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After we had developed means of synchronous exocytosis stimulation in Paramecium 
and a quenched-flow/cryofixation procedure to dissect events in the subsecond time 
range, we found focal ("point") fusion for membrane fusion during exocytosis as well as 
for membrane fission during exocytosis-coupled endocytosis. While we noted to be at 
the limits of structural (-1 0 nm) and temporal (- 1 ms} resolution, newly developed 
patch-clamp electrophysiology confirmed point fusion in chromaffin cells with higher 
resolution, although for technical reasons this was possible only with considerable delay 
for endocytosis. The time estimated for this process in mammalian cells was by orders of 
magnitude too long, while patch-clamp analysis found roughly the same time we had 
determined for exo-endocytosis coupling in Paramecium (-350 ms) . While others had 
seen small fusion pores already in metazoan cells, a strict correlation with the require
ment of proteins had not been achieved, in contrast to Paramecium where Janine Beis
son has provided arguments based on her secretory mutants. Thus, the protein-medi
ated "focal fusion" concept we propagated for exo- and endocytosis waited for 
verification by biochemists who finally identified SNARE proteins as the underlying 
molecular engines. ATP for "priming", but not for exocytotic fusion, was another hotly 
debated finding with Paramecium. In retrospect our data were able to promote the 
understanding of membrane fusion before ATP-dependent SNARE protein Function was 
established by others. A most recent innovation, based on genome sequencing initiated 
by Jean Cohen and Linda Sperling, was the unambiguous identification of several fami
lies of key-players in vesicle trafficking in Paramecium, such as Ca2+-release channels 
(CRCs)- the first identified in any protozoan. With SNAREs, CRCs, actin, and subunits 
of the H+-ATPase one sees a large expansion in the genome due to whole genome du
plications. All these components, together with additional ones, allow for the subtle dif
ferentiations in vesicle trafficking described in Paramecium by Richard Allen and Agnes 
Fok. It results in organelle-specific localization and function of paralogs which is as 
complex as in man, occasionally even more. My song of praise should not talk down 
notorious problems with aberrant molecular biology and pharmacology. Now I believe 
that only the availability of Paramecium molecular biology has given this system a future 
for specific questions in cell biology. 

Over decades Paramecium has served as an im
portant model system in cell biology and this 
retrospective is based on my personal experi
ence. The specific advantages of Paramecium 
cells are easy mass culturing, also under sterile 
conditions, regular arrangement of redundant 
structures, such as cilia and sites of constitu-

tive endocytosis (parasomal sacs) and particu
larly of sites for dense core-secretory vesicle 
(trichocyst) exocytosis and exocytosis-coupled 
endocytosis ("ghosts") . Since membrane inter
actions, e. g. vesicle docking and fusion with 
another vesicle/membrane largely depend on 
the local increase of intracellular Ca2+ -concen-
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Fig. 1: Three main routes of vesicle trafficking in a Paramecium cell. The scheme is based mainly on the work by 
Allen and Fok (2000) . Green: Secretory pathway starting at the endoplasmic reticulum (er}, followed by the 
Golgi apparatus (go). Dense core-secretory organelles (trichocysts, tr) are synthesized in trichocyst precursor 
(trpc) organelles and delivered to the plasma membrane (pm} where they are docked and, thus, made ready for 
discharge by exocytosis. After exocytosis stimulation, empty "ghosts" (gh) are retrieved. Another pathway serves 
for constitutive, i.e. unstimulated exocytosis and endocytosis via clathrin-coated pits, called parasomal sacs (ps} 
installed close to bases of cilia (ci}. From there vesicles are delivered to the terminal cisternae which represent 
early endosomes (ee}. Constitutive exocytosis, e.g. for delivery of cell membrane components, takes place prefer
ably at the same sites (Fiotenmeyer et al., 1999). Pink: Phagocytic cycle, starting at the cytopharynx, deep inside 
the oral cavity (oc} to where acidosomes (ac} and other recycling vesicles are delivered from the cytoproct (cp}, 
the site of exocytotic release of spent phagosome contents. These recycling vesicles are called discoidal vesicles 
(dv}. Together with other recycling vesicles (rv} originating from maturing phagosomes (food vacuoles, fv) dis
coidal vesicles serve for the formation of a nascent food vacuole. Some additional pathways of membrane com
ponents are also indicated. Yellow: There also occurs vesicle trafficking to and within the contractile vacuole 
complex. Via an ampulla (a} the contractile vacuole (cv} is connected to arm-like extensions that are branching 
into a tubular membrane labyrinth called the smooth and the decorated spongiome (ss, ds}. The latter harbors 
the v-type H•-ATPase/pump that sequesters protons (Fok et al., 1995), thus establishing an electrochemical 
gradient which is exploited For the extrusion of an excess of water and ions, including Co2•. 

tration, [Ca2•L, Ca2+-signaling later on be
came another topic of our work. Altogether 
membrane trafficking and interaction was the 
main field to which we have contributed. Fig
ure 1 presents the main trafficking pathways in 
a Paramecium cell. 

With regard to elements determining spe
cific membrane interactions and local signal
ing we found a degree of molecular differenti
ation which is well comparable to that in man. 
Due to the regular arrangement of structural 
elements and the synchrony of some triggered 

membrane phenomena Paramecium was some
times able to serve as a lighthouse, e. g. when 
it was up to find the proper path for ongoing 
research in this field of cell biology. 

What was the problem with membrane 
fusion and which dogma currently to 
believe? 
On May 19, 1999, I was invited to the EMBO 
laboratory in Heidelberg to give a seminar talk 
on "Signal transduction in Paramecium" and 
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another one on "Exocytosis regulation - old 
concepts in new light". The latter was to 
elaborate on how current knowledge about 
protein regulated membrane fusion originally 
began as a heresy in the mind of most people. 
The seminar room was full of young people 
and we all had big fun when I told a story -
with slight exaggeration - about stoning and 
crucification for anticipating current textbook 
knowledge. How did the concept of mem
brane fusion develop? For this, see figure 2. 

Over the years biochemists and biophysi
cists had advocated for entirely lipid-based 
membrane fusion . Some lipids were consid
ered to be fusogenic. Initially these were lyso
lipids, because of their wedge-shape which 
was thought to cause fusion by deviation from 
a strict planar arrangement (Lucy, 1970). 
When this turned out to be untenable, other 
lipids liable to phase transition (Papahad
jopoulos et al., 1977), particularly those able 
to form HII phase inverted micelles (Verkleij et 
a!., 1979) became favored candidates. The lat
ter was based on the analysis of liposomes 
with variable composition by nuclear mag
netic resonance and freeze-fracture electron 
microscopy (EM) . This has shown an abun
dance of intramembranous particles (IMPs, 
about 10 nm in size) which were interpreted as 
inverted lipid micelles. Clustering of isolated 
secretory vesicles could be produced by adding 
Ca2+; this also involved IMPs clustering to ag
gregates, as seen on freeze-fracture replicas, 
though outside the membrane-to-membrane 
contact zone (Schober et a!., 1977). A more 
systematic analysis with isolated chromaffin 
granules revealed that this phenomenon has 
nothing to do with Ca2+ -dependent effects, not 
to speak of fusion (Schuler eta!., 1978). Thus, 
nature and significance of IMPs remained 
enigmatic. In oocytes from the plant pathogen, 
Phythophthora palmivora, an occasional IMP 
right in the center of an exocytosis site was in
terpreted just as such an inverted micelle 
(Pinto DaSilva and Nogueira, 1977)- worthy 
an editorial in Nature (Shotton, 1978). 

The idea of an energetically favorable zip
per mechanism for the expansion of the fusion 
site was praised, but how fusion should actu-

ally proceed to make a hole for secretory con
tents discharge was not explained. Beyond 
that a broad contact zone, called a diaphragm, 
had been assumed at that time to precede 
membrane fusion during exocytosis (La
gunoff, 1973; Palade, 1975) and later on this 
diaphragm has been shown in a vast number 
of papers to be free of IMPs/proteins (Schober 
et a!., 1977). Concepts for membrane fusion 
from that time are summarized in figure 2. 
How far the concepts then propagated were 
away from a real breakthrough can be seen 
from the proceedings of a Dahlem Conference 
on "Transport of macromolecules in cellular 
systems" in April 1978. I was asked to write a 
background paper (Plattner, 1978), but be
cause of my unorthodox view I suddenly 
found myself close to being dismissed from my 
task. At the end a group report had been pro
duced (Stossel et a!., 1978), but consent was 
limited mainly to terminology and otherwise 
largely failed envisaging issues that later on 
became important. 

The orthodox view was absolutely at odds 
with our experience with Paramecium in sev
eral regards. 
• Generally the cell uses proteins to regulate 

important processes to which lipid phase 
transitions may at best contribute in a sec
ondary step - proteins as the primary regu
lators, lipids as the final executors. From a 
current point of view fusion is indeed initi
ated by specific proteins occurring in the 
two membranes to be fused, followed by a 
locally very restricted chaotic re-arrange
ment of lipids (Risselada and Grubmiiller, 
2012). Thus, fusion produces one bilayer 
continuum out of two separate membranes. 

• Janine Beisson had published the failure to 
perform trichocyst exocytosis in Parame
cium mutants which were devoid of fusion 
rosettes (Beisson et a!., 1976; Pouphile et 
al., 1986). These represent an aggregate of 
-15 nm large IMPs at the clearly defined ex
ocytosis sites. Even when trichocysts are 
docked at such sites in non-discharge (nd) 
mutants, no rosettes are assembled and exo
cytosis cannot be performed. 
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• Considering the possibility that these IMPs 
still could be lipidic structures we exposed 
cells to protease coupled to a carrier so this 
could digest proteins, e. g. rosette IMPs, 
only from the outside (Vilmart and Plattner, 
1983). 

• We had also noticed the requirement of 
"connecting material" between the two 
membranes to be fused (Plattner et al., 
1980). So, in one way or another, proteins 
had to be involved in membrane fusion. 
Our model, from the 1980ies on, is also 
contained in figure 2. 

Clearly our concept was "focal fusion" with a 
very small fusion zone and the assignment of a 
crucial role to proteins (Plattner, 1981, 1987, 
1989a, b; Knoll and Plattner, 1989; Plattner 
and Knoll, 1993) before this was generally ac
cepted although formation of a fusion pore 
(yet without an active role for proteins) had 
been found already by Heuser and Reese 
(1981) during neurotransmitter release. Fu
sion by a very small pore has convincingly 
been supported by electrophysiology (Neher 
and Marty, 1982; Breckenridge and Almers, 
1987a, b) . In a trendsetting review, based on 
all information then available, Wolf Almers 
has finalized the concept of protein-based fu
sion pore formation (Almers, 1990). 

Then, the real breakthrough for a chemical 
basis for a mechanistic model of membrane 
fusion had to await the initiative of a dedi
cated biochemist. Jim Rothman, whom I in
vited to the Annual Meeting of the German 
Society of Cell Biology in Konstanz, in March 
1992, has laid the base to the discovery of 
SNARE proteins - the mediators of all intra
cellular membrane fusions in all eukaryotic 
cells (Weidman et al., 1989; Clary et al., 1990; 
Sollner et al., 1993). This acronyme means 
SNAP receptors, SNAP meaning ~oluble NSF 
attachment 12roteins, NSF meaning N-ethyl
maleimide ~ensitive factor. In many hundreds 
of publications it was established that 
SNAREs have to be present on the two mem
branes to be fused and that they have to coop
erate for docking and fusion. One has to have 
SNAREs on the yesicle side as well as on the 

target side. Therefore, the different types have 
been referred to as v- and t-SNAREs, respec
tively. Since vesicles may serve as donors as 
well as acceptors this differentiation has 
largely been abandoned in favor of the desig
nation as R- and Q-SNAREs, depending on 
the central aminoacid in the zero-layer of the 
SNARE domain (Fasshauer et al., 1998). 
Synaptobrevins (Syb) and syntaxins (Syx) rep
resent the most prominent SNARE families of 
R- and Q-SNAREs, respectively. All SNAREs, 
with few exceptions, are single pass mem
brane-integrated proteins with a carboxy-ter
minal anchor. During docking a trans-com
plex of v-IR- and t-/Q-SNAREs is established 
(Jahn and Scheller, 2006), thus allowing close 
contact, but not yet fusion. For this to occur, a 
Ca2+-sensor has to be activated of which 
synaptotagmin is the most prominent one 
(Pang and Siidhof, 2010) . Prerequisite is the 
occurrence of Ca2+-binding motifs, called C2-
domains, which, upon Ca2+-binding, change 
conformation and, thus, cause a local dis
arrangement of lipids in the two membranes 
which thus can instantaneously fuse (Rizo et 
al., 2006) . This fusion focus is restricted to an 
almost countable number of lipid molecules 
(Risselada and Grubmiiller, 2012) - not com
parable with the diaphragm originally envis
aged and not even to what is still now called 
(in a nostalgic retrospect) a diaphragm by 
some biophysicists (Brunger et al., 2009) . In 
summary, SNAREs do snare vesicles/mem
branes into close apposition and the Ca2+-sen
sor induces fusion . As I will show this basic 
scenario is also valid for Paramecium. 

What makes the specificity of vesicle/mem
brane interaction? In vitro a SNARE may 
form a pair with a SNARE which would not 
be a partner in vivo, as found by in situ local
ization studies. In vivo, because of their tar
geted trafficking pathway, incorrect pairing 
may not be a big problem. Moreover, in the 
cell specificity is improved by monomeric 
GTP-binding proteins (small GTPases) that as
sociate with certain SNAREs and, by means of 
specific cues, small GTPases give SNAREs 
a more stringent destination (Novick and 
Zerial, 1997; Hutagalung and Novick, 2011). 



Fig. 2: Models of membrane fu
sion in the 1980ies, as discussed 
in the text. Note the lipid bilayers 
(indicated by a central dotted 
line) of a cell membrane and a se
cretory organelle membrane as 
well as integral proteins (black 
dots) . (A-C) Overall schemes. (A) 
Presents the most popular model 
propagated at that time for mam
ma lian cell s. It encompasses the 
exclusion of membrane proteins, 
integral and soluble, from the site 
of contact. Subsequently a di
aphragm and finally an exocy
totic opening is formed . (B) 
Scheme propagated on the basis 
of work with Phythophthora 
oocytes, again with the exclusion 
of proteins from the forming fu
sion site. In this model, a di
aphragm is formed laterally to an 
inverted lipid micelle by a zipper
like mechanism. (C) Our model, 
retaining integral and soluble 
proteins at the site of membrane 
interaction, has been derived 
from work with Paramecium and 
with chromaffin cells. Here, fusion 
is initiated by a very restricted in
stability focus (focal fusion con
cept) . Reproduced from Plattner 
(1981 ). (D, E) Detailed aspect of 
membrane fusion a t exocytosis 
sites in Paramecium (D) and in 
chromaffi n granules in a mam
malian chromaffin cell (E). In (D) 
a trichocyst exocytosis site is en
circled by a ring of freeze-frac
tu re IMPs (integral proteins sym
bolized by black dots) and 
contains rosette particles. During 
exocytotic membrane interaction 
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the plasma membrane and the vesicle membrane approach each other in a nipple-like configuration where a 
focal fusion site conta ins also soluble proteins (scattered small dots) and results in a very narrow fusion pore. 
Compare with EM micrographs presented in figure 4 . In (E) rings and rosette IMPs are not found, but integral 
and soluble proteins also occur at the sites where focal fusion occurs. (D, E) are from Plattner ( 1989). (E) Is based 
on a collaboration with Hans Winkler, University of lnnsbruck (Schmidt et al., 1983). 

As to membrane fusion one can see from fig
ure 2 the increasing emphasis in our model on 
a protein-based focal fusion event with the in
volvement of integral and soluble proteins. 

Two more basic questions have to be ad
dressed. 
• What is the role of NSF? NSF is generally 

considered relevant for disentangling 
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SNAREs after fusion, so they become avail
able for another round of vesicle trafficking 
(Littleton et a!., 2001; Whiteheart et a!., 
2001). We will see that in Paramecium this 
clearly is only one mode of NSF activity. 

• Where does the Ca2+ come from? Since Ca2+ 
is rapidly dissipated by diffusion, bound to 
insoluble Ca2+-buffers (Ca2+-binding pro
teins ) and sequestered/extruded and since 
its effect depends on the local concentration 
in a supralinear function (Neher, 1998a) the 
Ca2+ -signal has to be produced rather close 
to the site of Ca2+ -engagement, i.e. the site 
of actual membrane fusion (Neher 1998b). 
We will see how also Paramecium cells ful
fill this demand. 

Methodological interplay-
quenched-How/ cryofixation _give EM analysis 
a time scale and show focal fusion 

Exocytosis in Paramecium occurs in response 
to contact with the predatory ciliate, Dileptus 
margaritifer, as first shown by Harumoto and 
Miyake (1991) . They showed a low escape 
rate when they analyzed exocytosis incompe
tent cells. We repeated this under the light mi
croscope (Knoll et a!., 1991a) and observed 
that trichocyst exocytosis is very locally re
stricted, just as we realized after local applica
tion of a chemical secretagogue (below) by 
which this predator-prey contact, the natural 
stimulant, can be perfectly mimicked. Locally 
discharged and decondensed trichocysts form 
a spacer between predator and prey. This, 
together with ciliary reversal (triggered by 
spillover of Ca2+ into cilia [Plattner et a!., 
1985]) enables Paramecium cells to escape. All 
this is enormously fast. In fact, decondensa
tion of trichocysts after isolation in condensed 
form was faster than the fastest kinematogra
phy then available which allowed us to esti
mate the time for decondensation as -0.5 ms 
(Bilinski et al., 1981). Though proceeding 
much more slowly, decondensation of secre
tory contents also occurs in mammalian cells, 
as first shown with mast cell derivatives 
(Breckenridge and Almers, 1987b). 

How to exploit this high synchrony with 
living cells? By playing around with different 
compounds, not without hidden motivation, 
we detected polyamines as perfect mimetic 
drug for the effect of a dangerous encounter 
with Dileptus. Thus, aminoethyl dextran 
(AED) was established as a secretagogue in 
Paramecium (Plattner et al., 1984, 1985); see 
figure 3. Later on we have shown that the per
meable activators of ryanodine-receptor types 
Ca2+ -channels, such as caffeine or 4-chloro-m
cresol, also trigger exocytosis (Klauke and 
Plattner, 1998; Klauke et a!., 2000; Laden
burger eta!., 2009) . 

To exploit this high synchrony we started at 
the end of the late 1980ies developing a pre
cisely timed stop-flow procedure (Knoll et a!., 
1991b). We designed a special mixing cham
ber (commercial once resulted in homogen
ates) fed by two tubes: cells in one tube, secret
agogue in another one, followed by a tube of 
different length (thus producing different trig
ger times, from a dead time of 30 ms on) and a 
sieve plate to inject triggered cells, contained 
in small droplets of culture fluid, into a cryo
gen (melting propane of -187 oc = 86 K). This 
was an expansion of the spray-freezing 
method developed by Luis Bachmann and 
Werner Schmitt-Fumian at the Technical Uni
versity of Munich and jointly expanded for 
use with cell suspensions (Plattner et a!. , 
1972) . This cooperation, from which I learned 
a lot about water and ice from the physical 
chemist Luis Bachmann, actually started with 
a discussion in a train station on the way to a 
conference in Grenoble. He asked me whether 
a cell may be considered as a kind of waterbag 
-which I confirmed considering its high water 
content. The main problem would then be to 
avoid, or at least to reduce, crystallization, 
phase separation and solute segregation. 

Our quenched-flow experiments were usu
ally combined with freeze-substitution or 
freeze-etching whereby exocytosis could easily 
be quantified (Knoll et al., 1991b). Thus, 
Paramecium cells presented themselves as the 
most synchronous dense core-secretory vesicle 
system known (Plattner and Kissmehl, 2003 ); 
see figure 3. Only clear vesicles containing 
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Fig. 3: Dynamics of exo-endocytosis in Paramecium. (A, A') are from Plattner et al. ( 1984), showing LM visuali
zation of exocytosis. AED triggers synchronous exocytosis visible by discharged trichocyst contents in (A') . 
Length of cells - 1 00 fJm . (B) Is from Plattner et al. ( 1992) and documents quenched-flow analysis of exocytosis 
and exocytosis-coupled endocytosis. Note the verge of exocytosis to endocytosis around 80 ms of stimulation, as 
determined by quantitative analysis of EM micrographs. Thus, any event before and after 80 ms can be attrib
uted to exocytosis and ensuing endocytosis, respectively. 

During defined trigger times (e.g. to be analyzed within 80 ms}, the following LM and analytical EM methods 
have been applied: Cd• -store activation - EM: ESI (electron spectroscopic imaging}, EDX (energy-dispersive 
X-ray microanalysis} . Cd•-influx- 45(akflux, EM: EDX. Cd•-activated currents- electrophysiology. Cd•
signals - LM: fluorochromes . Exocytotic pore formation - EM: freeze-fracture. Secretory contents release -
EM and other methods. Localization of molecular components- molecular biology, immuno-EM. 

neurotransmitters are released more rapidly 
(Kasai, 1999). Averaging over all exocytosis 
sites in the whole cell population showed a 80 
ms period of exocytosis and an additional 2 70 
ms for resealing (fission [endocytosis]), i.e . 350 
ms for exocytosis and exocytosis-coupled en
docytosis (Knoll eta!., 1991b). From the fre
quency of events (indicated by the frequency 
of fusion and resealing stages seen in the EM) 
we estimated the time required for the individ
ual steps, from < 1 ms for membrane fusion on, 
up to reinsertion of new trichocysts (Plattner 
eta!., 1993) . 

In his trendsetting review Wolf Almers 
(Almers, 1990) also took into account the fol
lowing observations with Paramecium. Anti
bodies against Paramecium cell surface com
ponents, though allowing for pore formation 
(and dispersal of rosette particle subunits), 
inhibited the expansion of the fusion pore 
(Momayezi eta!., 1987a) which thus could be 
visualized. Along these lines I may also men
tion experiments with isolated chromaffin 
cells; they also showed fusion pores upon 
stimulation (Schmidt eta!., 1983), but coordi
nation with exo- and endocytosis appears 
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problematic in retrospect because of asyn
chrony. 

This methodical interplay was important 
for two aspects. 

• It allowed us to clearly discriminate be
tween exocytosis (< 80 ms) and endocytosis 
(> 80 ms). These analyses clearly showed fo
cal fusion, with the dispersion of rosette 
particles into six subunits during exocyto
sis. Also endocytotic membrane fission was 
of the focal type; see below. 

• It carried us into a quantitative analysis of 
Ca2+-mobilization from cortical stores and 
of Ca2+-signaling by energy-dispersive x-ray 
microanalysis (EDX) in the EM (see below). 

Back to Paramecium- a look on its docking/ 
fusion machinery based on recent work 

In expansion of Karl Aufderheide's movies 
(Aufderheide, 1977), we established that tri
chocyst docking takes place along micro
tubules, emanating from ciliary basal bodies, 
in a plus-to-minus direction (Plattner et a!., 
1982; Glas-Albrecht eta!., 1991). This is op
posite to what has been found in gland cells, 
where transport proceeds from minus-to-plus 
along microtubules emanating from the cyto
center. Later on a similar situation as in Para
mecium was also found in epithelia (Bacallao 
eta!., 1989; Bre eta!., 1990), though without 
the involvement of basal bodies or centro
somes. Most recently, for the transport of lytic 
granules to the immune synapse in the T-cell 
(Griffiths et a!. , 2010), a situation most simi
lar to that in Paramecium has been found. 
Gillian Griffith from Cambridge University 
had just given a talk on this topic at an EMBO 
meeting on "Membrane organization", sum
mer 2008; she regretted not to have found any 
precedent in any other cell, despite intense lit
erature search. I then told her about our old 
findings and she got so excited about it that 
she integrated micrographs and schemes 
showing trichocyst docking, side-by-side with 
aT-cell, in her topical review in The journal of 
Cell Biology. This is a rare case that high 
ranking colleagues working with "higher" eu-

karyotes care of findings in "lower" eukary
otes. These may have found solutions to basic 
problems already early in evolution (or in a 
parallel evolution over the long time available 
for ciliate evolution). This illustrates that there 
should hardly be any "higher" and "lower" 
cell biology - objects and subjects. 

We also tried to find out whether Parame
cium would be able to transport also foreign 
secretory organelles along its microtubular 
rails. We went to the slaughter house and iso
lated chromaffin vesicles from the adrenal 
medulla (an object familiar to me from previ
ous cooperation with Hans Winkler, Inns
bruck, in whose lab I stayed for a while) . After 
microinjection, they all went to the end of mi
crotubules, not to the cell membrane as tri
chocysts did (Glas-Albrecht eta!., 1991). Al
most simultaneously Ron Holz had a similar 
idea when he injected chromaffin granules 
into frog oocytes (Scheuner eta!., 1992). Here 
vesicles traveled to the periphery, in a minus
to-plus direction, and were able to undergo 
exocytosis. These two data sets together im
plied that chromaffin vesicles are destined for 
the plus-direction, opposite to trichocysts. 
This interesting aspect has never been pur
sued, nor has been the fact that trichocysts 
also carry a signal to be full or empty, i. e. with 
or without secretory contents. This we found 
by inducing "frustrated exocytosis", i.e. mem
brane fusion without contents release (Klauke 
and Plattner, 2000). The membrane of tri
chocysts was labeled by a styrene fluorescent 
dye which diffuses into the membranes of 
trichocysts only when they fused with the cell 
membrane. When contents discharge was in
hibited such trichocyst membranes resealed 
(which they usually do only as "ghosts", i.e. 
after contents release) and the intact tri
chocysts were detached from the cell mem
brane and re-installed at the cell membrane 
for a new secretory cycle. 

From the first data obtained from the Para
mecium genome project which were dis
patched by the organizers of the Groupement 
de Recherche Europeen (Jean Cohen, Linda 
Sperling, CNRS Gif-sur-Yvette; Patrick 
Wincker, Genoscope, France) to its contribut-
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ing members (Dessen et a!., 2001) I selected 
NSF and SNARE sequences for further analy
sis. It was mainly Roland Kissmehl in my lab 
who delved into identification of NSF (Kiss
mehl eta!., 2002) and initiated the analysis of 
SNAREs by specific domains, paralleled by lo
calization studies (antibodies and green fluo
rescent protein, GFP) and gene silencing ex
periments (Kissmehl et a!., 2007). Cells were 
fed transformed E. coli bacteria - a method es
tablished for Paramecium by Galvani and 
Sperling (2002). 

We have identified, characterized, localized 
and functionally analyzed a collection of R
and Q-SNAREs in Paramecium, some occur
ring as singletons, many as doublets (Schilde 
et a!., 2006, 2008, 2010; Kissmehl et a!., 
2007). The latter may be so similar to each 
other that they can reasonably be attributed to 
the most recent whole genome duplication 
(Aury et a!., 2006). Such paralogs are now 
called ohnologs and, in the absence of any big 
differences, they may serve for gene amplifica
tion, rather than for further differentiation. 

We also found some aberrant and truncated 
forms which, in the absence of a carboxy
teminal anchor, cannot serve for membrane 
docking/fusion (Plattner 2010a, b). Clearly 
prognostication by automatic annotation fre
quently turned out to be rather unreliable, 
thus justifying in retrospect manual domain 
analysis and annotation. 

So, what is the essence of these SNARE 
analyses in Paramecium? It was not all clear 
that the situation is so similar to that in mam
mals. In an editorial in Proceedings of the Na
tional Academy of Sciences, USA, about 15 
years ago Hutton (1997) had asked precisely 
the question whether this may be the case in 
Tetrahymena (from where such analyses are 
not available as yet). For Paramecium we now 
can give a positive answer with many details 
(Plattner, 2010a) . To account for the elaborate 
vesicle pathways in Paramecium one had to 
expect a great number of SNAREs. This is a 
particular challenge considering the absence of 
alternative splicing (Jaillon et a!., 2008) in 
these cells (with the exception of a Ca2+ -chan
nel gene on the way to pseudogene formation 

[Ladenburger and Plattner, 2011]). How many 
different SNAREs, contained in a total of 
more than 70 SNARE gene sequences, would 
exist in Paramecium? For such an estimation 
one has to consider the functional similarity of 
ohnologs and disregard truncated forms with
out a membrane anchor as well as pseudo
genic forms. In a recent review I have con
densed our findings as follows (Plattner, 
2010b) . For Paramecium we can currently as
sume -40 active, functionally diversified 
SNAREs that can account for membrane 
specificity. This is the same as in man (Kloep
per et a!., 2007) and much more than calcu
lated for the ur-eukaryote (Kloepper et a!., 
2008). A number of -70 has been retrieved 
from the Paramecium database (Kloepper et 
a!., 2007), but - as stated - this will also in
clude highly similar ohnologs and abortive se
quences and others which possibly might 
modify the activity of "active" SNAREs. Alto
gether we now can better understand this 
phantastic intracellular trafficking pathway 
scrutinized by our colleagues in Hawaii, R. D. 
Allen and A. K. Fok (Allen and Fok, 2000); 
see figure 1. Unfortunately information about 
GTPases in Paramecium is currently still at the 
stage of sequencing and annotation (Saito
Nakano eta!., 2010), but the data available so 
far suggest that diversification may be even 
more complex than in Tetrahymena (Bright et 
a!., 2010) . 

Can we now tell which proteins compose a 
rosette particle (Fig. 4) ? They should be a Syn
taxin-type SNARE. The only one we have lo
calized to the cell membrane was Syx1 and, in 
fact, its silencing inhibits trichocyst exocytosis 
(Kissmehl et a!., 2007), whereas Syb5 is the 
most likely counterpart in the trichocyst mem
brane (Schilde eta!., 2010) . Yet Syx1 in Para
mecium is distributed over the entire surface 
with no accumulation recognizable at exocy
tosis sites. This must not really contradict a 
hypothesis assuming Syxl molecules to form 
rosette IMPs; steric hindrance could simply in
hibit antibody binding. A simple calculation 
from the size of IMPs in comparison to that of 
a single-span membrane protein would sug
gest that -70 Syxl would have to aggregate to 
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exocytosis (<80 ms) endocytosis (>80 ms) 

Fig. 4: Top and bottom row represent P- and E-faces {plasmatic and external Faces of split cell membrane} seen 
in freeze-Fractures obtained during AED-stimulated exo-endocytosis. Note ring {ri} delineating an exocytosis site 
which also contains a rosette {ro} of IMPs (a, a') directly at the site where fusion occurs. As seen at the arrow in 
(b, b') fusion involves formation of a very small pore on a nipple-like protrusion {arrowhead} and decay of 
rosette IMPs in -6 smaller particles. (c, c') Expansion of the fusion pore to a larger aqueous opening which in the 
end would expand to the size of the ring {not shown} before it is resealed during exocytosis-coupleCI endocytosis 
{arrow in e). This again involves a focal fusion process {arrowheads in d, d'}, before membrane fusion/fission 
is completed (e, e') . For a scheme, see figure 5. {a, a'; b, b'; c, c'} and {e, e') are from Knol l et al. (1991}, {d, d') 
is from Plattner et al. { 1992). Bar: 0.1 fJm . 

form a rosette particle (Plattner, 2010a). It 
may be mere coincidence that, in mammalian 
cells, such Syntaxin aggregates have been 
shown to occur in the cell membrane, also 
with -70 Syntaxins (Sieber eta!., 2007). 

So, the nature of rosette particles remains 
unsettled- an unsatisfactory situation. When I 
was a post-doc at the University of Munich, I 
had shown my first freeze-fracture pictures 
from Paramecium with the diverse particle ag
gregates in its cell membrane (Plattner et a!., 
1973) to a colleague who meanwhile became a 
very successful biochemist. He promptly asked 
me: What should all this morphology be good 
for? When he had been invited to our place 
about 10 years ago for a talk I could tell him 
that I now know a little bit more about his 
question from -35 years ago, but not yet a 
definite answer to these very decorative IMP 
aggregates, rings and rosettes, at the trichocyst 
docking/extrusion sites. But in between were 
the many detailed observations leading to an 

answer to the old question: how do vesicles 
dock and membranes fuse? The recent molec
ular biology work about SNAREs is just an
other little stone in an exuberant mosaic of 
literature on this topic. 

Now a comment to the activity of NSF. It 
was originally conceived as a chaperone to as
semble SNARE complexes, but later on prefer
entially - if not exclusively - to disentangle 
them after fusion. In a collaboration with Jean 
Cohen we have transferred temperature-sensi
tive non-discharge mutant Paramecium cells 
(nd9; Beisson eta!., 1976) from a non-permis
sive (27 oq to a permissive temperature 
(18 °C). Here, trichocyst docking sites are de
void of (2 rC) or equipped with (18 oq fu
sion rosettes, thus reflecting incompetence and 
competence for exocytosis, respectively. When 
2rC-cells had been subjected to NSF silenc
ing and exposed to 18 oc they did neither ac
quire rosette particles in freeze-fractures nor 
fusion competence (Froissard et a!., 2002) . 
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Thus, NSF clearly catalyzes the assembly of 
SNAREs, probably Syx1, at exocytosis sites. 
Therefore, in addition to its disentangling 
function, which we do not deny, NSF is able to 
serve for the assembly of SNAREs. In a later 
analysis performed with high time resolution 
in neuronal cells, assembly of SNAREs by 
NSF had been shown, too (Kuner eta!., 2008). 
As frequently, such details are re-discovered 
by colleagues .... There was an occasion to 
stress this point during a Society of General 
Physiology symposion at Woods Hole in Sep
tember 2007 and, thus, to recall in the discus
sion our earlier observations with Parame
cium. 

Still a word to what has been called the en
ergy requirement of membrane fusion -at first 
sight a convincing statement. May one deserve 
condemnation if one denies this dogma? In 
fact, when massive trichocyst exocytosis is 
stimulated, ATP concentration decays, but 
only after exocytosis performance. It decays 
within 5 s after stimulation (Vilmart-Seuwen 
eta!., 1986). This probably serves to re-estab
lish [Ca2+]i homeostasis. Therefore we claimed 
that ATP is not required for membrane fusion 
per se even though exocytosis looks so dra
matically dynamic, particularly in Parame
cium. For any further arguments, consider the 
difference between kinetic and potential en
ergy, as everybody should know from physics 
education. In fact, we derived the concept of 
ATP-mediated priming of exocytosis sites, 
supported by in vitro studies with isolated cell 
cortex fragments (Vilmart-Seuwen et a!., 
1986; Lumpert et al., 1990). This concept 
was resumed with mammalian cells (Hay and 
Martin, 1992). 

What exocytotic membrane fusion looks like 
in Paramecium and why feasible hypotheses 
are not always correct 
Figure 4 shows what an exocytosis site looks 
like in Paramecium, with its rosette and encir
cling by a ring of IMPs. Clearly rosette and 
ring are a special situation not occurring in 
mammalian cells, such as gland cells etc. Stim
ulation causes the rosettes to decay in -six 

smaller IMPs as if a complex would disinte
grate into subunits (Knoll et al., 1991b). The 
crucial aspect is the small fusion point, -10 
nm in size which furtheron expands until it oc
cupies the entire area circumscribed by a ring, 
before it closes again. Before detachment of 
the "ghost" membrane (membrane fission 
during exocytosis-coupled endocytosis) again 
a -10 nm fusion point is seen (Plattner et a!., 
1992). This implies that exo- and endocytosis, 
membrane fusion and membrane fission, are 
both of the focal type. 

Already in the first publication on patch
clamp analysis Erwin Neher has registered, 
during dense core-granule exocytosis in chro
maffin cells, an abrupt change in surface 
capacitance accompanied by the formation of 
a pore with a conductivity in the pSi range 
(Neher and Marty, 1982; Breckenridge and 
Almers, 1987a). This indicated that chromaf
fin granules fuse with the cell membrane by a 
pore in the range of -1 nm within a sub-ms 
time. Evidently this is -10 times faster and the 
fusion pore is -10 times smaller than we ob
served. As we had noted we were well aware 
of our methodical restrictions imposed by 
freeze-fracture visualization after fast freezing. 
Also our time resolution did not allow for bet
ter values, as we became aware from cooling 
rates estimated from mini-thermocouple 
measurements, as summarized previously 
(Plattner and Bachmann, 1982; Plattner and 
Hentschel, 2006) . 

For a long time, intensifiers available for 
patch-clamp electrophysiology were not suit
able to monitor a process like endocytosis. 
Only in 1994 - two years after our finding 
with Paramecium- it was documented for the 
first time by patch-clamp technology that en
docytosis also involves point fusion, or rather 
point fission, with similar characteristics as 
during exocytosis (Rosenboom and Lindau, 
1994). 

Quantitative analysis of Paramecium cells 
triggered for different times within the sub
second time range clearly revealed that all exo
cytosis events are accomplished within 80 ms, 
followed by endocytosis during additional 
270 ms (Fig. 3). Thus, all exo-endocytosis is 
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finished within about 350 ms (Knoll et al., 
1991 b). In contrast, three papers analyzing 
chromaffin cells had published almost simul
taneously (two in Journal of Cell Biology) 
-1000 times longer times for this coupling 
when they labeled the membranes by adding 
antibodies against the lumenal side of chro
maffin granules during stimulation. Again it 
was up to patch-clamp analysis to document 
fast exo-endocytosis coupling in mammalian 
cells, as summarized by Henkel and Almers 
(1996), just as we have obtained some time 
before with Paramecium. All this develop
ment was a rare occasion where biophysics 
met EM ultrastructure analysis, each with ad
vanced methodologies (Plattner et al., 1992). 
From then on it was up to patch-clamp analy
sis and molecular biology to take over and to 
initiate the golden age of exocytosis research. 

In Paramecium 97% of all trichocysts 
docked at the cell membrane can instanta
neously perform exocytosis upon stimulation 
(Plattner et al., 1984). In contrast, only 43% 
of the chromaffin granules morphologically 
docked at the cell membrane contribute to the 
immediately releasable pool, as scrutinized by 
morphometric analysis in collaboration with 
Erwin Neher (Plattner et al., 1997a). As dis
cussed above, maturation of secretory or
ganelle-docking sites in Paramecium also 
involves NSF. This high synchrony made Para
mecium an attractive model (Plattner and 
Kissmehl, 2003) . 

The participation of proteins in the forma
tion of the actual fusion pore was a long-last
ing issue, also in electrophysiology, and in 
some detail it still is. Apart from the contribu
tion of SNAREs and a Ca2+-sensor (see below) 
it is not clear whether the actual fusion pore -
in the (sub-)nanometer range- is made up by 
proteins or lipids, or probably by both (Risse
lada and Grubmiiller, 2012). One speculation, 
based on our observation of rosette IMP decay 
into smaller IMPs, came from work with yeast 
vacuoles. Here, it was thought that during ho
motypic fusion SNAREs would cooperate 
with polymeric intramembranous VO subunits 
of the H+-ATPase/pump. These would form 
matching channels (similar to connexins in 

gap junctions) and fall apart during fusion, 
thus forming a pore with an increasing num
ber of intercalating lipid molecules (Peters et 
al., 2001). My doctoral student, Thomas 
Wassmer, went back to our cells and tried to 
localize the crucial VOfH+ -ATPase compo
nents in the Paramecium cell membrane - but 
they were simply not there (Wassmer et al., 
2005) . In later analyses this variation of prote
olipid-mediated focal fusion was in part sup
ported, in part rejected for other systems 
(El Far and Seagar, 2011). At this time a 
merely SNARE-based process, supported by 
synaptotagmin, is favored by groups doing 
most of the research on membrane fusion. 
Unfortunately the rosette particles did not yet 
disclose their molecular identity. 

Calcium -an everlasting story: 
the background 

In June 1983 I attended for the first time a 
FASEB (Federation of American Societies for 
Experimental Biology) meeting. It was, as in 
most cases later on, in Saxtons River, Ver
mont. I was offered a ride by Ronald Rubin 
and Dick Putney. Rubin had worked on Ca2+ 
and secretion, together with William Douglas 
who also came to the meeting. The outcome of 
their seminal detection was named stimulus
secretion coupling (Rubin, 1974), in analogy 
to stimulus-contraction coupling. In subse
quent years Putney has created the concept of 
capacitative Ca2+-entry (Putney, 1986). This 
implied that there is a Ca2+ -store in a cell 
which releases Ca2+ in response to a stimulus, 
e.g. a secretagogue, which, in consequence, ac
tivates Ca2+ entry from the outside medium to 
refill the store. Originally this phenomenon 
was baptized capacitative Ca2+-entry, then 
store-operated Ca2+ -influx (SOC) or store-op
erated Ca2+-entry (SOCE) . (This is opposite to 
the mechanism called Ca2+ -induced Ca2+ -re
lease [CICR], as executed by heart muscle 
cells.) More recently Dick Putney has nicely 
summarized how this concept, with newly dis
covered molecular key-players, has developed 
(Smyth et al., 2006). 
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At the time of that meeting little was known 
about Ca1+-signaling in protozoa- except for 
some details in Dictyostelium - and almost 
nothing was known from ciliates except ciliary 
activity. From then on I followed developments 
in that field with high interest. However, sev
eral aspects had to be settled to get a handle to 
the problem in Paramecium. One problematic 
aspect was Ca1+ -imaging with fluorescent 
compounds (fluorophores) - a real challenge 
particularly because our cells were very diffi
cult objects. These cells are highly mobile, but 
must be subject to double wavelength record
ings over a time where they normally would 
swim over 10 mm. Exogenously applied fluo
rochrome was hardly taken up and if so, it was 
rapidly sequestered into vacuoles. All this was 
tackled by my doctoral student Norbert 
Klauke. The other problematic goal was to 
monitor changes in Ca1+-content in calcium 
stores in the course of activation. 

Calcium signaling in Paramecium 
The importance of Ca2+ for trichocyst exocy
tosis was derived from the effects of Ca2+
ionophores, such as A23187 (Plattner, 1974). 
A second effect was found: Ca2+ in the 
medium is required for decondensation of the 
trichocyst contents (Bilinski et a!., 1981 ), i.e. 
stretching to several times of the length they 
have inside the cell. Thereby Ca2+ enters 
through the exocytotic opening and is bound 
to specific trichocyst matrix proteins (Klauke 
eta!., 1998) which, probably in a cooperative 
effect, triggers a kind of recrystallisation. All 
this is so fast that it looked extremely difficult 
to get a handle to that problem. 

Most importantly, Andre Adoutte had iden
tified alveolar sacs as cortical Ca 2+ -stores 
(Stelly et a!., 1991) . This was shown by 
45 Ca2+-sequestration after isolation in an ATP 
regenerating milieu. Prerequisite for any pre
cise analysis of dynamics was the use of a 
stop-flow procedure, but the commercial de
vice available resulted in cell homogenates. As 
described above we have developed such a 
method for further use with sensitive cells 
such as Paramecium and for subsequent EM 

analyses (Knoll et a!., 1991b). With a more 
easy to handle set-up Daniel Kerboeuf and 
Jean Cohen were able to perform 45Ca2+-flux 
measurements and to show that AED stimula
tion induced a Ca2+-influx from the medium 
(Kerboeuf and Cohen, 1990). For a while the 
question remained unsettled whether in Para
mecium Ca 2+ -signaling for trichocyst exocyto
sis is performed in the SOC or the CICR 
mode. 

At this point my innovative student and 
later post-doc, Norbert Klauke, entered the 
scene. We found a strong fluorochrome signal 
upon AED stimulation within -2 s and a de
cay within -10 s (Klauke and Plattner, 1997). 
Later on, with the use of fast fluorochromes 
and of a then unique optoacustic beam deflec
tion system, a t112 of 0.26 s has been recorded 
for the rise time and 1.91 s for the decay time 
(Klauke eta!., 2000) . Although the signal was 
calibrated, the actual local free Ca2+ -concen
tration, [Ca2+li, is systematically underesti
mated by a factor of -10 (Klauke and Plattner, 
1997). The true activation value at the small 
site involved in exocytosis during an extremely 
short time cannot be visualized, but it can be 
derived from the inhibition of stimulation by 
injection of a fast Ca2+ -chelator- a method in
vented by Erwin Neher (Neher, 1998a, b) . 
Thus, local [Ca2+li, at the trichocyst exocytosis 
sites was estimated as -5 J.1M (Klauke and 
Plattner, 1997). The fluorochrome signal was 
much weaker when outside Ca1+ -concentra
tion, [Ca2+]01 was quenched to a calculated 
value of -30 nM, i.e. slightly below the resting 
[Ca2+ Ji (which is well tolerated by the cells) . 
This proved that the Ca2+ -signal generated by 
AED stimulation was not initiated by a Ca2+
influx, but that rather a SOC-type mechanism 
takes place. This was substantiated by more 
refined fluorochrome studies (Klauke et a!., 
2000) and the analysis of a double mutant 
(generated by Jean Cohen) devoid of any sub
stantial Ca2+ -influx (Mohamed eta!., 2002). 

We also triggered cells at different [Ca2+] 0 

in a combination of quenched-flow/freeze
fracture for quantitative analysis of exocytosis 
sites after different stimulation times. Thus, 
we were able to show that all processes, from 
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the earliest (fusion) to the latest steps (fission, 
resealing and ghost attachment) were acceler
ated with increasing [Ca2+]0 (Plattner et al., 
1997b); see figure 5. This reflects the occur
rence of a SOC mechanism, as described 
above. Importantly our newly designed 
quenched-flow does not impair cells (whereas 
commercial versions resulted in a disaster) -
not even second messenger generation is af
fected (Yang et al., 1997), as one would have 
expected from mechanical impairment. 

Along these lines, using a newly available 
analytical Zeiss EM 912, we made EDX analy
ses with timed AED stimulation (Hardt and 
Plattner, 2000) and data evaluation with up
to-date software (Hardt and Plattner, 1999) 
obtained from the dedicated analytical elec
tron microscopist, Ludwig Reimer (Munster, 
Germany). All this was nicely performed by 
my post-doc, Martin Hart. About 60% of the 
Ca2+ contained in alveolar sacs is mobilized 
within the time available for exocytosis (80 
ms), but simultaneously stores are refilled by 
Ca2+-influx (unless [Ca2+]0 was quenched to 

nearly resting [Ca2+l), thus counteracting any 
decay of [Ca2+] in the stores within the time of 
trichocyst release. This was irritating and, 
therefore, called for independent proof. This 
was achieved by rapid substitution of Sr2+ for 
Ca2+ during quenched-flow stimulation. Both 
these earth alkali metals supported equally the 
phenomena to be analyzed, but could be well 
discriminated in the EDX spectra. Very disap
pointingly some expert reviewers insisted on 
having a clear phase of Ca2+ -release, followed 
(!) by a Ca2+-influx. However, influx can be 
driven by a small gradient whose detection 
may not easily be seen by point-per-point 
analysis in EDX. A similar direct mass trans
port of Ca2+ into the ER, as we saw go into 
alveolar sacs of Paramecium, has been pub
lished later on also with mammalian immune 
cells and skeletal muscle cells (Narayanan et 
al., 2003). On the basis of whole cell patch 
electrophysiology we had drawn a practically 
identical scheme already in 1994 for Parame
cium (Erxleben and Plattner, 1994)- no won
der that it has been overlooked. 
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Fig. 5: Scheme of exo-endocytosis coupling in Paramecium. The basic scheme is from Plattner et al. (1997b). 
The top row presents the en face-view of a trichocyst exocytosis site, with the stages depicted in figure 4, fol
lowed by the collapse after membrane resealing and detachment of a "ghost". The lower row is the some se
quence in a section through such sites. as alveolar sac, em cell membrane, tm trichocyst membrane. Note pro
ceeding collapse of the ring surrounding an exo-endocytosis site to an oval ring and a parenthesis stage. The 
scheme also indicates all steps accelerated by a local increase of [Ca2+1 as well as the requirement of extracellu
lar Co2+, Co2+ 0 , for the decondensation of trichocyst contents. 
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Some potential reviewers may also have 
turned up their nose at our way to retain Ca2+ 
in the cells for EDX analysis. We decided to 
apply potassium fluoride during freeze-substi
tution to produce in the stores insoluble cal
cium fluoride, whereas the few other people in 
the field had freeze-dried their samples for 
EDX analysis. However, the size of KF!F- dif
fusing into cells during freeze-substitution is 
even smaller than the water molecule which 
had to diffuse out of the cells during freeze
drying, before EDX analysis could be per
formed with any other system investigated 
previously. In effect we observed no artificial 
Ca2+ -redistribution - this occurred only after 
stimulation. By the same token we obtained 
much better structural imaging and, thus, im
proved correlation of the CaKa (or eventually 
remote SrKa) signals with EM structure. It 
was difficult to publish this paper (Hardt and 
Plattner, 2000), it was even returned from the 
EMBO Journal with regrets that about 10 col
leagues had been asked, but none was able or 
willing to evaluate our work. This motivated 
me asking to remove my name from the list of 
candidates for EMBO membership for which I 
had been proposed. Later on we published the 
Ca2+-release channels involved in SOC during 
trichocyst exocytosis - again with consider
able problems (see below). 

At this point one has to bear in mind that 
fluorochromes register free Ca2+ -concentra
tions, [Ca2+], whereas EDX measures free and 
bound, i.e. total calcium concentrations, [Ca]. 
Knowing 45 Ca2+-fluxes from Jean Cohen's ex
periments (Kerboeuf and Cohen, 1990) and 
the decay of [Ca] in alveolar sacs- from where 
a great deal of Ca2+ is released during exocyto
sis - we could estimate the total amount of 
Ca2+ in play during exocytosis. It makes the 
impression as if a powerful waterfall would 
drive locally little engines of these tiny mem
brane fusion and fission events in a nanometer 
size area, each lasting only a sub-millisecond 
time. These little engines require a tremendous 
excess of driving force, i.e. an unexpectedly in
tense flow of Ca2+ over the exocytosis sites. 
This is due to rapid dissipation and downregu
lation of Ca2+ (see above) as well as to a supra-

linear effect of the local [Ca2+]i (Neher, 
1998a). On the occasion of one of these su
perb Jacques Monod conferences organized by 
our French colleagues, 1998 in La Londes-Les 
Maures, it was again a patch-clamp electro
physiologist who presented the same conclu
sion from work with mammalian cells, as 
summarized by Henkel and Almers (1996). In
dependently, in whole cell-patch (not patch
clamp) analyses with Paramecium we could 
register Ca2+ I calmodulin-dependent currents 
during trichocyst release (Erxleben et a!., 
1997). Currents were linearly increasing with 
the number of trichocysts released and indi
vidual events were accompanied by a current 
peak with a half-width of 20 ms. 

In retrospect we had the means to analyze 
events within a time range of 20 to 30 ms by 
combining quenched-flow (with a dead time 
of 30 ms) with structural EM analysis includ
ing EDX, cell-patch electrophysiology with 
Ca2+ current signals of t112 = 20 ms, and fluo
rochrome analysis with opto-acustic beam de
flection, also within this time window. 

Ca 2+-signals arising from inside the cell 
and comparison of Ca 2+-signaling 
with related apicomplexan parasites 
In depth-analysis of Ca2+-release channels 
(CRCs) by my most recent post-doc, Eva
Maria Ladenburger, has revealed the presence 
of numerous para- and ohnolog forms, 
grouped in six subfamilies. Among them are 
genuine inositol 1,4,5-trisphosphate receptors 
(IP3Rs) fulfilling all molecular and biochemi
cal criteria of identification (Ladenburger et 
a!., 2006). It was the first unambiguous identi
fication of such a CRC in any protozoan. 
Other CRCs identified in Paramecium are re
lated to ryanodine receptors (Ladenburger et 
a!., 2009) and still other ones display mixed 
features (Ladenburger and Plattner, 2011). All 
this resulted in a map, with isoforms distrib
uted over different areas of the Paramecium 
cell. No comparable data were, and still are 
available from any other protozoa . 

However, this was not only a chance to 
achieve innovative work, but it unexpectedly 
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also entailed big problems. We had altogether 
five(!) reviewers for the 2009-paper. Two re
viewers may have enjoyed sucking the honey, 
but were not willing to waste their time with a 
second look at the revised version (which was 
only a slight one) . We then were faced with 
new reviews and, thus, of course with new ar
guments. The 2009-paper complemented the 
IP3R story from 2006. I would like to trans
late, with some emotional bias, one of the re
viewer's comment in my own wording: "Al
ready anno domini 19hundredsomething, XY 
(name of a colleague) has solemnly declared 
there is no IP3 made in Paramecium." Roma 
locuta, causa finita. However, the monitoring 
editor, working in the field herself, member of 
the topmost US-university, Harvard, decided 
to get her own judgement. She promised to 
have our manuscript analyzed in her group 
seminar. There, the thumb went up and it was 
acknowledged that an IP3R-type CRC may 
work without any noticeable increase in IP3 -

in contrast to the belief of the reviewer men
tioned above. Back to science: In fact, this was 
the first demonstration of a constitutively ac
tive IP3R. Later on, such a CRC has been de
scribed in chicken B-lymphocytes (Cardenas et 
a!., 2010), but our findings were not worth a 
citation in this Cell paper. 

One has to keep in mind that previous elec
trophysiological work on Ca2+ -channels -
though highly appreciated - has dealt only 
with channels residing in the cell membrane. 
Remarkably one of our CRCs, type CRC-V-4, 
is also abundant in specific domains of the cell 
membrane (Ladenburger and Plattner, 2011) 
where it may account for the low selectivity/ 
high conductivity conductance which has 
remained rather enigmatic to electrophysiolo
gists (Machemer, 1988). By contrast, in mam
malian cells only one or a few IP3R-type chan
nels are assumed to be located in the cell 
membrane. 

The occurrence of mixed CRC types may 
indicate that Ca2+-signaling from intracellular 
stores has been invented already at a low level 
of evolution - if not representing a parallel 
evolution. This has to be seen in line with the 
occurrence in Paramecium of numerous Ca2+-

dependent processes and proteins, systemati
cally distributed all over the cell and able to 
bind Ca2+ and, thus, transfer a message to se
lected cell components. Among them are 
calmodulin, protein kinases and the protein 
phosphatase type PP2B (calcineurin; [Mo
mayezi et a!., 1987b; Kissmehl et a!., 1997]) . 
The latter has also been disputed over years 
by phosphatase experts until its two subunits 
have been cloned (Fraga et a!., 2010). PP2B 
tought me not only how endurance pays off, 
but also how EM immuno-localization antici
pates potential functions and how in evolu
tion critical domains or subunits are con
served- evolution at work. Its actual function 
during stimulated exocytosis, though demon
strated in several systems, still remains enig
matic and may be pleiotropic (Fraga et a!., 
2010). 

My group has a long-standing collabora
tion with Brazilian parasitologists, Kildare De 
Miranda and Wanderley De Souza, both at the 
Federal University of Rio de Janeiro. Again 
our EDX set-up proved useful for analyzing 
Ca2+-stores. Among other parasitic protozoa 
our colleagues also included Apicomplexa -
close relatives of ciliates - in their analyses. 
The inner membrane complex, for instance in 
Plasmodium and Toxoplasma, is the struc
tural equivalent of alveolar sacs, both being 
flat compartments attached to the cell mem
brane. Therefore, one might also expect some 
functional similarities which would be inter
esting, considering the requirement of a Ca2+
signal for host cell penetration, particularly 
since Ca2+-signaling in these parasites is much 
more difficult to analyze than in Paramecium. 
Therefore, from a comparison of all details 
available from Apicomplexa and ciliates (Plat
tner et a!., 2012) we expected some important 
clues. However, it was frustrating to realize 
that the parasites had 'forgotten' so many 
things; as it looks this also concerns the capac
ity to store Ca2+ in their cortical compartment 
for which they now have developed an alter
native function during host invasion (Dearnley 
eta!., 2012). Essential aspects of Ca2+-signal
ing, including the source of Ca2+, remain un
settled. 
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Fortunately most recent work with patho
genic trypanosomes has clearly identified, by 
domain structure and functional analysis, 
IP3Rs in T. brucei and T. cruzi where they are 
important for host infection (Hashimoto et al., 
2013; Huang et al., 2013). 

A molecular map of the Paramecium cell 

osmoregulatory 
system 

osmoregulatory 
system 

It would be fruitless to praise the advantage of 
the high structural regularity of the Para
mecium cell, with predictable sites for specific 
functions, if not included in molecular an-
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Fig. 6: SNAREs found on different membranes participating in vesicle trafficking in a Paramecium cell . For 
abbreviation of organelles, see figure 1. For details, see text. A Syntaxin-/Q·type SNAREs. 8 Synaptobrevin·/ 
R-type SNAREs. Note differential positioning of most SNARE types, but some types can be found on different 
membranes . Also note occurrence of a "free" Syb 12 pool. The Ga/b-type SNARE, SNAP25-LP has been 
omitted since it is widely scattered all over the cell . From Plattner (201 Ob). 
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Fig. 7: SNARE localization in Paramecium by LM and EM methods as exemplified by Syb2 in the contractile 
vacuole complex/osmoregulatory system. (A, B) Fluorescence LM localization (A) by expression as a Syb2-2-
green Fluorescent protein (GFP) Fusion complex, (B) by antibodies against Syb2-2. Note localization along radial 
arms/canals (r), on the ampullae (a) and the contractile vacuole (v) . In (B) labeled dots may indicate delivery by 
vesicles (suggested by organelle obliteration after Syb2 silencin~ [not shown]) . (C, D) Similar to (A, B), but EM 
localization 5y immuno-gold with antibodies (C) against GFP or (D) against Syb2-2. (C) is a longitudinal section 
showing gold granules along the radial canal (rc) and in the smooth spongiome (ss). (D) is a cross-section 
throug~ t~e organelle with gold grains encircled; label is enriched in the smooth spongiome but absent from the 
decorated spongiome (ds); rc radial canal. From Schilde et al. (2006) . Bars: 10 fJm (A, B), 0 .5 !Jm (C, D) . 
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alyses. We thus have mapped isoforms of 
SNAREs (Kissmehl et al., 2007; Schilde et al., 
2006, 2008, 2010), subunits of the H+-ATPase 
(Fok et al., 1995; Wassmer et al., 2005, 2006, 
2009), actin (Sebring et al. 2007, 2010), and 
CRCs (Ladenburger et al., 2006, 2009; Laden
burger and Plattner, 2011 ), as summarized in 
figures 6 and 8. Figure 7 is an example of the 
type of localization performed with Syb2; it 
shows the enrichment in the contractile vac
uole complex (osmoregulatory system) 
(Schilde et al., 2006). Clearly some forms, 
such as Syb2, are restricted to certain or
ganelles or membrane regions, while others 
are more widely distributed. Frequently, 
though not always, silencing of the respective 
genes disturbs effects coinciding with the sub
cellular localization of their gene products. In 
case of Syb2 silencing would cause oblitera
tion of the organelle and increasingly reduced 
organelle activity. 

As pointed out in figure 9 in a more general 
way, all of the components discussed here are 
of crucial importance, not only per se but also 
because of their mutual interdependence. Re
call that the fusion machinery requires a Ca2+
signal generated nearby. For Paramecium this 
is discussed in some detail in a recent review 
(Plattner, 2010a) . 

Looking back in anger and in joy 
In a small biology department like ours at the 
University of Konstanz there emerged regu
larly a debate in which direction to develop. 
Essentially it was the fight for the critical mass 
for cooperative groups. Despite the absence of 
a medical faculty medically oriented work was 
favored by many and there were hidden and 
open attempts to withdraw me from work 
with my model cells. Sometimes I was desper
ate for finances where other groups had plenty 
of money, for instance when I was refused 
even moderate finances to go with my group 
into molecular biology. But then, when a few 
of us founded another research group, I got 
other reviewers, among them one who had in
vited me shortly ago for a seminar to his Max 
Planck Institute. He had himself laid the trail 

for new concepts - much more important ones 
than ours - also with a unicellular model sys
tem. Luckily this reviewer team ordered my 
group to elaborate precisely on the project 
which had been turned down by the previous 
reviewers. My post-doc Karin Hauser opened 
up this field for my group and Roland Kissmehl 
was to follow a few years later. 

"No more models" -that was an issue here 
even quite recently. Now I even have some un
derstanding for this switch in direction, con
sidering important drawbacks of our own 
model, Paramecium: 

• aberrant pharmacology specifically in cili
ates (Plattner et al., 2009), 

• the need to produce our own antibodies 
which other people can buy, 

• problems with permanent knock-outs, 

• closely related and therefore very similar 
protein isoforms (paralogs and ohnologs) 
that are difficult to address specifically by 
antibodies or by gene silencing and so forth. 

• Another problematic aspect currently is the 
situation of research funding in Germany, 
with an increasing emphasis on support for 
large research units- in contrast to previous 
practice - so that for individual initiatives 
less money remains. This is not the com
plaint of a have-not since I still have grants 
available even years after retirement. 

I now hope that one or the other colleague or 
student will realize that work on vesicle traf
ficking with the model Paramecium was not in 
vain. It may have contributed one or the other 
detail, or even concept, to some important is
sues in cell biology, beyond protozoology. Cer
tainly pioneer work has not always been rec
ognized by those who felt themselves in the 
center stage. Here are such phenomena which, 
starting from protozoa, were aimed at general 
cell biology: 

• protein-mediated focal membrane fusion 

• ATP requirement not directly for fusion, but 
rather for priming 

• NSF clearly serving also for the assembly of 
exocytosis sites 
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Intracellular trafficking: minutes 
Fig. 9: Schematic context of 
the interaction of comronents 
relevant for vesicle trafficking, 
docking and membrane Fusion, 
as applicable to Paramecium, in
cluding trichocyst exocytosis . 
Note the different times required 
for the individual steps . Also 
consider the positioning of 
SNAREs and G-proteins (small 
GTPases} at a site of membrane 
interaction . This is complemented 
by F-actin (hairpins}. H•-ATPase 
molecules (blue 'lollipop'} on a 
vesicle contribute to trafficking, 
up to docking by mediating 
binding of other components due 
to acidification of the vesicle 

Vesicle docking: seconds 

Membrane fusion (two compartments 
- • one}: (sub-)milliseconds 

and fission (one compartment 
~ two}: seconds 

ER +--~ Golgi 

Secretory organelle biogenesis 

Exocytosis ---

Lysosome-phagosome fusion 

Endocytosis 
constitutive 
exocytosis-coupled 

lumen (for details, see Plattner [201 Oa]}. Remarkably Co2+ can be rapidly and efficiently contributed by nearby 
Ca2•-stores, such as alveolar sacs in the case of trichocyst exocytosis. 

• exo-endocytosis coupling within a very 
short time period, in the range of 1 s 

• secretory contents discharge as a distinctly 
regulated step 

• membrane fission after exocytosis: also a 
focal event 

• strict separation of the regulation of ciliary 
and exocytotic activity, with the exception 
of Ca 2+ -spill-over in the course of massive 
exocytosis 

• plus-to-minus transport of secretory or
ganelles (inherent vectorial signal) 

• occurrence of signals for the full or empty 
state of a secretory organelle (recycling in 
the full state after "frustrated exocytosis" ) 

• mass transport of Ca2+ for refilling cortical 
Ca 2+ -stores 

• occurrence of mixed types of ryanodine
and IP3-receptor types CRC; components of 
primeval Ca2+ -signaling 

• constitutively active IP3Rs 

So we have some idea how in ciliates vesicle 
trafficking and signaling works, based mainly 
on work with Paramecium, and some with 
Tetrahymena. Whereas some innovation ap
plicable to general cell biology came from 
work with Paramecium, important aspects 
still have to be elucidated specifically for this 
organism and ciliates in general. Among them, 
the most essential ones are 
• the molecular identity of rosette and ring 

IMPs 
• the molecules structurally and functionally 

coupling cortical Ca2+-stores (alveolar sacs) 
to the cell membrane 

Fig. 8: Distribution of additional components pertinent to vesicle trafficking in a Paramecium cell. Note restriction 
of some components to specific organelles, whereas other ones are more widely distributed . For abbreviations, 
see figure 1; lys lysosomes. For details, see text. (A} Different SUs of the H+-ATPase; note that some SUs (c 1, c4, 
c5} also occur in "free" form as has been shown for F2 by GFP tagging, "(F2}" . Red : acidic components. From 
Wassmer et al. (2009} . (B) Distribution of different types o~ CRCs, suofamily types I to VI , each with different sub
types (paralogs and ohnologs} . From Ladenburger and Plattner (2011 }. (C) Distribution of actin isoforms to vesi
cles engaged in trafficking and to non-vesicular components, such as cilia and oral cavity. Also note occurrence 
of a "free" pool of different actin forms; thereby the nucleus is not considered. From Sehring et al. (2007} . 
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• the type of Ca2+ -sensors at the exocytosis 
site and in the cortical stores 

• the significance of other Ca2+-stores of whose 
existence we have preliminary evidence 
(Plattner et al., 2012) 

• the targeting mechanisms and thereby the 
interaction of actin, H+-ATPase, SNARE, 
Rab-type GTPases etc. 

• Hard to believe: we still struggle with the 
unambiguous molecular identification of the 
Golgi apparatus 

• How come that apicomplexan parasites 
have lost this elaborate Ca2+ -signaling sys
tem we find in their close relatives, the cili
ates? 

At the end of this retrospect my thanks go to 
those reviewers who have sovereignly decided 
about novel results, including those who have 
warned us from pitfalls and contributed rele
vant criticism. In the present book my col
leagues contributing world-wide to other top
ics in the field of ciliate biology, particularly 
also with Paramecium, may present even bet
ter examples of the value of Paramecium as a 
model cell. Let me also stress that any insight 
into intracellular trafficking and its regulation 
is the success of many coworkers and col
leagues- cited or mentioned in the text or not 
-whom I want to express my gratitude. 
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