stages. With every stage, 0% values are significantly different from other values (not always ana
separately). RosetteB: = 0.0000 (1vs.2), 0.0007 (5vs.8); P = 0.27 for columns Vs.4, 3vs.6, 4vs.7. Exocytotic openings? = 0.0000 (9
vs.10), 0.0001 (9s.12), 0.001 (11vs.14), 0.0000 (13ss.16); no significance in (1%s.15),P = 0.35. Intermediate® = 0.007 (21vs.24).

Filled rings:P = 0.0007 (25vs.26). Parenthese® = 0.02 (33vs.34), 0.02 (35vs.38), 0.01 (37ss.40); no significant difference between most
other columns.

values of (60 mv [58, 59], assuming 20% dry weight. would also be110? fold above subplasmalemmal values
Similar variation ranges were reported for SR, i.e., be-occurring during stimulation in any of the secretory sys-
tween 6 nm [24], 15 [23], 20 [22] and 33 m [60], or for ~ tems Geeabove) or in muscle cells (330v close to SR,
ER in different cells, i.e., between 1M[6], 1.5 t0 2.5 [68]). This aspect will be discussed further below.
[11], 3 [36], and 9.5 mu [7]. In sum, if one disregards
excessively high values reported in older references for
all of these systems, it appears reasonable to assumePRSSIBLE CONTRIBUTION OF ExoGENous C&" 1o THE
total of (6 mv C&* in alveolar sacs. Exo-EnpocyTosisCycLE

From the SR, 40% of the stored €as released per
contraction cycle [24] or 59% during 1.2 sec of tetanic Similarly, one can calculate any potential subplasmalem-
stimulation [60]. Similarly, with alveolar sacs, 50% mal [C&"]; increase caused by €ainflux, based on
were found to be released, though tested only within 3Qultrastructural detailssee aboveand on previou§®Ca*
sec (for technical reasons), during AED stimulation [61]. flux measurements. AED stimulation causes &'Ga-
Since alveolar sacs on freeze-fractures app&frtimes  flux, culminating after’3 sec [25], with a total uptake of
thicker than the subplasmalemmal spacepubl. ob- 5 pM C&*/10® cells at [C&"], = 0.5 mm [29]. This
serv), unidirectional C4" release could yield a maximal influx clearly exceeds the time required for exocytosis.
subplasmalemmal [G4; 025 mwv, a totally unrealistic ~ Since ciliary membranes are not the sites of ‘Taflux
value. This would not only reverse the concentrationduring AED stimulation [50], this would have to occur
gradient of free C& in the store ¢eebelow), but it  via the somatic membrane. Its area siz&li§.700pm?
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[16], thus defining a subplasmalemmal space[1 chrome signals, even with low [€],, by time-resolved
pwm?. This would allow for an increase of [E§ to 31 (33 msec) confocal laser scanning microscopy. Electro-
mM. This value clearly faces the same criticism as thatphysiology showed Cé-activated current signals of 21
calculated above based solely on store mobilization. Wensec half-width in parallel to exocytotic events [16].
shall try to reconcile these aspects below. This closely resembles the €aincrement by release
from SR [67]. Under standard conditions (€ = 0.5

x 1072 m) superposition of many such events will result
in aty, of 57 or of 126 msec for exocytosis and endo-
cytosis, respectively, for all events in all cells in our
system [47].

WHIcH StePs oF THEEXo-EnbocyToTic CycLE
REQUIRE C&+?

Our data show that increasing [€%, accelerates
completion not only of exocytosis, but also of endocy-
totic membrane fusion. Among a number of papers orFinaL CONCLUSIONS
endocytotic membrane fusion, most advocate for [5, 12,

20, 43, 53, 65, 66] and some against [55] requirement 0Eeveral assumptions on the contribution ofCérom
C&”, while some even report inhibition [19], possibly intra- and extracellular sources appear feasible, i.e., (i)
depending on the systerselereviews in [21, 63]). Also  mobilization from alveolar sacs during AED activation,
in Fig. 5, we show for the first time Garequirement for  followed or paralleled by (ii) a G4 influx. Only both
ghost detachment, as previously suggested [42]. Necting in concert can cause a strong subplasmalemmal
such data have been available for any other system. [Ca?*] transient, paralleled by (iii) rapid diffusion and
downregulation of subplasmalemmal fa In another
system, Bootman et al. [10] also recently demonstrated
that, upon activation of internal €apools in HelLa
cells, [C&*]; increase strictly depends on [€h,, also up

Our data imply a novel aspect of &adynamics. The to 10 mm. In our ce_lls this effect inqludes accelerati(_)n
discrepancy between the actual fCJaincrease to be not only of exocytotic and endocytotic membrane fusion
expected and the much higher values potentially proPUt, as a new aspect, also of ghost detachment by*a Ca
duced by endogenous and/or exogenol Geeabove) |r1flux supenrnposed to subplasm.alemmal store activa-
may indicate requirement of a vigorousC#ush, rather tion. Taklng into accourlt the cons@erable stlmqlatlpn of
than of stationary high [G4];, to drive the whole exo- €ndocytosis by C? Ca" could be indeed rate limiting
endocytotic cycle. Why might such a Edlush be re- at this step. A C# flush_from the two sources acting in
quired? concert may serve rapid completion of the entire exo-
Any [Ca2"]; increase will be counteracted by several €ndocytotic cycle.
mechanisms. (i) Subplasmalemmal fJaincrease will
activate the C%l*-pump in the plasmalemma and in al- This study has been supported by DFG grant P178/11 (Schwerpunkt
veolar sacs [30, 62]. (i) Some Eainflux may occur “Neue mikroskopische MethoderfBiologie und Medizin”).
directly into alveolar sacs [17], which thus could be re-
plenished, in agreement with one of the models currentl
discussed [4]. (iii) C& from either source, intra- or ex-
tracellular, will be diluted by diffusion into the large cell 1. allen, R.D. 1988. Cytologyln: ParameciumH.D. Girtz, editor.
body, as observed with fluorochromes [26]. (iv) Most  pp. 4-40. Springer-Verlag, Berlin, Heidelberg, New York
Ca&™" will be bound to cytosolic proteins [40] and some 2. Almers, W. 1990. Exocytosi&nnu. Rev. Physiob2:607-624
sequestered into internal ER. Given a cell volume of 3. Almers, W., Neher, E. 1987. Gradual and stepwise changes in the
1071t |, store depletion or influx would cause a global r3n8e6mzk())r5an2el;:apacitance of rat peritoneal mast céllsPhysiol.
2 . . : —
[Ca™]; increase to 0.15 or 0.5m respectively. The 4. Alvarez, J., Montero, M., Garcia-Sancho, J. 1994. Agonist-induced
value O_f free ,[Caqi as detec_ted by_ fluorothomes after C&* influx in human neutrophils is not mediated by production of
AED stimulation eeabove) is agair=10” times lower inositol polyphosphates but by emptying of the intracellulaf‘Ca
due to the activity of all of the mechanisms just dis-  stores.Biochem. Soc. Tran22:809-813
cussed. Since this will also reduce cortical f{da this 5. Artalejo, C.R., Henley, J.R., McNiven, M.A., Palfrey, H.C. 1995.
may explain the requirement of E4lush of unexpected Rapid endocytosis coupled to exocytosis in adrenal chromaffin
magnltude, a”s'ng from |ntra_ and extrace”ular sources cells inVOiVes Cﬁ*, GTP and dynamln but not clathriRroc. Natl.
in our system. 6 gca(ti.aﬁl;:tltou(slﬁggli?rf;t?sszCodazzi F., Podini, P., DeGiorgi, F
We have obtained subplasmalemmaf Gsignals of ™ oo Mo> G edts = e Mool ot ression of
similar intenSity as in alveolar sacs by electron spectro- calretictilin i'ncreases tiie é*a:apacit)i of rapidly exchangping €a
scopic imaging, 80 msec after AED stimulation [28]. We  stores and reveals aspects of their lumenal microenvironment and
also have obtained strong, though short cortical fluoro-  function.J. Cell Biol. 130:847-855

REQUIREMENT OF AC&* FLUSH WITH SUPERPOSITION
FROM TwoO SOURCES
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