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Neurons, neuroendocrine cells, exocrine cells, mast cells and many other cell types 

communicate by the regulated release of molecules from a stored vesicle pool. Fusion of the 

vesicles with the plasma membrane to release the vesicle contents by exocytosis is activated by an 

intracellular signa!, in many cases a rise in calcium concentration. This is followed by rapid 

endocytosis and vesicle recycling. Over the past few years, intensive studies of the different 

cellular processes and ofthe proteins involved in regulated exocytosis and other intracellular steps 

in ves icular traffic, by severa! laboratories, has resulted in significan! advances and led to the 

identification of a number of physiological steps and sorne of the proteins which are key 

components of a core machinery leading to vesicle fusion. These proteins are conserved in 

eukaryotic cells throughout evolution and they and their related family members are likely to 

function in all cell types. 

The functional importance of many identified proteins in regulated exocytosis has been 

investigated and confirmed using a wide range of experimental approaches including the study of 

mutants in yeast, Drosophi/a, C.e/egans and mice as well as manipulations of proteins within 

isolated ce lis. In addition, a variety of proteins that function in the acule regulation of exocytosis 

such as protein kinases and their substrates have been characterised. Currently the most exciting 

challenge is the task of understanding how these protcins interact in a sequential and ordered 

manner in order to lead to secretory vesicle docking, membrane fusion and vesicle membrane 

retrieval. The identification and in vitro analysis of proteins of the exocytotic machinery has 

coincided with significan! advances in the appl ication ofhigh resolution techniques for the analysis 

of single fusion events and vesicle recycling in secretory cells by electrophysiological and single 

cell imaging techniques. These new approaches have not only allowed the demonstration and 

definition of multiple steps in the exocytotic pathway and characterisation of the endocytotic 

pathway but are now allowing the investigation ofthe defined role of identified proteins. 

The field of exocytosis and the vesicle cycle is currently very active with many hundreds of 

papers being published each year. In this workshop many of the top scientists in the world, 

addressing the different approaches to better understand synaptic transmission at the cellular and 

molecular leve!, gathered in Madrid to communicate to the scientific community their new 

advances in this highly competitive and rapidly changing field of neuroscience. 

Guillermo Álvarez de Toledo 

Instituto Juan March (Madrid)
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Molecular mechanisms of membrane trafficking and exocytosis 

Richard H. Scheller 

Department ofMolecular and Cellular Physiology, Stanford University School ofMedicine, 
Stanford CA 94305 

The organization of membrane compartments: 

lf SNARE complex formation is indeed the driving force behind membrane fusion, 
perhaps the specificity of vesicle trafficking is, at least in part, determined by the selective 
pairing of SNAREs localized to particular membranes (Si.illner et al., 1993; Bennett and 
Scheller, 1993). lf this hypothesis is true, severa! criteria should be met. First, there should be 
a large number of S N ARE proteins expressed in cells and second, they should be specifically 
localized to the various membrane compartments within cells. Third, the various SNARE 
proteins should form specific sets of complexes consisten! with the known membrane 
traffick ing pathways within cells. We have initiated a series of studies to rigorously test this 
hypothesis. 

The first step is to determine the number and organization of SNAREs in mammalian 
cells. Since the number of SNARE proteins has turned out lo be quite large, this has been a 
labor-intensive, although intcresting, project. We have uscd severa! approaches to characteri ze 
SNARE proteins. The first approach makes use of an observation from the nervous system 
that reveals immunoprecipitation of a particular SNARE results in thc coprecipitation of 
interacting proteins. This approach was uscd to charactcrizc many of thc SNAREs importan! 
in vesicle trafficking between the ER and the Golgi (Hay et al., 1997). Another approach has 
been to define potentially new SNARE proteins through the expressed scquence tag database. 
In this approach, we use EST sequence information to define predicted proteins and then, 
through epitope tagging and gcneration of specific antibodies, characterize the protein 
(Advani et al., 1998; Steegmaier et al., 1998). We have now defined the localization of 
numerous SNARE proteins within the secretory pathway of mammalian cells at the light and 
electron microscopic levels. We certainly conclude at this stage that many, if not all, 
membrane compartments have a distinct composition of SNARE proteins consisten! with 
their having importan! roles in determining the specificity of membrane compartment 
organization. We are also actively engaged in studying the function of these proteins using 
permeabilized cell systems. Recently we have been successful in devising systems to study 
the recycling of transferrin receptors and the degrada! ion of EGF as probes of the endocytic 
membrane trafficking pathways within cells (Prekeris et al., 1998). 

Now that we have characterized many SNARE proteins, we are in a position to ask if 
their binding to each other is consisten! with the known trafficking pathways within cells. We 
demonstrated that 21 pairs of complexes formed in vitro and that they were all of high, 
although somewhat variable, thermal stabi lity. From these studies, we conclude that the 
information for the specificity ofmembrane fusion is not defined by the ability ofthe proteins 
to form specific complexes (Yang et al. , 1999). This docs not rule out a role for the SNAREs 
in dctermining thc specificity of membrane fusion events, nor do we conclude that SNARE 
pairing is not speci tic in vivo. We simply conclude that the information for the specificity is 
li ke ly not encoded by the ability of the proteins to fo rm complexes. 

Instituto Juan March (Madrid)
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Instituto Juan March (Madrid)



15 

The SNARE complex- structural studies 

Reinhard Jahn 

Department ofNeurobiology, Max-Pianck-Institute for Biophysical Chemistry, 
D-37077 Gottingen/Germany 

Neurons release neurotransmitters by calcium-dependent exocytosis of synaptic 

vesicles. In recent years, many of the proteins involved in mediating exocytosis have been 

identified but their mechanism of action and their regulation is only incompletely understood . 

Central to exocytotic membrane fusion are a group of small and evolutionary conserved 

membrane proteins, commonly referred toas SNAREs. In neurons, the SNAREs include the 

synaptic vesicle protein synaptobrevin (V AMP), and the synaptic membrane proteins SNAP-

25 and syntaxin l . In vitro, these proteins spontaneously assemble into ternary core 

complexes involving homologous regions referred to as SNARE motif. Core complexes are 
disassembled by the chaperone-like A TPase NSF in conjunction with cofactors . 

Structural studies involving high-resolution electron microscopy, circular dichroism 
spectroscopy, and thermal denaturation yielded a refined picture of SNARE assembly. In 
vitro, synaptobrevin and SNAP-25 are largely unstructured whereas the SNARE motif of 
syntaxin is partially helical. Upon assembly, the proteins undergo dramatic conformational 

changes resulting in the formation of a tight bundle of four intertwined a-helices that form a 
coiled-coil. Since the transmembrane domains of syntaxin and synaptobrevin are aligned at 
one end of the elongated complex, it was proposed that the assembly reaction pulls the fusing 
membranes closely together, thus initiating the fusion reaction. 

The solution of the X-ray structure of the neuronal core complex revealed unique and 
conserved features. Among those are layers of interacting and highly conserved amino acids 
that may define both the alignment between the helices and the specificity of the various 
SNARE motifs. In the middle, there is an asymmetric !ayer consisting of three glutamines 
(contributed by syntaxin and SNAP-25) and one arginine (contributed by synaptobrevin) that 
is highly conserved throughout the SNARE superfamily. Using the yeast complex as model , 
we have recently .,rotated" the arginine to a different position which was tolerated without a 
loss of function. In contrast, introduction of two arginines in this position resulted in a severe 

disruption of exocytotic function . 

Recent results will be discussed that involve interactions of the core complex with 
other proteins, flexibility of side chains during different stages of assembly, and features o f 
SNAREs in an intact membrane environment. 

Instituto Juan March (Madrid)
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Molecular genetics studies in Drosophila 

Thomas Schwarz 

Department of Molecular and Cellular Physiology. Stanford University. USA 

We have investigate the mechanisms of synaptic transmission with a combination of 
Drosophila genetics with biochemistry, electrophysiology and microscopy. Via "reverse 
genetics" hypotheses concerning the in vivo physiological function of a known protein can be 
tested by the isolation and characterization of a mutation in that protein. An example of this 
approach is represented by our studies of synaptotagmin, a protein that is hypothesized to 
serve as a Ca-dependen! triggcr for releasc and whosc binding propertics suggest involvcment 
in many nerve terminal processes. Null mutations in the fly synaptotagmin 1 gene largely 
disrupt synaptic transmission, though a fraction of nerve-evoked release remains. Into this 
background, synaptotagmin transgenes were introduced that had undergone site-directed 
mutagenesis. Mutations in the Ca++-binding site of the C2A domain potently disrupt the 
Ca++-dependent interactions of C2A with syntaxin and phospholipids but have remarkably 
little effect on the ability of the gene to support synaptic transmission . 

The completion of the sequence of the tly genome provides an excellent opportunity 
for classical "forward" genetics to uncover novel proteins involved in exocytosis. To this end 
we have undertaken a mutant screen in which flies are engineered to be homozygous for 
mutations in their photoreceptors but not in other cell types. In this screen a series of tests for 
phototactic defects and ERG defects led to the isolation of a gene that appears importan! for 
transmission at photoreceptor terminals. This gene (mi/ton) encodes a novel cytosolic protein 
of the nerve terminal. 

Instituto Juan March (Madrid)
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Mechanics and regulation of synaptic vesicle fusion 

Thomas C. Südhof 

Center for Basic Neuroscience, Department of Molecular Genetics 
and Howard Hughes Medica! Institute, UT Southwestern Medica! Center, Dalias, TX 75390 

e-mail: TSudho@mednet.swmed.edu) 

Our laboratory is interested in understanding how a presynaptic terminal secretes 
neurotransmitters in a tightly regulated, highly targeted manner. Studies performed in a 
number of membrane trafficking systems have identified three protein families that are 
universally involved in intracellular membrane fusion: the SNARE proteins, SM-proteins 
(secllmunc18-like proteins), and rab proteins. Most ofthese proteins were first discovered at 
the synapse (the SNAREs syntaxin/HPC-1, synaptobrevin!VAMP, and SNAP-25, and the 
SM-protein munc18/nsecl/rbsecl), but later shown to be universally involved in membrane 
fusion . However, in spite of a large effort, the functions of these proteins have not yet been 
definitively identified in any system. Confusingly, different membrane trafficking reactions 
point to distinct functions . For example, at the synapse SNARE proteins are likely involved in 
the fusion reaction itself as evidenced by the selective defect in membrane fusion observed 
when nerve terminals are poisoned with toxins that degrade SNARE proteins (tetanus and 
botulinum toxins) whereas in the yeast vacuole, they appear to function at a step prior to 
membrane fusion. Similarly, at the synapse binding ofmuncl8 to syntaxin involves the closed 
conformation of syntaxin that is incompatible with core complex formation by SNAREs while 
at the yeast plasma membrane, sec 1 binds to the open conformation of the syntaxin homolog 
S so 1 when it is in the S N ARE complex. To contribute to a clarification of these issues, we 
have embarked on a project in which we are aiming to correlate the binding activities of 
various proteins in vitro with their in vivo functions as defined in mouse knockouts or yeast 
mutants. In these studies we have focused on the SM proteins because they form the most 
homologous protein family in membrane fusion that is not immediately identified with a 
functional activity. In my present contribution, I will try to compare our results in analysing 
the functions of SM proteins with data obtained by other laboratories in other systems, and 
attempt to delineate what general conclusions about membrane fusion are currently possible 
in light ofthe apparent contradictions between, different systems. 

Instituto Juan March (Madrid)
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Ring-like SNARE oligomers suggest a mechanism for fast synaptic 
exocytosis. 

Bazbek Davletov. Col in Rickman & Joe Carroll 

Medica! Research Council 
Laboratory of Molecular Biology 

MRCCentre 
Hills Road 

Cambridge CB2 2QH, UK 

Neurons transmit information ac ross the synapse by the fast 

exocytotic release of neurotra nsmitters . Thrcc cvolutionary conserved 

proteins, known as SNARE proteins, are thought to be directly involved 

in exocytosis from s ingle cell eukaryotes to neurons. Among neurona l 

SNARE proteins, syntaxin a nd SNAP-25 reside in the plasma 

membrane, whereas synaptobrevin (also known as VAMP) is present on 

the synaptic vesicle membrane. Recombinant pa rts of the SNARE 

proteins form a parallel four helix bundle which has been proposed to 

promote membranc fusion . Howevcr, the molecula.· nature of the native 

SNARE complex, specifically its oligomeric structure, is not fully 

understood . Using electron microscopy we show that the SNARE 

complex is a -27 nm pa rticle with a ring of variable size at its centre. 

Ninety-pcrccnt of SNARE particlcs posscss bctwccn thrcc and six 

spokes (four-helix SNARE bundles) emanating from their centre. 

Oligomers of SNARE bundles exhibited an extraordinary stability which 

may be explained by a domain swapping mechanism where the hinge 

loop of SNAP-25 links SNARE bundles in a ring-like structure. We 

present a model for synaptic vesicle exocytosis in which the movement 

of SNARE bundles in a ring-like oligomer results in the opening of a 

fu sion porc . 

Instituto Juan March (Madrid)
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GTP-binding proteins in the signa! transduction pathway for exocytosis in 
cclls of hacmatopoictic origin 

J A Pinxteren and B D Gomperts 

University College, London 

The stimulus to secretion in mast cells (and other cells of haematopoietic origin) is 
best viewed as a signa! transduction pathway, not an abrupt response to elevation of Ca2

•, as 
in neuronal cells. For sure, stimulation through the lgE receptor, by receptor-mirnetics 
(mastoparan, cornpound 48/80 etc) and Ca2

• ionophores requires the presence ofCa2
• and the 

concentration of intracellular Ca2
• is elevated as a consequence of stimulation. It also requires 

intracellular ATP and GTP. On the other hand, substantial secretion can be elicited frorn 
permeabilized cells by provision of GTPyS, in the absence of ATP and ci•. To unravel the 
sequence of reactions involved, we used SLO-pem1eabilisation to introduce proteins and 
related reagents into the cytosol, aiming to modify (enhance or inhibit) the secretory process. 
lt takes about 5 mins for exogenously applied proteins to diffuse and find their targets within 
the SLO pem1eabilized cells. During this time the soluble proteins ofthe cytosolleak out and 
the system becomes progressively resistan! to stimulation. We therefore refer to run-down 
cells. The progress of run-down can be slowed, but not prevented by provision of A TP. For 
reasons that we do not understand, Ca2

• becomes an essential component. 

Run-down can be modulated by proteins isolated from bovine brain cytosol. In 
particular, RhoGDI inhibits GTPyS-induced secretion. lt follows that one or more Rho-related 
GTPases act as regulators. Conversely, the cornplex of RhoGDI with the GTPase Rae 
enhances secretion, though Rae alone is without effect. However, recombinant Rae and 
Cdc42, preactivated by coupling with GTPyS both induce secretion. Applied in the presence 
of an optimal concentration of preactivated Rae, Cdc42 induces further secretion. Free GTPyS 
also enhances the extent of secretion, increasing the sensitivity to Cdc42 (but not Rae), and 
giving an indication of another GTP-binding P\otein upstream. 

The PT sensitive Gi3 had been identified as the G-protein mediating signals due to 
receptor-mimetic agents. While ai-subunits are without effect, py subunits retard run-down 
and enhance the secretion induced by GTPyS. Unlike Rae and Cdc42, py subunits are unable 
to induce secretion when applied in the absence of GTPyS. They therefore collaborate with 
another GTPase, most likely Cdc42. 

Conununication downfield of py subunits is unlikely to be mediated solely through 
PLCPIPKC since the enhancernent is additive with phorbol ester. Soluble PH domains, 
(mutants of PARK having preference for polyphosphoinositides), inhibit secretion. We 
conclude that py subunits communicate to down-field GTPases through PH domains and that 
proteins having PH-dornains again mediate the cornmunication onwards frorn Rac/Cdc42. We 
ha ve therefore focussed on reagents that interfere with polyphosphoinositides. 

Although without significan! effect on secretion induced by GTPyS from abruptly 
stimulated cells, neornycin, which binds to inositide head-groups and blocks PLC, inhibits 
secretion more potently as runcdown proceeds. Conversely, phosphatidylinositol transfer 
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proteins, Secl4p (yeast) and PITP (a and p, mammalian) enhance secretion. Indeed, Secl4p 
protects against neomycin. We get the idea that not only is the presence of the 
polyphosphoinositide essential, but that the PITP protein may also be an essential component 
of the secretory machinery. PITP leaks from permeabilized cells, exposing the inositide 
headgroups, rendereing the system vulnerable to neomycin, yet it acts as an enabling 
componen! for exocytosis. 

PITPs support synthesis of PI 4,5-P2 by PI-4P 5-kinase. In a cell-free, minimal reconstitution 
system, consisting only of phospholipids, A TP and recombinant forms of p!TP and PI( 4 )P 5-
kinase, both mammalian PITP isofonns a and p enhance (approaching 20x) the activity of 
mammalian PI(4)P 5-kinase (a, p and y isoforms). We are currently testing if this process 
occurs in the permeabilized cell system and ifthis could be the means by which exocytosis is 
supported. Preliminary data indica te that the a- (but not the P-) isoform of PI( 4 )P 5-kinase 
enhances secretion from run-down cells. 

While the details ofthe membrane fusion event are likely lo be conserved in all systems, it 
is apparent that here we are confronted with a se! of complex regulatory processes. This could 
be the means of controlling the strength of the stimulus lo exocytosis in a class of cells in 
which the total granule content remains poized and at-the-ready, over extended periods of 
time (months, in the case of mast cells), so providing a fail-safe mechanisms and ensuring 
graded release. It could also arise from the need to trigger other processes besides exocytosis 
such as the activation of eicosanoid production and protein synthesis. 

Refercoccs: 
O'Sullivan, A.J., A.M. Brown, H.N.M. Freeman, and B.D. Gomperts. 1996. Pwification and identification of 

FOAD-11, a cytoso1ic protein that regu1ates secretion in streptolysin-0 penneabilized mast cells, as a 
radrhoGDI complex. Mo/.Bio/.Ce/11 :391-408. 

Brown, A.M., A.J. O'Sullivan, and B.D. Gomperts. 1998. 1nduction of exocytosis from penneabilized mast cclls 
by the guanosine triphosphatases Rae and Cdc42. Mol.Bio/.Cel/9:l053-l063. 

Pinxteren, J.A., A.J. O'.Sullivan, P.E.R. Tatham, and B.D. Gomperts. 1998. Regulation of exocytosis from rat 
peritoneal mast cells by G protein ¡ly subunits. EMBO J 18:6210-621S. 
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Cysteine string protein controls late steps in exocytosis 

Robert D Burgoyne, Margaret E Graham and Richard J Fisher 

The Physiological Laboratory, Crown Street, University ofLiverpool 
Liverpool, L69 3BX, UK. 

We ha ve used amperometric measurement of exocytosis in adrenal.chromaffin cell s in 
order to assess the involvement of identified proteins in late stages of exocytosis including in 
fusion pore formation and expansion. In these experiments, chromaffin cells were co
transfected with plasmids either encoding GFP to mark transfected cells for recording or 
encoding the protein of interest [1]. Individual cells were penneabilised and stimulated by 
application of digitonin/1 ÜflM Ca2

• to allow direct assessment of effects of treatments on 
exocytosis. 

a-SNAP and NSF are implicated in early pri.ming steps leading to exocytosis but not 
in fusion itself [2,3]. We examined the extent of the requirement for a-SNAP/NSF in 
priming the exocytotic machinery by using a dominan! inhibitory mutant, a-SNAP(L294A) 
[4] . Overexpression of a-SNAP(L294A) was found to substantially inhibit amperometric 
events due to exocytosis of the stable prefonned granule pool indicating an essential 
requirement for a-SNAP/NSF-mediating priming for their exocytosis. Despite the fact that 
a-SNAP(L294A) can irreversibly bind to syntaxin 1, the kinetics of individual release events 
in the residual amperometric spikes were no different from those in control cells [5] . 
Similarly, transfection with BoNT/Cl neurotoxin, which cleaves syntaxin 1 thus reducing the 
amount available to participate in exocytosis, inhibited the extent of exocytosis but did not 
modify the release kinetics ofthe residual arnperometric spikes. 

Cysteine string protein (Csp) is a synaptic vesicle and secretory granule protein that 
has the biochemical properties of a molecular chaperone able to actívate Hsc70 [6]. Recent 
work has demonstrated its ability to bind to syntaxin 1 both in Drosophila and marnmalian 
cells. Csp has been suggested to act as a regulator of Ca2

• channel function, but our data ha ve 
instead supported a more direct role in Ca2•-activated exocytosis [7,8] . Over-expression of 
Csp was found to reduce the number of arnperometric spikes evoked by permeabilisation in 
the presence of Ca2

• where Ca2
• channels are bypassed. In addition, the half-width of the 

residual spikes and the rise times were increased compared to those from control cells. These 
data suggest that Csp over-expression has direct effects on the exocytotic machinery leading 
toa slowing of fusion pore expansion. The lack of effect of a-SNAP(L294A) and BoNT/CI 
on release kinetics suggest that this effect of Csp over-expression was not simply due to 
sequestration of syntaxin l . 

Changes in the kinetics of single release events were also observed following 
treatment with the phorbol ester PMA which resulted in a significan! decrease in half-width 
and risc-times of release events. These changes were abolished by the PKC inhibitor 
bisindolymaleimide. These data are consisten! with regulation of fusion pore expansion 
(acceleration) by PKC-mediated phosphorylation. 
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In conclusion, we have used amperometric measurement to demonstrate a potential 
late role of Csp in exocytosis and the possibility that Csp and PKC can modulate the kinetics 
of fusion pore expansion. 
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Molecular analysis of active zone function 

Nils Brose*, Kerstin Reim *, Andrea Betz*, Michael Mansourt, Pratima Thakurt, Harald 
J unge*, Frederique V aroqueaux *, Jens Rettig t, and Christian Rosenmundt 

*Max-Planck-lnstitut fúr Experimentelle Medizin, Abteilung Neurogenetik, AG Molekulare 
Neurobiologie, Hermann-Rein-Str. 3, D-37075 Gottingen, Bundesrepublik Deutschland. 
tMax-P1anck-Institut fúr Biophysikalische Chemie, Abteilung Membranbiophysik, Am 

Fafiberg 11, D-37077 Gottingen, Bundesrepublik Deutschland. 

In contrast to most other secretory processes, neurotransmitter release from presynaptic 
axon terminals is restricted to designated release sites. These so called active zones are 
electron dense regions of the presynaptic plasma membrane at which the final steps of 
synaptic vesicle exocytosis, docking, prirning, and ca++ -triggered fusion, take place with 
extreme spatial and temporal accuracy. 

13ased on data from dcletion mutant mice, we havc reccntly identified the presynaptic 
active zone component M une 13-1 as an essentia1 synaptic vesicle priming pro te in in 
glutamatergic neurons (Augustin et al., 1999). In order to identify molecular mechanisms by 
which M une 13-1-mediated vesicle priming is functionally integrated into the docking and 
fusion machinery of the active zone, we began to systematically characterize proteins that 
either interact physically with Munc13-1 or are affected in their expression leve1s by the 
M une 13-1 deletion. 

In a first approach using yeast-two-hybrid technology, we discovered that the 
conserved N-terminal region of certain Munc 13 isoforms (Munc 13-1 and ubMunc 13-2) serves 
as a novel binding domain for RIM, which is a putative Rab3 effector in presynaptic active 
zones (Wang et al., 1997) that may be involved in vesicle docking. In a detailed biochemical 
analysis we found that the Munc13-1 N-terminus competes with Rab3A for the same zink 
finger-like binding si te in RIM. Overexpression of the RIM-binding N-terminus of Munc 13-1 
in hippocampal primary neurons leads toa reduction in the pool ofreadily releasable vesicles. 
This in turn causes a strong reduction in synaptic transmitter release, essentially creating a 
phenotype that is similar to that of Munc 13-1-deficient neurons. Our data suggest that the 
interaction between RIM and Munc13-1 functionally couples vesicle docking through a 
Rab3NRIM interaction to Munc13-1-mediated vesicle priming in the active zone. Like 
complete deletion of Munc13-1 , disruption of the RIM/Munc13-1 interaction arrests the 
synaptic vesicle cycle between the docking and priming steps. 

The second approach was based on the observation that the expression leve1s of 
Complexins are significantly reduced in Muncl3-J deletion mutant mice (Augustin et al., 
1999). Complexins interact stoichiometrically with the assembled exocytotic 'core complex' 
(McMahon et al., 1995), but their exact function in the synaptic vesicle cycle is unknown. In 
arder to determine the role of Complexins in synaptic vesicle fusion, we generated double 
mutant mice lacking both known Complexin isoforms (Comp1exin 1 and 2). Double mutants 
die immediate1y after birth. Electrophysiological analyses showed that double mutant neurons 
have normal readily releasab1e vesicle pools but exhibit drastically reduced release 
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efficiencies. A detailed analysis suggested that Complexin 112 double mutants are 
compromised at the ca++-triggering step oftransmitter release. 

Our data identify two protein families that interact physically or genetically with 
Muncl3-1. While the physical RIM/Munci3-I interaction may occur upstream ofMunci3-I
mediated vesicle priming and crcate a molecular link between vesicle docking and priming, 
Complexins appear to function downstream of M une 13-1 by regulating the ca++_sensitivity 
ofthe exocytotic fusion machinery. 

References 
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Functional genetics of cysteine string protein (CSP) in m ice 

Rafael Fernández-Chacón 

Center for Basic Neuroscience. University ofTexas Southwestern Medica[ Center. Dalias, 
Texas (U.S.A). 5323 Harry Hines Blvd., Dalias, Texas 75235-9111 (U.S.A.) 

Synaptic vesicle proteins are implicated in multiple aspects of the synaptic vesicle cycle 
and the regulation of neurotransmitter release. We have generated mutant mice for severa! 
synaptic vesicle proteins in order to study their function in vivo ( 1, 2). Cysteine string protein 
(CSP) is a peripheral synaptic vesicle protein that contains a Dna-J domain and interacts with 
other proteins containing Dna-K domains presumably to function as a chaperone. CSP has 
been only characterized genetically in Drosophila (3). Now, we have generated null-mutant 
mice for CSP. The mutants are boro alive and are undistinguishable from their littermates 
during the first 2 weeks. Interestingly, at around 2 weeks of age their growth slows and they 
stop gaining weight. They have difficulties to walk and to maintain an upright position. At 4-5 

· weeks of age their weight is -30% of wild type .Iittermates, their movement is severely 
impaired, and they die. Morphological and inmunocytochemical analysis did not show any 
obvious abnormality on the development or architecture of the brain. CSP is also expressed 
in other tissues outside the brain. We performed histological examination of multiple tissues 
like liver, muscle, intestine, kidney or adrenal gland, but they failed to show major changes 
versus wild type. Our preliminary data indicate that the lethal phenotype of CSP m ice is not 
due to any major developmental or structural defect. In curren! experiments we are testing if a 
functional deficit either in synaptic transmission at the central nervous system or in hormone 
release, or both, are responsible for the strong phenotype found on CSP knock-out mice . 
These m ice constitute a very use fui tool to clarify the physiological role of CSP in the vesicle 
cycle and to understand in vivo the cascad e of protein-protein interactions responsible for the 
chaperone activities of CSP. 
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The role of HRS in vesicular trafficking 

Hugo J. Sellen 

HRS (Hepatocyte growth factor Regulated tyrosine kinase Substrate) has been 
implicated in signa! transduction, endosomal trafficking, and neurotransmitter exocytosis. To 
determine the in vitro role of HRS, we have cloned and sequenced the sole Drosophila 
homolog, and ha ve determined the structure of the aminoterminal domain. which contains the 
VHS and FYVE zinc finger domains. Drosophila HRS protein is expressed ubiquitously in 
the cytoplasm, and is localized to early (recycling) and late (perinuclear) endosomes; 
however, it is not present at the synapse. We have identified a mutation in hrs. This mutation 
is a null mutation based on both biochemical and genetic criteria. Consistent with the 
inability to detect HRS at the synapse, no defects in neurotransmitter release or endocytosis 
were observed in hrs mutan! larvae using elcctrophysiology of third-instar larval 
neuromuscular junctions. Uptake of various dycs into garland cells demonstrates that 
endocytosis occurs normally in hrs null mutant cells, but endosome formation is impaired. 
Elcctron microscopic analysis shows the prescncc of largc, prelysosomal structurcs in hrs 
mutants which contain the endosomal protein Hook. Overexpression of HRS leads to even 
larger endosomes than in mutants. Thesc data strongly suggest that HRS is an csscntial 
regulator of endosomal trafficking. lntcrestingly, thc t-SNARE SNAP-25 is also prcscnt on 
perinuclear endosomes, binds tightly to HRS, and is mislocalized in hrs mutan! larvae. 

8oth loss and gain of function studies suggest that HRS functions in normal 
Drosophila development. Because the phenotype of HRS overexpression can be suppressed 
by overexpression of a dominant active form of the EGF receptor and is enhanced by a 
dominant negative form of the EGF receptor, our data suggest that HRS may play a critica! 
role in development by regulating endosomal trafticking of tyrosine kinase growth factor 
receptors. This regulation may occur by regulation of SNARE complex formation through 
the interaction ofHRS with SNAP-25 . 
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Exocytosis in adrenal chromaffin cells studied at high time resolution 

Erwin Neher 

Max-Planck-Institut fúr biophysikalische Chemie, D-37077 Goettingen 

It is widely accepted that the SNARE proteins (Syntaxin, synaptobrevin, and SNAP-
25) form a tight complex, which plays an essential role in membrane-to~membrane fusion 
during intracellular trafticking, neurotransmitter release, and hormone secretion. In regulated 
secretion the final step of vesicle fusion and release of contents is very rapid, when triggered 
by an abrupt increase in intracellular free calcium concentration ([Ca++];). We made use of 
carbon fiber amperometry and membrane capacitance measurement, as rapid assays of 
secretion, and combined these techniques with tlash-photolysis of caged-Ca ++ to rapidly 
trigger exocytosis. Three distinct kinctic components could be observcd, which were 
tentatively associated with SNARE complex formation and with two interconvertible forms of 
such complcxcs. Manipulations on specilic SNARE protcins, such as complexation with a 
spcci lic antibod y. clcavage by clostridial ncurotoxins, or expression of mutatcd forms of thc 
protcins led to di stinct changcs in the kinctic componcnts. 
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Transport, capture and exocytosis of single syuaptic vcsiclcs at active zoncs 

D. Zenisek, J. A. Steyer and W. Almers 

Vollum lnstitute, 318 1 SW Sam Jackson Park Rd., Portland, OR 97201 

Among many thousands of secretory vesicles in an endocrine cell or a synaptic 
terminal, only a few percent are capable of rapid exocytosis. The size of this "release-ready 
pool" determines the response of an endocrine cell to an action potential, and sets the strength 
of a synapse. To understand how vesicles become release-ready, electrophysiologic studies 
ha ve documented thc kinetics whercby this pool, once deplcted, is replenished t) This 
approach is indirect insofar as it rclies on a single event, exocytosis, to study multiple 
precursor states. To observe directly both exocytosis and sorne of the preceding events, 
evanescen! field tluorescence microscopy was used to image single vesicles near the plasma 
membrane. This teclmi~ue was combined with electrical recordinf>. Ribbon synaptic 
tcrminals from goldfish3

•
4 were stained with the lipophilic dye FMI-43 5 

• 

Resting terminals werc abuzz with moving vesicles, and the plasma membrane was 
constant ly buffetcd by vesicles colliding with it. Some vcsiclcs were captured reversibly and 
then becamc residen/ al small, di screte "active zones" on the terminal surface. An electric 
stimulus caused nearly all residen! vesicles to undergo rapid cxocytosis, seen as the relcase of 
tluorescent lipid from the vesicle into the plasma membranc. lt also triggered the arrival of 
reserve vesicles at the plasma membrane. These became release ready after a 0.25 s priming 
period. While most vesicle capture and exocytosis occurred at active zones, vesicles could 
fuse also elsewhere on the membrane, and approached active zones and other regions al about 
equal speeds. But active zones were favored in two ways. ( 1) The probability of exocytosis 
was 90% at active zones and 40% elsewhere. (2) Active zones appeared to hold vesicles in 
reserve, with reserve vesicles visible sorne 20 nrn from the plasma membrane, and close 
enough for v- and t-SNAREs to touch61

. 

Previous work has suggested that synaptic ribbons actas a "conveyor belt" facilitating 
the transport of vesicles to the plasma membrane. If the active zones observed here represen! 
ribbons, then ribbons are absolutely necessary neither for vesicle transport nor for exocytosis. 
Hence the role of ribbons is not only transport but presentation: to present vesicles to the 
plasma membrane al the right distance for fusion, and at locations close to postsynaptic 
receptors . 
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A functional "Triad" to control cytosolic calcium and exocytosis 
in chromaffin cells 

Antonio G. García 

Departamento de Farmacología, Facultad de Medicina. 
Universidad Autónoma de Madrid, Madrid, Spain. 

Adrenal medullary chromaffin cells are prepared to synthetize and store the 
catecholamines noradrenaline and adrenaline, in large dense-cored vesicles (20.000 per cell). 
Fast release of these catecholamines into the circulation occurs during stressful conflicts, to 
adapt the cardiovascular system to an emergence situation, the "flight or fight" response. 
Because of their ready availabil ity, their ease of maintenance in primary cultures, and their 
homogeneity these cells, particularly those of the bovine adrenal gland, have been widely 
used as models to study basic neurosecretory mechanisms. 

Chromaffin cells express various subtypes of high threshold voltage-dependent Ca2
• 

channel, L, N, and P/Q; their relative densities vary drastically among severa! mammalian 
spec ies. The channels are subjcct to modulation by the concentration of cytosolic Ca2

• 
((Ca2·]c), the membrane potential and by various neurotransmitters. Particularly relevant is 
the autocrine/paracrine modulation by endogenous A TP and opioid peptides, that are co
sto red and co-released with the catecholamines. This modulation is membrane-delimited via 
G-proteins, and likely constitutes the basis for the so called voltage-dependent facilitation of 
N or P/Q Ca2+ channels. 

Using aequoring selectively targeted to the endoplasmic reticulum (ER), we have 
rcccntly discovcrcd that Ca2

• cntry through thosc channcls cun rcfill thc ER to ncur millimolur 
concentrations; in addition, Ca2

• entering through Ca2
• channels during cell depolarization 

causes the release of ER ci• (CICR). By using mitochondrially-targeted aequorins of 
different Ca2

• affinities we have just shown that mitochondria undergo surprisingly rapid 
millimolar Ca2

• transients ([Ca2•]m), upon stimulation of chromaffin cells with acetylcholine 
(ACh), high K• or caffeine. These transients are 2-3 orders of magnitude higher than those 
measured up to now using fluorescent probes. We believe that these microdomains can be 
formed because of the existence of a tight functional coupling between Ca2

• channels, ER 
ryanodine receptors, and mitochondria. Physiological stimuli generate [Ca2•]c microdomains 
at these functional complexes in which the [Ca2Jc rises abruptly from 0.1 ¡.LM to 20-40 ¡.LM. 
This triggers CICR, mitochondrial Ca2

• uptake and exocytosis in nearby secretory active si tes. 
That this is true is shown by the observation that protonophores abolish mitochondrial Ca2

• 
uptake, and drastically increase catecholamine release 3-5 fold . This increase is likely due to 
acceleration of vesicle transport from a reserve pool to a ready-release vesicle pool; such 
transport might be controlled by ci• delivery to the transport machinery (i .e. the 
cytoskeleton), through CICR and/or mitochondrial Ca2

• release. 

P/Q Ca2
• channels seem to be located closer to exocytotic active sites than L- or N

types of Ca2
• channels. In addition, mitochondria take up more readily the Ca2• entering 

through P/Q channels. Hence, a functional unit to control [Ca2•]c transients and exocytosis 
seem to be more coupled to P/Q channels, indicating that depending of the stimulus, 
chromaffin cells might undergo different modes of exocytosis, faster and transient (P/Q 
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channels) or slower and sustained (L channels). This celt specialization keeps pace with our 
recent finding that chromaffin cells in culture secrete preferentialty through their pote of 
attachment to the culture dish. To discover this, my coworkers and I have combined 
exocytotic fluorescent probes (i.e. FMl-43 and dopamine beta-hydroxylase antibodies) with 
confocal microscopy. 
Wc are exploring now the hypothesis that in the intact adrenal medullary tissue, chromaffin 
cclls hc<:ollll' ptol:oriZ<·d lo s<·cn·tc low:ords lh<:Ír pok· dos<· lo 111<: l'lldolhcliuou, hc<:aiiS<: of 111 <' 
inllucncc of cndothdial ti•ctors, i.e. nitric uxiJc. Chmmaflin cclls ure innervatcJ by 
cholinergic nerve terminals in a cell pote. Upon stressful conflicts, en~ogenously released 
ACh activates a?" and a 3 ~4 of the neuronal type of nicotinic receptors, triggers action 
potentials, Ca2

• entry, and the release of catecholamines into the circulation at the opposite, 
specialized secretory pote. 
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The exocytotic fusion pore 

M. Lindau, G. Demick, B. Khanna, A. Mashaw and G. Alvarez de Toledo' 

School of Applied & Engineering Physics, Cornell University, lthaca, NY 14853; 

'oept. Physiology & Biophysics, University ofSeville, E-41009 Seville, Spain . 

fusion of secretory vesicles with the plasma membrane during exo<;ytosis is thought to 

be mediated by the SNARE complex [1 J as indicated by the inhibitory effects of tetanus toxi n 

and a number of botulinum neurotoxins which specifically cleave SNARE proteins [2) . The 

molecular mechanism of fusion pare formation, however, is still not understood . Properties of 

the fusion pare that forms the connection between the intravesicular compartment and the 

extracellular space have been investigated us ing electrophysiological techniques (3) . The 

initial fusion pare conductance is variable but usually in the range of 50-500 pS , a range 

similar to that of ion channels. In horse eosinophils the initial fusion pore conductance is 
indcpcndcnt o f thc intraccllular calcium conccntration (! Ca~' ¡ ,) hut thc s ub~cqu cn t cxpan~ion 

of the fusion pore is accelerated whcn [Ca2+)¡ is e levated (4] . Fusion pore expansion is a lso 

acccleratcd in PMA trcated cells and this cffect is abo lishcd by staurosporinc suggesting that 

fusion pa re expansion is modulated by protein kinase C (PKC) (S) . lt has been shown tha t the 

SNARE protein SNAP-25 is phosphorylatcd by PKC (6) . However, in eosinophils a role for 

SNAP-25 in speci fic granule exocytosis is not established. 

Chromaffin cells are a widely used model to study neurosecre tion and it is well 

estab li shed that SNARE proteins are essential in exocytosis of chromaflin granules (7) . 

However, in chromaffin cells only exocytosis of unusually largc granules can be resolved as 

single events in the whole-cell configuration [8,9). Based on the pioneering work of Erwin 

Neher and Alain Marty ( 1 O] we developed an improved method to study exocytosis of small 

granules by cell-attached capacitan ce measurements ( 11] . Thc low noise in patch recordings 

made it possible to investigate single channel currents wi th superb resolution (1 2] and 

correspondingly extreme ly low noise can be obtained in patch capacitance measurements 

[ 1 O, 13] . Transminer release from single chromaffin granules can be studied with exquisite 

resolution by amperometry using carbon fiber electrodes (CFEs) [ 14] and it was found that 

rap id release was frequently preceded by a phase of slow leakage of catecholamines indicated 

by a so-called 'foot signa!' ( 15). 

The re lation between fusion pare opcning and transmitter release from s ingle 

chromaflin granules could be recorded simultaneously using the method of patch 

amperometry where a CFE is inserted into the patch pipette allowing detection of 

catecholamine released from the patch [1 6). These experiments revealed that the foot signa! is 

due to catecholamine release through fusion pores with typica l conductance around 400 pS. 

The amperometric signal s reflect convolution of thc 1-clease kinetics with the time 

course of diffusion . In the patch amperometry conliguration only release events in the patch 

under the pipette are measured and the geometry of diffusion is wcll delined. The distance 

bctween CfE and membrane patch can be estimated from thc microscope image and the time 

course of release can thus be dete rmined by numerical deconvolution of amperometric s igna ls 

thus correcting for di ffusion. This ana lysis revea led two distinct release phases in individual 

events: a brief spike followed by a s low re lease phase with a time constant around 100 ms. 
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Exocytotic events in the cell-attached configuration occurred spontaneously and were 
strictly dependen! on the presence of Ca2

+ in the pipette solution. Single capacitance steps in 
the fF range indicating exocytosis and endocytosis as well as amperometric signals can also 
be recorded in cell-free patches. Step size distributions were very similar in cell-attached and 
excised patches. With Ca2

+ present in the pipette solution ~0.5 mM many patches showed 
spontaneous events as in the cell-attached configuration. When Ca2

+ was buffered at 150 nM 
on both sides of the patch membrane no spontaneous events were observed. However, in 
about half of these patches ( 4 out of 7) exocytotic events were stimulated by direct application 
of Ca2

+ to the cytoplasmic face using a puffer pipette. 

The average initial fusion pore conductance was indistinguishable in cell-attached and 
excised inside-out patches (330 ± 30 pS (sem)). However, the average initial fusion pore 
expansion rate was 14.6 ± 2.3 nS/s in cell-attached and 7.4 ± 2.3 nS/s in excised patches. The 
slower fusion pore expansion rate in excised patches indicates that expansion of the fusion 
pore in chromaflin cells depends on the experimental conditions, as previously observed for 
the giant granules of horse eosinophils. These results suggest that the fusion pore expansion 
rate may provide a means to investigate the molecular machinery mediating fusion pore 
lonnation and expunsion in cxocytosis. 

Supported by Deutsche Forschungsgemeinschaft, Human Frontiers Science Program, 
Corncll Nanobiot~:chnology Ccntcr (NSF) and NII-1. 
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INTRACELLULAR CA2+.DEPENDENCE OF TRANSMITTER RELEASE 
RATES AT A LARGE CENTRAL SYNAPSE 

R. Schneggenburger, E. Neher 

Max-Planck-Institute for biophysical Chemistry, Department of Membrane Biophysics, 
Giittingen, Germany 

Despite of the fundamental importance of Ca2+ as the final trigger for synaptic 

vesicle fusion, the intracellular concentration of Ca2+ ((Ca2+J¡) attained clase to 

the sites of vesicle fusion in conventional active zones is not known. We have 

used spatially homogenous [Ca2+)¡ elevations by flash-photolysis of 'caged-Ca2+', 

and postsynaptic measurements of transmitter release rates at a large central 

synapse, the calyx of Held , to quantify the intracellular Ca2+-dependence of 

transmitter rclcasc. Simultaneous pre- and postsynaptic whole-cell recordings 

wt•n• madl' in hrainslt•m slicl's of H-10 days old rals. Prcsynaptic [C:¡2+]¡ was 

clevatcd by flash-photolysis of Ca2+-loadcd DM-nitrophcnc (1 or 2 mM), or NP

EGTA (5 mM), and was quantified by ratiometric imaging with fura-2FF, a low 

affinity Ca2+-indicator. As a measure of transmitter release, flash-evoked 

excitatory postsynaptic currents (EPSCs) mediated by AMPA-type glutamatc 

receptors were deconvolved with an average quantal response waveform. 

Transmitter release was observed at [Ca2+)¡ as low as 2 JlM, and up to = 10 JlM, 

release rates increased as a power function of [Ca2+)¡, with an exponent in the 

range of 3.5 - 4. At 10-20 11M [Ca2+)¡, release rates of 500-1000 quanta/ms were 

reached. Release rates during action potential-evoked EPSCs under conditions of 

normal release probability peaked at 200-500 quanta/ms, implying that the local 

(Ca2+)¡ triggering transmitter release is in the range of 10 - 20 JlM. This 

experimental estímate of local [Ca2+)¡, which is about 5-10 times smaller than 

current estimates based on theoretical considerations, might have important 

implications for the interpretation of Ca2+-dependent mechanisms in shorHerm 

synaptic plasticity. 
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Genetic control of secretory vesicle biogenesis 

J. Meldolesi 

DIBIT, Dept. Neurosci ., Vita-Salute San Raffaele University, Milano ltaly 

Acquisition of secretory vesicles characterized by neurotransmitter specificity is 
usual! y considered as a step in the differentiation of neurosecretory ce lis and neurons. Studies 
on multiple cell populations, isolated from the line PC 12 which is known to release both 
acetylcholine and catecholamines, have however demonstrated that the vesicles (includ ing all 
their membrane and Jumenal proteins), together with the proteins known to be necessary for 
their discharge (i.e. the plasmalemma tSNAREs: SNAP27 and syntaxin 1; various cytosolic 
proteins, such as rab3 and muncl8) can be completely missing from clones that maintain 
numerous molecular ( e.g. synapsins; nkinesin; tyrosine hydroxylase) and structural 
(neurofilaments; NGF-induced differentiation) properties of nerve cells . Reappearance of the 
secretory vesicle complement can be induced by fusion of the defective PC12 with many 
(possibly all) types of cells and by transfection of a cDNA library prepared from wild type 
PC 12 cells. The correlation of the secretory cell defect with the expression of genes involved 
in the differentiation ofnerve cells will be discussed. 
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Rapid reuse of readily releasablc pool vcsiclcs at hippocampal synapscs 

Jason L. Pyle, Ege T. Kavalali, Erika Piedras-Rentcria and Richard W. Tsien 

Department of Molecular and Cellular Physiology, 
Beckman Center Stanford University School of Medicine, Stanford, CA 94305 

In central nerve terminals, the set of secretory vesicles immediately capable of 
transmitter release upon stimulation by depolarization-dependent Ca2

+ entry or by a 
hypertonic challenge has been operationally defined as the readily releasable pool (RRP). This 
pool probably correspond to the coterie of morphologically docked vesicles. There is 
compelling evidence that the size of the RRP govems the probability of transmitter release 
during presynaptic activation, and that the rapidity of its refilling after previous release events 
determines how well transmitter release can be maintained in the face of repeated Ca2

+ entry. 

According to the prevai ling picture of vesicular cycling, transmitter release is 
mediated by fusion and collapse of RRP synaptic vesicles into the presynaptic plasma 
membrane. After il vesicle releases its contents, its place at the active zone is taken up by 
another transmitter-containing vesicle. Thus, "refilling" of the RRP has bcen equated with 
repopulation, the replacement of spent vesicles with fresh ones. The source of the fresh 
vesicles is the reserve pool (RP), defined as another population of vesicles that are not 
morphologically docked and thus not primed for fusion. As it resupplies the RRP, the contents 
of the reserve pool are restored by various processes of vesicle recycling. 

There are at least two reasons to question this picture. The first concerns the 
limitations that it imposes on the functional capabilities of small central nerve terminals. 
During continua! presynaptic spiking, the rate of repopulation will limit neurotransmission, 
once the RRP has been depleted by the first few action potentials. If the number of recycling 
vesicles were <40, and repopulation of the RRP took -40 s, the average steady-state 
frequency of quantal transmission would limited to <1 Hz. The second issue concems the 
empírica! underpinnings of the notion of repopulation. Selective depletion of the RRP is 
followed by a rapid exponential recovery (-e-l O s), attributed to "refilling". However, upon 
exocytosis of a majority of the releasable vesicles, recovery is significantly slower, and 
follows a bi-exponential time course, with time constants of -!Os and >30 s. As pointed out 
by Stevens and Wesseling, these and other kinetic features are inconsistent with a simple two
pool model whereby RRP and RP are connected by kinetically well-defined rate constants. 

One source of difficulty is that the RRP has been operationally defmed by electrical 
recordings and not by imaging of fluorescent dyes. The electrophysiological data is inherently 
difficult to interpret on its own because quantal EPSCs could in principie arise from either 
flfSt-time exocytosis or repeated release events. Thus, repopulation by fresh vesicles could not 
be distinguished from repeated deployment ofthe same vesicles that have recently undergone 
fusion. Vesicular reuse would be of potential importance for sustaining secretory activity, 
given the limited number of vesicles within a presynaptic bouton and the long time that may 
be required to retrieve fully collapsed vesicles or to construct vesicles de novo. However, 
reuse has not attracted much attention due to the lack of experimental approaches to establish 
its existence. 
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The styryl dye FMI-43 has been extremely valuable for studies of exocytosis and 
endocytosis, but is not useful for studying the RRP; stimuli that completely exhaust the RRP 
(for example, hypertonic challenges) fail to cause enough loss of FMI-43 fluorescence to 
measure easily. To circumvent this problem, we have taken advantage of another FM dye, 
FM2-10, that dissociates from neuronal membranes much more quickly than FMI-43 . We 
studied recycling properties of RRP vesicles in two ways, through differential retention of 
FM 1-43 and FM2-l O (see al so Klingauf et al., 1998), and by varying the time window for FM 
dye uptake. Both approaches indicated that vesicles which had been held in the RRP (-25% 
of the total recycling population) underwent rapid endocytosis {t-1 s); ves icles newl y 
recruited from the reserve pool were recycled by convcntional slow endocytosis (t- 20-40 s). 
Neurotransmission was monitored in conjunction with destaining of the rapidly dissociating 
FM2-l O during repeated hypertonic challenges. The ability to release neurotransmitter 
showed a rapid recovery (t-I O s), as previously reported, whereas restoration of the FM2-l O 
fluorescence decrease too k > 1 0-fold longer. Al 15 s following exocytosis of the RRP, 
neurotransmission had rccovcred but FM2-I O destaining had no t. Finding neurotransmission 
in the absence of destaining implied that RRP vesicles that had rapidl y cndocytoscd were then 
reuscd. Reuse of RRP wsicles is distinct from n:population of thc: RRP by rccruitmcnt from 
the reserve pool, the hitherto recognized mechanism. As a means for expanding the functional 
capabilities of the limited number of presynaptic vesicles, reuse would be particularly 
effective during interrnittent bursts of activity. 

This work was supported by NINDS, NIMH, the Mathers Foundation and the 
McKnight Foundation. 
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Regulated exocytosis and fast endocytosis in chromaffin cclls: a reflcction of 
the state of thc fusion pore? 

Guillermo Alvarez de Toledo, Lucía Tabares and Manfred Lindau* 

Dept. ofPhysiology and Biophysics, School ofMedicine. Univ. ofSeville, Spain. 
+ School of Applied Engineering and Physics. Cornell University, Ithaca, New York, USA. 

Release of neurotransmitters and hormones by neurons and endocrine cells is a key 
event in cellular communication and whole body homeostasis. The release process occurs by 
exocytosis, a phenomenon characterized by the addition of vesicular membrane to the plasma 
membrane through the fonnation of a fusion pore between both membranes. Exocytosis 
allows the release of vesicle contents, meanwhile endocytosis is responsible for the retrieval 
of plasma membrane to maintain the cell surface constant. For many years, exocytosis has 
been considered an all-or-none and irreversible event, triggered by a cellular signa!, which in 
most cases is an increase in cytosolic calcium through the opening of voltage dependent Ca2

+ 
channels. Conversely, endocytosis was demonstrated to be an independent phenomenon from 
exocytosis. 

We are studying the dynamics of exocytosis and endocytosis with time-resolved 
(milliseconds) electrophysiological techniques. Using a combination of patch-clamp 
capacitance measurements and electrochemistry we can monitor exocytosis of single 
secretory vesicles and to record the dynamics of neurotransmitters as they exit secretory ce lis. 
In addition, these techniques offer a unique opportunity to follow dynamic changes in cell 
surface area dueto exo and endocytosis. We show that during exocytosis the cell surface area 
increases and transmitter release occurs at least in two stages: 1) Ieak of transmitter through 
the nascent fusion pore, 2) bulk release when the pore has fully dilated. These phases might 
be under cellular control, and can be aborted at any time, reversing the course of exocytosis 
(flicker or transient fusion) . This mechanism represents the fastest and most selective way of 
endocytosis, helping to maintain cell integrity and rapid reuse of secretory vesicles . We try to 
show that fast endocytosis, the fastest known mechanism of coupling exocytosis and 

· endocytosis is just the reflection of fusion pore closure. 

References: 
Alvarez de Toledo, G., Femández-Chacón, R. and Femández, J.M. 1993. Release of secretory during transient 
vesicle fusion. Na tu re 363, 554-557. 
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Exocytosis of catecholamine-free granules in chromaffin cells 

Lucía Tabares 1
, Eva Alés 1

, Manfred Lindau2 and Guillenno Alvarez de Toledo' 

1 Departamento de Fisiología Médica y Biofisica. Facultad de Medicina. Universidad de 
Sevilla. 41009 Sevilla. Spain. 2 School of Applied and Engineering Physics. Cornell 

University. Ithaca, NY 14853-2501. USA 

In chromaffin cells, the combination of cell-attached patch-clamp capacitance 
measurements and the simultaneous electrochemical recording of catecholamines (CA) by 
amperometry (patch amperometry), have demonstrated that a granule can reversibly fuse with 
the plasma membrane and release its CA content with a time course indistinguishable from 
that of irreversible fusion events. The occurrence of such events is directly proportional to the 
extracellular Ca2

+ concentration. Release of CA and closure of the fusion pore may lead to a 
granule located near the plasma membrane that could be refilled of transmitter without 
undergoing a complete cycle of synthesis through thc endosome. However no proof has been 
reported showing the ability of such endocytosed secretory granules to undergo a new round 
of exocytosis. 

We now show by means of patch amperometry in chromaffin cells that two types of 
granules can fuse with the plasma membrane, one containing CA and other CA-free (blanks). 
Frequency histograms of capacitance step sizes showed that CA-containing granules average 
size (±SO) was 1.25 ± 0.7 fF (n=142, 8 cells) and that of CA-free granules 0.86 ± 0.46 fF 
(n=53, 17 cells). Transformation of granule capacitance to granule radius predicts an average 
(±SO) granule radius of 96 ± 25 nm for CA-containing granules and of 80 ± 21 nm for CA
free granules. Most granules had a homogenous CA concentration, with the exception of 
granules that did not release CA at all or very little, indicating that granules that contain CA 
were nonnally fu! l. No preferred time distribution of blank events along the recordings were 
apparent, indicating that these granules, like CA-containing granules, were ready for fusion. 

The average time (± S.E.M.) for fusion pore expansion was almost five times shorter in 
CA-containing (12 ± 1.8 ms, n=50) than in CA-free chromaffin cell granules (58 ± 21 ms, 
n=20). CA-free granules spent more than 80% of its expansion time with a conductance 
below 200 pS and the average pore conductance was 195 pS (n= 234). By contrast, CA
containing granules hadan average conductance of 560 pS (n=86) , spending less than 20% of 
its expansion time with a conductance below 200 pS. These results indicate that, although 
chromaffm cell granules fuse with the membrane regardless of the presence or not of CA 
inside the granule, CA-free granules tend to enlarge their fusion pores slowly, staying for 
longer periods at smaller conductance values. 

In summary, our results demonstrate the existence of CA-free granules in chromaffin cells 
and the ability of such granules to fuse with the plasma membrane. 
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Leucine 203 plays a critical role in the function of SNAP-25 on exocytotic 
membrane fusion in chromaffin cells 

Luis M. Gutiérrez, Anabel Gil , Salvador Viniegra and Manuel Criado 

Instituto de Neurociencias, Departamento de Neuroquímica, and Facultad de Medicina, 
Universidad Miguel Hemández, Campus de San Juan., 03550 Alicante, Spain 

Green fluorescent protein (GFP) fused to SNAP-25 (synaptosomal protein of 25 kDa) 
can be overexpressed in chromaffin cells and used to investigate essential amino acids 
supporting t-SNARE exocytotic function, overcoming sorne of the limitations of neurotoxin 
based studies. Constructs containing either the whole SNAP-25 polypeptide or severa! deleted 
forms lacking its C-terminal domain were heavily overexpressed in transfected cells and 
present in both the cytoplasm and the plasma membrane. By using single cell amperometry 
we have observed that a construct containing complete SNAP-25 sequence sustained normal 
secretion, while removal of only four amino acids of its C-terminus greatly altered the rate 
and extent of exocytosis. Further mutational analysis proved that, in fact, Leu203, the fourth 
residue from the C-terminus, is critica! for secretion. Kinetics of single granule fusions from 
cells expressing truncated forms showed slow onset and decay times when compared to 
control cells expressing endogenous SNAP-25 or the construct containing the full SNAP-25, 
while both displayed similar population of rapidly releasable vesicle pools secreted in 
response to hyperosmotic solutions. Single vesicle analysis suggest that as a matter of fact the 
final events of vesicle fusion and catecholamine release may be altered by alterations in 
SNAP-25 above mentioned. Further studies on the "in vitro" forrnation of the SNARE 
complex with the altered forrns of SNAP-25 indicated that both the forrnation and 
dissasembling of this structure is changed with respect to the normal proteins. Taking 
together, these data provide direct evidence for the involvement of a specific residue of 
SNAP-25 in the exocytotic membrane fusion event happening in chromaffin cells, and show 
that overexpression of GFP-SNARE constructs combined with single vesicle fusion 
measurements constitutes a powerful approach to dissect the precise structural elements 
supporting a role in individual steps ofthe exocytotic cascade. 

Supported by Grants from the Spanish Dirección General de Investigación Científica y 
Técnica and Generalitat Valenciana toS. V.(DGICYT, PM 98-0101) and L. M. G. (GV99-
155-1-05) and M.C. (DGICYT PB95-0690). 
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Molecular mechanism of clathrin-mediated endocytosis 

Harvey T. McMahon 

Clathrin-mediated endocytosis is essential for many processes in the cell from 
internalisation of receptors, the maintenance of membrane integrity, to its specialised function 
in nerve terminals the pathway is used to recycle synaptic vesicle components. To understand 
the molecular mechanism of clathrin-mediated endocytosis our laboratory has taken a 
structural and biochemical approach . 

We have provided evidence that in nerve terminals, endocytosis has a distinct calcium 
trigger from exocytosis, the calcium dependen! phosphatase calcineurin. This catalyses the 
dephosphorylation of endocytic proteins (including amphiphysin and dynamin) on nerve 
stimulation. Amphiphysin recruits dynamin to sites of endocytosis by binding to the adaptor 
protein complex AP-2, which in turn binds to membrane proteins to be endocytosed . We ha ve 
sol ved the structures of domains from the adaptins, AP 180 and amphiphysin to understand the 
specificity and adaptations ofthese proteins in endocytosis. Furthermore we have investigat ed 
the function of dynamin in vesicle fission using electron microscopy. We find that dynamin 
only associates with PIP2 containing lipids and have identified critica! residues for lipid 
binding in its PH domain. On multimerisation around the neck ofa vesicle, dynamin's GTPase 
activity is activated. We observe that on GTP hydrolysis dynamin spirals undergo a 
lengthwise extension- which we believe drives the vesicle away from the membrane causing 
lipid fission . 
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The role of lipids in the biogenesis of synaptic-Iike microvesicles 

Wieland B. Huttner 

Department ofNeurobiology, University ofHeidelberg, 
and Max-Planck-Institute ofMolecular Cell Biology and Genetics, Dresden, Germany. 

We have studied the biogenesis of synaptic-like microvesicles (SLMVs), the 
neuroendocrine counterpart of synaptic vesicles of neurons, in the neuroendocrine cell line 
PCJ2 (1). SLMVs originate from a specialization of the plasma membrane (2). Using a cell
free system (3), the cytoplasmic machinery mediating SLMV formation has been studied and 
found to include dynamin and the dynamin-interacting protein endophilin l, a 
lysophosphatidic acid acyl transferase (4). Synaptophysin, a major oligomeric membrane 
protein of synaptic vesicles and SLMVs (5), specifically interacts with cholesterol, and 
cholesterol is required for SLMV biogenesis (6). 

References: 
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Vesicle cycling at the synapse of a retinal neuron 

Leon Lagnado 

MRC Laboratory of Molecular Biology, Cambridge, UK 

We are investigating exocytosis and endocytosis by the fluorescent labelling of vesicles 
with the dye FM 1-43 (Lagnado et al.,l996), and by the measurement of changes in membrane 
capacitance (Neves and Lagnado, 1999; Burrone and Lagnado, 2000). We apply these methods to 
a neuron with an unusually large synaptic terminal- the depolarizing bipolar cell from the retina of 
the goldfish. Like hair cells in the ear, these neurons possess synaptic structures ("ribbons") that 
tether vesicles close to the active zone. 

Both capacitance and fluoresccnce measurements indicate that there are three kineticall y 
distinct pools of vesicles in this pre-synaptic terminal (Neves & Lagnado, 1999). The two most 
rapidly released pools probably correspond to vesicles docked at the active zone and attached to thc 
ribbon. The slowest component of exocytosis occurs continuously during maintained 
depolarization, and involves a pool of about 700,000 vesicles that is rapidly replenished by 
(Lagnado et al, 1996). Calcium stimulates the transfer of new vesicles to the most rapidly released 
pool of vesicles on the plasma membrane (Gomis et al., 1999). 

Capacitance measurements indicate that endocytosis does not occur at a fixed rate. After a 
brief stimulus, all the membrane is retrieved rapidly (time-constant -1 s). But after a longer 
stimulus that triggers more exocytosis, a proportion of the membrane is retrieved more slowly 
(time-constant -1 O s). This modulation of endocytosis may be dependen! on the calciurn signa!, 
since the rapid mechanism of retrieval can be blocked by introducing 2-1 O mM EGT A into thc 
terminal. 

Fluorescence imaging of FM 1-43 uptake indicates that membrane is recycled into two 
compartrnents, both localized to a region within 2-3 )..lm of the plasma membrane. The first 
compartrnent is diffuse and can release the dye again, so we believe that it represents synaptic 
vesicles. The second compartrnent appears as large "hot-spots" from which the dye cannot be 
released, and may represen! endosomes. 
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Keeping up with glutamate release 

Robert Edwards 

Synaptic transmtsswn involves the exocytotic release of neurotransmitter stored at 
high concentrations inside synaptic vesicles. Since many nerve terminals sustain high rates of 
vesicular rclcasc. thc amounts of transmittcr rclcascd can he enormous and may greatly 
exceed the relatively small amounts prcscnt in the cytoplasm, where most classical 
transmitters are made and from which they must be transported into synaptic vesicles for 
exocytotic re tease. In the case of severa! classical transmitters such as dopamine, the plasma 
membrane reuptake systems that are generally considered to termínate synaptic signalling also 
serve to recycle the released transmitter. Indeed, recent work has shown that this recycling, 
rather than de novo synthesis, provides the bulk of stored neurotransmitter. Many plasma 
membrane neurotransmitter transporters occur presynaptically, supporting this role. 
However, the glutamate transporters that have been identified thus far occur mostly on 
astrocytes or postsynaptically rather than on the nerve terminal, suggesting different 
mechanisms for recycl ing of the princ ipal excitatory neurotransmitter. 

Work over the last 30 years has suggested that glutamate recycles through the related 
ami no acid glutamine and through astrocytes rather than directly back into the nerve terminal. 
Specifically, it has been proposed that the glutamate taken up by known glial excitatory amino 
acid transporters undergoes conversion to glutamine by glutamine synthetase. The glutamine 
produced by this mechanism is then released from the astrocyte, taken up the neuron and 
converted back to glutan1ate by glutaminase prior to packaging into synaptic vesicles. 
However, the mechanisms responsible for glutamine transfer from astrocyte to neuron have 
remained unknown. In the course of studying a family of proteins that transport amino acid 
transmitters into synaptic vesicles, we have identified severa! novel members that contribute 
to this glutamine-glutamate cycle. 

The vesicular GABA transporter (VGA 1) uses a proton electrochemical gradient to 
purnp GABA into synaptic vesicles. In particular, it exchanges Jurnenal protons for 
cytoplasmic transmitter (Mclntire et al., 1997). We have now identified a subfamily of 
proteins related to VGAT that occur at the plasma membrane rather than secretory vesicles, 
and on astrocytes as well as neurons. These proteins recognize a variety of amino acids in 
addition to GABA. One cotransports Na+ with primarily glutamine in exchange for a proton. 
As a result ofthe ionic coupling and stoichiometry, this protein mediales flux reversa! Wlder 
physiological conditions (Chaudhry et al., 1999). Localization to astrocytic processes 
surroWlding synapses further suggests that it catalyzes the effiux of glutamine required for the 
glutamine-glutamate cycle. The function also corresponds to a classical amino acid transport 
activity described years ago as System N. Closely related to the System N transporter (SNJ), 
we have now found that two other proteins that correspond to classical amino acid transport 
System A and catalyze the Na+ -dependen! uptake of a wide range of neutral amino acids, 
including glutamine. However, unlike SNI, the System A transporters (SAl and SA2) do not 
appear to translocate protons (Reimer et al., ), making them entirely dependen! on cotransport 
with Na+. As a result, these proteins do not mediate flux reversa) under physiological 
conditions. SAl and SA2 occur on neurons and may thus mediate the uptake of glutanúne 
required for the glutamine-glutamate cycle. In surnmary, a family of closely related transport 
proteins mediales multiple aspects of the neurotransmitter cycle, from vesicle packaging to 
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recycling through astrocytes. Differences in ionic coupling to H+ and Na• contribute to 
specific roles in efflux and uptake. 
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INW ARO CURRENT Tiffi.OGUH CALCIUM CHANNELS IS REGULA TED BY THE 

TRANSMEMBRANE DOMAIN OF SYNTAXIN lA 

Daphne Atlas, Ofer Wiser, Michael Trus. 

Department of Biological Chemistry, Tlze Hebrew University of Jerusalem. Jerusalem 

991904, Israel 

Syntax.in lA plays a critica! role in exocytosis by parúcipating in several protein-protein 

interactions that ha ve been imp!icated in neurotransnútter release. To pro be the 

functional interaction of syntaxin lA with the N- and the Lc-type Ca,_. channels we 

preJ?ared a Sxl -2 chimera by replacing the syntaxin lA transmembrane (TM) domain 

with the TM domain obyntaxin 2. Sxl-2 expressed in Xenopus oocytes along .,.,ith the 

N-type or Lc-type Cal-+ channels unlike syntaxin lA, failed to inhibit inward current but 

retained the syntaxin lA induced slowdown of channel-activarion. The exchange of TM 

domains of syntaxin lA with that of syntaxin 2 showed a loss of function in tenns of 

current amplitude but no d.iffercnce in the effect on the rate of activation. To explore 

whether the two si tes influence the channel independently we used cleavage by 

Botulinum toxin Cl (Bot-Cl). After syntaxin lA cleavagc with Bot-Cl, the cytosolic 

c!eaved fragment decreascd the activation rate of the channel similar to intact synt~in 

lA, whilc inhibition of ion flow was los t. These results confirm two interacting si tes of 

syntaxin lA with N- and L-type Ca2+channels: a TM domain that inhibits maximal 

current, most likely by interacting with TM domain(s) of the channel, and a syntaxin 

cytosolic domain, responsible for !owering the rate of channel activation. Furtherrnore, 

these results demonstrate that the cytosolic domain interacts with the channel 

independently of d1e TM domain . Loss of ion flow rcgulation by Bot-Cl cleavage 

demonstrates the pivota! role played by TM-domain of syntaxin in controlling the gating 

properties of voltage-sensitive Ca1+ channels. 

Wiser,O., Bennett,M.K. and Atlas,D (1996) Functional interaction of syntaxin and 

SNAP-25 with volt.a.ge sensitive L- and N-type ca2+ channels. EMBO 1.,15, 4100-4110. 

Wiser,O., Tobi,D., Trus,M. and Atlas,D. (1997) Synaptotagmin restares kinetic 

properties of a syntaxin-associated N-type voltage sensitive calcium channel FEBS Lert., 
404,203-207. 
Tobi,D., Wiser,O., Trus,M., and Atlas,D. (1998) N-type voltage-sensitive calcium 

channel int.eracts with syntaxin, synaptotagmin and SNAP-25 in a multiprotein cornplex. 

Receptors and Channels , 6, 89-98 · 

Wiser,O., Trus,M., Hemandez,A., Renstrüm,E., Barg,S., Rorsman,P., and Atlas,D. 

(1999) The voltage sensitive L-type caz+ channel is functionally coupled to the exocytotic 

machinery. Proc. Natl. Acad. Sci. USA, 96, 248-253 
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R-TYPE Ca
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CHROMAFFIN CELLS ANO CONTROL THE 
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The characteriza.tion o( Ca
2

' channels subtypes in chromaffin cclls had been performed up 
10 

now under conditions far fi·om the physiological situation, due to the use of: (i) isolated cells 

rnaintaincd in culture, which might exhibir substantial diffcrcncics with slicc celfs; (ii) !.he 

whole-<:ell eonfiguration of thc patch·damp tcchnique, which might allow dialy~i . ~ of relevant 

facto~ for Ca
1

' ch~nncls nnd sccrclion; (iii) Ba1
' Íu$tc~d of Ca 1' as a ch.vgc can ice. In l.h" 

prcsent study. we charactcrized for the f.trst time Ca1
' channel subtypes in chromaffin cells o( 

mouse adrenal sliccs, using !.he perforatcd-patch configuration of the patch·damp l.echniquc. 

Under these conditions. we rcvculed !he presence of a subtype of Cah channcl ncver dcscribed 

in chromaffm cells, a toxin and dihydropyridinc rcsistant ch:mncl, with similar propenics ro thc· 

neuronal R-type channel. Thc r .... sistiUlt Ca 2
' channel i.n mousc adrensl sliu: chromaffin cclls 

contributcs 22% lo the tol.J.l Ca1
' currcnt. and 55% lo thc rapid sccrctory response evokcci by 

shon depolarizing pulses . mcasured with cap3citancc techoiqucs. Thcsc da1.1 imply thar. R-ty¡x 

channcls are colocalized with thc cxocytot.ic machincry lo rapidly control the secretO!)' proccss . 

Concerning l.he olher high-1.h.rc.~hold volt.1ge activated Ca1
' channel subtypes (L-, N- , P-. and 

Q-type channels), our data demonstrate substantial quanútstive differcnces with Cn2
' channd 

subyl.pes desctibed in mouse chromaffin cclls m..sintained in culture (Hcmándcz-Guijo el al. . 

1998). Whilc in mouse adren al slicc chromaffin cells l.he contribution of P-, Q-. L-, and N-typc 

channels was 22.4±4%, 22.6±7%, 27±4% and 35±5%, in mouse cultured chromaffin cells 

l.hese values corresponded to 0%, 39±2.5%, 41±2% and 27.4±1%, respectivcly. Besidcs that. 

Ca1
• channel subtypcs in adrenal slice cclls ex.h.ibit import.mt kinetic differencies with neuronal 

Ca¡,. channels. 

Discrepancies with previous studies in chromaffin cells emerged not only from thc use of 

adreoal slice cclls, but also from the patch-darop configuration uscd. Thus, our data posscss 

relevant physiologicaJ and methodological importancc. 

Rcf~ 

Hcmánde.:-Guijo 1M, de PIISCUal R. GarcíA AG. Gandf& L (1998) Sq>ar.uion of calcium chnnncl curret~t 

components in mouse chromaffin c<:!(s supecfuscd with low- and high-barium (o(utions . l'fiügers Arch Eur J 

Pbysio! 436: 75-82. 
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Fusion between Saccharomyces cerevisiae secretory vesicles and 
cytoplasmic-side-out plasma membrane vesicles in vitro 

Lorena Arrastua, Ana F. Quincoces, Wolfgang Skibar, Claude Antony 1 and Unai Ugalde 

From the Faculty ofChemistry, Biochemistry Unit, University ofthe Basque Country, 
Box 1072, E-20080 San Sebastián, Spain; and lnstitut Curie, Centre National de la Recherche 
Scientifique UMR 144, 1Laboratoire Mécanismes Moléculaires du Transport lntracellulairc. 

F-75248 Paris Cedex, France 

The fusion event between secretory vesicles and the plasma membrane is the final step 
in the secretory pathway, which also plays an importan! role in the control of ce ll 
morphogenesis . The process has been reconstructed in vitro using puri fied secretory vesicles 
from a sec 6-4 temperaturc sensitive mutant and cytoplasmic-sidc-out plasma membrane 
vesicles. Fusion was monitored through the dilution of the lipophilic self-quenching 
fluorescent probe octadecylrhodamine B-chloride (R 18) incorporated into secretory vcsicl e 
membranes . lmmunoelectron microscopy, using gold-labeled ant ibodies directcd against the 
probe, reconfirmed the evidence obtained by fluorimetric measurements. The fusion process 
was strongly dependen! on temperature and the cation composition ofthe medium, showing a 
half maximal fluorescence increase of 1 O % after 17 minutes at 30°C. The fusion process was 
observed irrespective of ATP and cytosolic extrae! addition or N-ethylmaleimide (NEM) 
treatment, but is strongly inhibited by mi1d proteolytic treatment, and separate preincubation 
with polyclonal antibodies against Ssolp (t-SNARE) or Snclp (v-SNARE) proteins . Taken 
together, the results show that secretory vesicle priming precedes transport to the fusion site 
and no further steps are needed on contact with the target membrane. 
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ANTIHODIES PRODUCTION FOR A NOVEL CALCIUM DEPENDENT 

EXOC'YTOSlS 

B. Bor~o n ovo, G. Racchetti, E. Cocucci, P. Podini, J. Meldolesi 

Dibit, l )epartrnent of Neuroscience, San Raffaclc Scicntific Institute of Milan 

Du ri ng our investigation on the mechanisms involved in thc regulated sccretion p::Hhway, we have 

isolatec · a rnutant clone, derived frorn thc neurosecre10ry ce U !in e PC 12, tl!at , s till re ta in ing !he 

neuron ·¡J phenotype, has Iost thc vesicle.~ and almost all the machiocry for the regulated se.:-.rctioo. 

In this puticular clone Haruo Kasai (PNAS 96:945-949, 1999) was able to identify, by capacirancc 

m easu ements, an cxocytotic event Lriggcrcd by photolysis of a caged calcium compou nJ, 

charac c .~ rized by slow kinetics and, probably , driven by ditferent proteins , since class icd SNAREs 

(i. e. VJ,MP2. synaptotagmi n l. SNAP25) are not present anJ sincc rhis phenomcnon is Tt.!t ;!nus tox in 

in se ns tive . In paral!el , the discovery of calcium induccd cxocytotic cvcnts in non sp.:ciJli.z<.!ci cd!s 

such a:. fibroblasL~. adipocytes and cpithc!ial ce!l s, and thc doning of nev,o non ne uronill i soform~ uf 

ne. uro,;,crctory prorcins, suggcsred new que.stions on membrane trafficking . 

In orcl· :r to investigare the subcellular cornpartmc:nts in volved in this novt:l c.1lcium depende m celi 

~ urfacc · increase, wc have gcncraled a panel of antibodies able to recogn..ize the protcins exposcd on 

plasm; membrane during calcium influx in the PC1 2 mul<~nl clouc:. 

Hybril oma cells were obtaincd by fusing imm unizcd m ice JymphnoJc::::; willJ myeloma cell linc and ;J 1c 

:Jntiboolies therefrom derived were testcd in EL! S A, Westcrn blot, and immunofluoresccnce anal ysis 

for thc re<~ctivity against proteins located on thc pl3smamembr:~ne of iono111ycin !reateLI PC12 mut.'lnt 

clone. The aim of our stud y is the identifica! ion of tbcse antigens, thcir ti ssue Jist ribution a.nci thc 

ph y s ic logical rncanning. 
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Dcpolimcrization of actin cytoskclcton cnhanccs thc frcqucncy of unitary 
cxocytotic cvcnts in rat mclanotrophs 

Helena H. Chowdhury and Robert Zorec 

Actin cytoskcleton is involved in exocytosis and cndocytosis. Both processes affect 
the arca of the plasma membrane . An elegant way to monitor these proccsses is to measurc 
membrane arca continuously by measuring membrane capacitance (Cm), wich is lineary 
related to the membrane arca. Previously, we measured Cm in cultured rat melanotrophs 
pretreated with Clostridium spiroforme toxin (CST), which specifically depolymerises F
actin. We have observed a transient and a sustained effect of CST-treatment on changes in 
Cm at high or low [Ca2+]i respectively, which suggest a distinct role of cytoskeleton in Ca2+
dependent and Ca2+-independent changcs in Cm. Transient enhancement of the Cm ratc by 
CST is consisten! with a barrier role of cytoskeleton in regulated exocytosis. TI1c sustaincd 
cffect of CST on Ca2+-independent changes in Cm suggests cytoskeletal involvement in 
endocytosis (Chowdhury et al., 1999). Here wc used cell-attached mode of patch-clamp 
technique to measure attofarad changes of patch-membrane capacitance. Each positive step of 
Cm was interpreted as an cxocytotic cvcnt and each ncgative step as an cndocytotic evcnt. 
TI1e frequency of exocytotic events was significantly higher in toxin treated cells than in 
control cells . Frequency of exocytotic events in control cells was lower than the frequency of 
endocytotic events but in toxin treated cells the predominan! process was exocytosis . Rcsults 
are consisten! with the view, that actin cytoskeleton acts as a barricr for secretory activity in 
rat melanotrophs and that cndocytosis rcquires an intact cytoskcleton. 
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Propcrtics of /)ro.mp!ti/a synaptic L>outons undrr patch-damp: Nrurotransmiltct· rclc:tsc in 
ariat!ne mutants. 

M. Mat1Íncz-Padrón and A. Ferrús 
Instituto Caja! CSIC. Madrid 

Aíming to a comprehensive analysis of relea se. we developed a 1 )m.m¡J/Iilu preparation in 
which electrophysiological recordings fi·om peptidergic terminal s are feasible . Using patch
clamp technic¡ues. we analyzed voltage-dependent potassi um currents at the macroscopic and 

single-channel leve!. We found that Shuk('r 111 current s are not present in this terminal. lnstcad. 

Shol. Shah and Sholl' currents are lound bast:d un the biuphysical propenies of the 
corresponding channels identilied . The Cal · curren! in this type of terminal llave been studied 
with Ba2

· as charge carrier. The presynaptic n1embranc c:-;presses ;1 curren! typc with high
activation threshold ami littlc inacti va tion . This current is blocked by ve rapamil ancl diltiazem 
at micromolar concentrations. it is relatively insensitive to nifedipine and complctely resistan! 
to non L-typc Ca 2

• -channel antagonists 

On the othcr hand. we havc idcntified a novel protcin lamily. Ariadnc. characterized by the 
presence of two RING-Iinger motifs Mutallt s in this gene e:-;hibit severe abnormalities in axonal 
projections. We havc studied thc possible involvement t>f thi s prutein in synaptic secretion as 
indicative of growth conc projection delects . uri mutants present abnonnal synaptic release at the 
larval stage. The ti·ec¡uency of spontancous release is significantly reduced in all uri alleles testee! . 
Al so. a point mutation within the RING tinger that interacts with UbcD 1 O results in potentiation of 
evoked relea se likely due to an increased probability of vesicle ti1sion in response to calcium. 
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The heterotrimeric Gi3 protein is required in slow exocytosis 
of rat melanotrophs 

Marko Kreft, Stéphane Gasman, Sylvette Chasserot-Golaz, Vlasta Kuster, Marjan Rupnik, 
Sujit K. Sikdar, Marie-France Bader, and Robert Zorec 

Besides playing a role in the signa! transduction cascade operating at the plasma 
membrane, trimeric G-proteins may also be involved in the regulation of calcium-evoked 
secretion. The precise role of G proteins at specific stages of the exocytotic and endocytotic 
machinery remains to be determined. Our aim was to study the role of Gi3 and Gi 112 in 
regulated secretion in rat melanotrophs. By inununocytochemistry, we provide the evidence 
that in rat melanotrophs Gi3 resides mainly in the plasma membrane whereas Gil/2 is 
preferentially associated with the membrane of secretory granules. We used patch-clamp 
membrane capacitance measurements to monitor exocytotic activity in single rat 
melanotrophs. Mastoparan, a specific activator of trimeric G-proteins was found to enhance 
calcium-dependent secretory activity in rat melanotrophs. We introduced the synthetic 
peptides corresponding to the C-terminal doma in of the alpha-subunit of Gi3- and Gi 112-
proteins. Peptide Gi3 but not Gil/2 specifically blocked the mastoparan-stimulated secretory 
activity, which indicates an involvement of a trimeric Gi3-protein in secretory activity. In a 
series of experiments, cells were stimulated by increasing cytosolic calcium quickly and 
uniformly using flash photolysis of caged Ca2+. Photolysis of caged Ca2+ activated a 
biphasic membrane capacitance response, revealing an early and a slower phase of exocytosis, 
followed by endocytosis. lnjection of specific antibodies against the alpha-subunits of Gi3-
protein selectively affected the slow but not the fast component of the membrane capacitance 
response. We propose that the plasma membrane-bound Gi3-protein may be involved in 
regulated secretion by specifically controlling the slow kinetic componen! of exocytosis. 
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Effect of protein kinase C activation on catecholamine secretion from PC12 cells 

S.C. Taylor & C. Peers 

lnstitute for Cardiovascular Research, University ofLeeds, Leeds LS2 9JT, U.K. 

Exocytosis from excitable cells has long been known to occur following rapid, local rises 
of [Ca1

• ]; due to Ca1
• influx vía voltage gated Ca1

• channels. However, recen! studies have 
shown that even in sorne excitable cells, exocytosis can be triggered without a rise of (Ca2

" );, 

when protein kinase C (PKC) is activated (reviewed by Hille et al., 1999). With thi s in mind, wc 
investigated the effects ofPKC activation on catecholamine release from individual PC12 cells, 
using amperometric techniques (Taylor et al., l999a,b ). 

Bath application of TP A (3-300nM) caused a concentration-dependent increase in the 
appearance of exocytotic events (1.44 ± 0. 14Hz, at lOOnM, n=12 cells), which are nom1ally 
absent under these conditions (24°C, [K•lo S mM). This action of TP A was not mimicked by 4a
PDD (a phorbol ester inactive with respect to PKC activation, n=l 0), and was fully inhibited by 
bisindolylmaleimide (BIM; 3!-LM), a PKC in.hibitor (n=8) . Thus, PKC activation alone was 
sufficient to induce secretion from PC12 cells. During TP A-induced secretion, removal of Ca1

" 

or addition of Cd1
• (200!-LM) to the perfusate completely abolished secretion, indicating a 

complete dependence of PKC-mediated exocytosis on Ca1
• influx through voltage-gated Ca1

" 

channels. TPA (lOOnM), but not 4a-PDD or TPA in the presence ofBIM, also caused a marked, 
reversible rise of[Ca2

•]; as measured in cells pre-loaded with Fura-2. 
Nifedipine (2!-LM), an inhibitor of L-type Ca2

• channels, almos! completely abolished 
PKC-mediated exocytosis and rises of [Ca2

• );, suggesting that PKC selectively activated Ca2
• 

influx through L-type Ca2
• channels. Our previous studies have shown that in PC12 cells 

depolarization-evoked rises of [Ca2+]; and exocytosis (using 50mM K• as the stimulus) are 
almos! completely inhibited by ro-conotoxin GVIA-sensitive N-type Ca2

• channels, with only a 
small contribution from L-type and P-type channels (Taylor & Peers, 1999). Thus, our results 
suggest that PKC activation somehow selectively prometes Ca2

• influx through L-type Ca2
• 

channels to trigger exocytosis. Preliminary patch-clamp recordings indicate that TP A shifts the 
activation of L-type Ca2

• channels to more negative potentials, allowing Ca2+ influx at potentials 
el ose to resting membrane potential, without affecting other Ca2+ channels present in these cells. 

Our results indicate that PKC can evoke secretion of catecholarnines from PC12 cells 
without any depolarizing stimulus being applied. In contras! to the effects of depolarizing 
stimuli, this secretion is largely mediated vía L-type Ca2

• channels, possibly vía a PKC-mediated 
hyperpolarizing shift in their activation. 
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Discrete, Stochastic Modeling of Vesicle Traffic in the 
Presynaptic Bouton 

Jason L. Pyle and Richard W . Tsien 

Presynaptic boutons of the central nervous system are capable of continuous 
neurotransmitter secretion over extended periods and wide rangcs of stimulus frcqu ency. 
In order to understand bctter the influencc of vesicular turno ver on synaptic transmiss ion , 
we ha ve developed a simulation of presynaptic vesicular trafficking based on 
experimentally derived parameters from recordings of electrical md styryl dye signals. 
We describe vesicular turnover with a discrete, stochastic modcl that treats vesicles as 
individual entities, tracking their movemcnt a long p a th\\~ a y s of vesicular transpon . 
Following published experimental evidence, vesicles are function ally and 
morphologically divided up between a pool that is immediatcly avail able for relcase and 
another larger pool that stands in reserve. Mcmbranc fu sion proceeds with a rclcasc 
probability related to the size of thc pool of immediatcly relcasable vesicles (Dobrumz 
and Stevens, 1997) and is followed by eithcr rapid vesicular rctrieval or complete 
collapse and slow endocytosis (Ryan and Smith, 1995; Klingauf, et al. 1998). We 
incorporate the recent finding that readily releasable vesicles preferentially undergo rapid 
endocytosis and become available for 
additional release events, a process that 
maintains secretory competence without 
drawing from the reserve pool of vesicles 
(Pyle, et al. 1999). The rapid retrieval of 
readily releasable vesicles can be 
independently tested by use of bromophenyl 
blue (BPB) as a quenching agent. Unlike 
quenchers used in our previous work, which 
fail to undergo uptake by synaptic vesicles 
(Pyle, et al. Neuron 1999), BPB rapidly enters 
vesicles, and when adnúnistered in parallel 
with FM 1-43, largely elinúnates the increase 
in fluorescence in dye loading experiments. In 
the presence of BPB, loss of fluorescence 
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from FM 1-43 loaded vesicles u pon field stimulation is much fas ter than in the absence of 
the quencher (Figure). Both sets of data can be closely fitted with curves generated by the 
model though the parameters of the simulatioó were deternúned without information 
from styryl dye quenching experiments (Figure, sol id lines). We extend the usefulness of 
our simulation by evaluating the time and frequency response of a presynaptic terminal. 
By varying input stimulus duration and frequency, we empirically derive a transfer 
function that describes how information crossing a synapse of the central nervous system 
is influenced by vesicle trafficking. 
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Study on the mechanism of action of presynaptic PLA2 neurotoxins on 
nerve terminals 

Ornella Rossetto 

Dept. ofBiomedical Sciences, University ofPadua, Vía G. Colombo 3, 35121 , Padova, Italy. 
Te!: +39-049-8276077; Fax: +39-049-8276049; E-mail : rossetto@civ.bio.unipd.it 

Severa! animal venoms contain toxins with phosphol ipase A2 (PLA2) activity. These 
enzymes hydrolyse the sn-2 ester bond of 1 ,2-diacyl-3-sn-phosphoglycerides producing fatty 
acids (FA) and lysophospholipids (LysoPL)l. Sorne snake venoms contains presynaptic 
PLA2 neurotoxins that cause a persisten! blockade of neurotransmitter release from nerve 
terminals l. Intra-peritoneal or intravenous injection of these neurotoxins leads to animal death 
by respiratory failure due to paralysis of respiratory muscles . Three subsequent phases can be 
distinguished at the NMJ poisoned by PLA2 neurotoxins: a short initial phase with either 
decreased or unchanged ACh release , is foll owed by a longer phase ( 10-30 minutes) of 
facilitation of ACh release, which then fades into the third phase of complete and irreversible 
inhibition of neurotransmission. Electron microscopy studies of poisoned NMJ2 revealed 
appearance of many clathrin-coated W-shaped plasma membrane invaginations, located also 
in areas facing the Schwann cells indicating a blockage of endocytosis at a stage following 
formation of the clathrin scaffold, but preceding the closure of the vesicle neck, which 
requires rearrangement of both proteins (dynamin, amphyphysin, adaptor proteins etc.) and 
phospholipids3. Therefore PLA2 neurotoxins both promote fusion of SSVs with the 
presynaptic membrane and inhibit their retrieval, thus causing release of ACh, depletion of 
vesicles and enlargement of nerve terminals. On the basis of these data we are investigating 
whether PLA2 neurotoxins block nerve terminals entering the lumen of synaptic vesicles and 
hydrolyse phopholipids of the inner leaflet of the membrane. We hypothesize that the trans
membrane pH gradient drives the translocation of fatty acids to the cytosolic monolayer, 
leaving lysophospholipids on the lumenallayer. Such vesicles are highly fusogenic and would 
release neurotransmitter upon fusion with the presynaptic membrane, but cannot be retrieved 
because ofthe high local concentration offatty acids and lysophospholi 

References: 
l. Kini, R.M. Editor (1997) Venom Phospholipase A1 enzymes. Structure, Function and mechanism. Wiley & 

Sons, Clúchester 
2. 2. Cull-Candy, S.G. et al. (1976) The effect of taipoxin and notexin on the function and fine structure of 

the murine neuromuscolar junction. Neuroscience 1, 17 5-180 
3. 3. Schmid, S.L., McNiven, MA. and De Camilli, P. (1998) Dynamin and its partners: a progress report. 

Curr. Opin. Cell. Biol. 10,504-512 
4. 4. Montecucco C and Rossetto O. (2000) How do presynaptic PLA1 neurotoxins block nerve terminals? . 

Trends in Bioch. Sci., in press. 
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Vesicle aggregation and fusion induced by pbospholipase C. Effect of 
cerebrosidc and sulfatide 

Asier Sáez-Cirión*, Gorka Basáñez*, Gerardo D. Fidelio" , Bruno Maggio" , Félix M. Goñi* 
and Alicia Alonso* 

*Unidad de Biofísica (CSIC-UPVIEHU) and Departamento de Bioquímica, Universidad del 
País Vasco, Aptdo. 644, 48080 Bilbao, Spain. and "CIQUIBIC. Universidad Nacional de 

Córdoba. Córdoba, Argent ina 

PC-preferring phospholipase C from B. cereus induces aggregation and fusion of large 
unilamellar phospholipid vesicles through in situ generation of diacylglycerol in the lipid 
bilayer. The process is highly sensitive to minor changes in vesicle lipid composition. Very 
low (less than 1 mole%) concentrations of gangliosides markedly inhibit vesicle fusion. In 
this poster we present our results of phospholipase C-induced liposome fusion with lipid 
bilayers containing, in addition to PC, PE and cholesterol, 1-20 mole% of cerebroside 
(galactosylceramide) or sulfatide (sulphogalactosylceramide). Cerebroside inhibits phospho
lipase activity, and consequently liposomal aggregation and fusion . TI1e negatively charged 
sulfatide, however, displays a biphasic behaviour, enhancing the above processes at low 
concentrations (1.2 mole%) and inhibiting them when present at higher ratios. Sulfatide 
effects are also sensitive to ionic strenght. The marked dependence of membrane fusion 
events on the presence of glycolipids may have important consequences for intramolecular 
membrane traffíc and biogenesis. 
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Fusion of Constitutive Membrane Traffic with the Cell Surface 

Observed by Evanescent Wave Microscopy. Derek Toomre*, 

Jürgen A. Steyer", Patrick Keller*, Wolfhard Almers", and Kai Simons* 

'Cell Biology/Biophysics Programme, European Molecular Biology Laboratory (EMBL) , 

Meyerhofstrasse 1, 0-69117 Heidelberg, Germany and Max Planck lnstitute for Molecular 

Cell Biology and Genetics, Dresden, Germany. "Vollum lnstitute, 3181 S. W. Sam Jackson 

Park Rd., Portland, Oregon, 9721 O, USA 

Monitoring fusion of constitutiva traffic with the plasma membrana has remained largely 

elusive. ldeally, fusion would be monitored with high spatial and temporal resolulion . 

Recently, total interna! reflection (TIR) microscopy was used to study regulated 

exocytosis of fluorescently labeled chromaffin granules. In this technique only the 

bottom cellular surface is illuminated by an exponentially decaying evanescen! "wave" of 

light. We ha ve used a prism-type TIR setup with a penetration depth of -50 nm 1 o 

monitor constitutive fusion of vesicular stomatitis virus glycoprotein tagged with the 

yellow fluorescent protein. Fusion of single transport containers (TCs) was clearly 

observed and gave a dislinct analytical signatura. TCs approached the membrane, 

appeared to "dock" and later rapidly fuse, releasing a bright fluorescent cloud into the 

membrane. Observation and analysis provided insight about their dynamics, kinetics and 

position prior to and during fusion . Combining TIR and wide-field microscopy allowed us 

to follow constitulive cargo from the Golgi complex to cell surface. Our observations 

include: (i) local restrained movement of TCs near the membrana prior to fusion, (ii) 

apparent anchoring near the cell surface, (iii) heterogeneously sized TCs fused either 

completely or (iv) occasionally largar tubular-vesicular TCs partially fused at their tips . 
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Fusion of secretory vesicles with plasma membrane vesicles 3 

Unai Ugalde 

Exocytosis is an essential cellular function, which requires the precise control of 
vesicular trafficking in multiple steps, from the ER to the final fusion reaction of post-Golgi 
vesicles with the plasma membrane. Despite the versatility with which this process is 
exploited in al! eukaryotic cells, ranging from yeast enzyme secretion and cell morphogenesis 
to neurotransmitter release, it is understood that the basic process is controlled by a highly 
conserved group of proteins called SNAREs 1 , with the assistance of chaperone-like 
molecules called NSF and SNAP (1-5). Other protein groups have been identified, which 
participate in the specific regulatory features of each cell type, as well as the recycling of the 
cell components. However, details of the molecular interactions taking place between 
membrane components remain unclear, and cell-free systems have been proposed as a useful 
too! to clarify this issue, in combination with structural , biochemical and whole cell 
methodologies. These have been mostly developed for the study of intravesicular trafficking, 
but the final step of the secretory pathway has seldom been the subject of cell-free studies, 
mostly due to technical reasons (6). The study of fusion of pancreatic zymogen granules with 
isolated plasma membranes (7), or the exocytosis in sea urchin eggs, where the role of 
proteins, phosphoinositides, ATP and Ca 2+ have been extensively studied (6), are the most 
notable examples. S. cerevisiae is a well known lower eukaryote, which offers great 
versatility for genetic manipulation and an extensive background of knowledge on the 
secretory pathway (8). In yeasts, the last step of this process is constitutive (9). This situation 
contrasts with the higher eukaryote counterparts mentioned earlier, where the last step is 
regulated, responding to an intracellular signa!, such as an increase in cytosolic Ca 2+ 
concentration. In yeasts, cell-free membrane fusion studies between ER and Golgi vesicles 
have been conducted (10, 11), as well as homotypic vacuolar fusion (12), but the last step of 
the secretory pathway remained unexplored, largely dueto the unavailability ofunequivocally 
competent target membrane preparations. A method for the preparation of cytoplasmic-side
out plasma membrane vesicles (13) has provided the missing element for the study ofthe last 
exocytotic fusion event. In this paper, we report on the fusion event between two different 
vesicle populations: secretory vesicles (SVs) and cytoplasmic-side-out plasma membrane 
vesicles (PMVs), purified from S. cerevisiae. The assay monitors the increase in fluorescence 
of the lipid-soluble probe octadecylrhodamine B-chloride (R18) loaded to one vesicle 
population, when it is diluted into the target membrane as the result of fusion (14). The 
obtained experimental results reveal the existence of a specific heterotypic fusion event, 
which is dependent on temperature and the cationic composition of the medium. The 
involvement of proteins in the process has been demonstrated by mild proteolytic treatment, 
and the participation of SNAREs as central elements of the fusion. 
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Docking and fusion of cosinophil granules using optical twcczcrs 

Vicente Valero and Manfred Lindau 

Comell Universtiy. School of Applied & Engineering Physics. Ithaca, NY. USA 

In eosinophils intracellular application of GTP-gamma-S stimulates heterotypic fu sion 
of granules with the plasma membrane as well as homotypic fusion among granules inside thc 
cell as meas u red by who le cell capacitance measuremcnts [Scepek & Linda u ( 1993) EMBO J. 
12:1811]. Homotypic fusion increases strongly with increasing GTP-gamma-S 
concentrations. Horse eosinophil granules are typically 1-3 J-1111 in diameter and are thus well 
suited to study single fusion events. Iso lated granules were obtained by passing the cells 
through a 0.5 mm syringe needle for 5-l O times. Granules werc manipulatcd using an optical 
tweezer and monitored by video imaging. Whcn 2 granules are brought into contact using a 
double trap they adhcrc to cach othcr. Due to thc largc granule sizc the two traps holding the 
two granules do not ovcrlap when contact is made. When a granule is brought into contact 
with the extraccllular sidc of thc plasma membranc of a cell, the granule also sticks to thc 
membrane. While tethered to the membrane, the granule may still move significant ly. Upon 
add ition of GTP-gamma-S a morphological changc suggcsting a fu sion cvcnt was obscrvcd. 
TI1e method is presently applied to mcasurc docking forccs between granules and in 
conjtmction with fluorcsccnt markcrs to study thc fusion cvcnt in-vitro. Thc prcsent 
experiments suggest that horse eosinophil granules may be ablc to fuse without thc 
rcquircment of specific t-SNAREs in the targct mcmbranc. 

Supported by the Human Frontiers Science Program and a Fellowship of the Spanish 
Ministery of Education and Culture to VV. 
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265 Workshop on Adhesion Receptors in 
the lmmune System. 
Organizers: T. A. Springer and F. 
Sánchez-Madrid. 

*266 Workshop on lnnovations in Pro
teases and Their lnhibitors: Funda
mental and Applied Aspects. 
Organizer: F. X. Avilés. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

*19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organ ize rs: M . B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill. 

21 Workshop on DNA-Drug lnteractions. 
Organizers: K. R. Fox and J . Portugal. 

*22 Workshop on Molecular Bases of Ion 
Channel Function. 
Organizers: R. W. Aldrich and J . López
Barneo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa
gation Promoted by Plasmids. 
Organizers: C. M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro . . 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 
ANA Viruses. 
Organizers: J . J . Bujarski , S. Schlesinger 
and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers : J . Modolell and P. Simpson. 

*27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J . Downward, E. Santos and 
D. Martín-Zanca. 

*28 Workshop on Human and Experi
mental Skin Carcinogenesis. 
Organizers: A. J. P. Klein-Szanto and M. 
Quintanilla. 

*29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J . A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

*30 Workshop on Resistance to Viral 
lnfection. 
Organizers: L. En]uanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth an.d 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Wol'kshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato andA. P. 
Wolffe. 

*33 Workshop on Molecular Mechanisms 
of Synaptic Function. 
Organizers: J. Lerma and P. H. Seeburg. 

*34 Workshop on Computational Approa
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avil és, M. Billeter and 
E. Querol. 

35 Workshop on Signa! Transduction 
Pathways Essential for Yeast Morpho
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 
Organizers: E. Coe n, Zs. Schwa rz
Sommer and J . P. Beltrán. 

*37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organ izers : M. He ise nb e rg and A . 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin . 
Organizers: A. Fischer and A. Arnaiz
Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organiz ers : K. N . Timmi s and J . L. 
Ramos. 

*40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato
poietic Cells. 
Organizers: J. León and R. Eisenman. 
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•41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers: T. L Blundell , M. Martinez
Ripoll , M. Rico and J. M. Mato. 

42 Workshop on Structure, Function and 
Controls in Microbial Division. 
Organizers: M. Vicente , L. Rothfield and J. 
A. Ayala. 

•43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

•44 Workshop on Selective Gene Activa
tion by Cell Type Specific Transcription 
Factors. 
Organizers: M. Karin, R. Di Lauro , P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo
compatibility Complex Antigens. 
Organizers : J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development. 
Organizers : B. Lewin , M. Beato and J. 
Modolell. 

48 Workshop on G-Proteins : Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers : B. F. C. Clark and J. C. Lacal. 

•49 Workshop on Transcriptional Regula
tion ata Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers : l. W. Mattaj. J. Ortín and J. 
Val cárcel. 

51 Workshop on Mechanisms of Ex
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri . 

54 Workshop on Cytokines in lnfectious 
Diseases. 
Organizers: A. Sher , M. Fresno and L. 
Rivas. 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers : R. W. Oppenheim, E. M. 
Johnson and J. X. Camella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of lelo
meres and Centromeres. 
Organizers: B. J. Trask, C. Tyler-Smith, F. 
Azorín andA. Villasante . 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pagés. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers : E. K. Weir and J . López 
Barneo. 

62 1996 Annual Report 

63 Workshop on TGF- ~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J. Massagué and C. Bernabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers : S. J. Benkovic and A. Ba
llesteros. 
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65 Workshop on Signa! Transduction in 
Neuronal Development and Recogni
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizer: Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers : V. Malhotra andA. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J. M. Siverio and 
J. M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom
bination. 
Organizers: J . C. Al onso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers : M. Van Montagu and J. L. 
Mico l. 

73 Workshop on Development and Evo
lution. 
Organizers: G. Morata and W. J. Gehring. 

•74 Workshop on Plant Viroids and Viroid
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J . Cudeiro andA. M. Sillita. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias, J. Mo.dolell 
and S. Campuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J. L. R. Arrondo, F. M. Goñi , 
B. De Kruijff and B. A. Wallace. 

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers : F. García-Arenal, K. J . 
Oparka and P.Palukaitis. 

81 Workshop on Cellular Regulatory 
Mechanisms: Choices, Time and Space. 
Organizers: P. Nurse and S. Moreno. 

82 Workshop on Wiring the Brain : Mecha
nisms that Control the Generation of 
Neural Specificity. 
Organizers: C. S . Goodman an d R. 
Gallego. 

83 Workshop on Bacteria! Transcription 
Factors lnvolved in Global Regulation. 
Organizers: A. lshihama, R. Kolter and M. 
Vicente. 

84 Workshop on Nitric Oxide: From Disco
very to the Clinic. 
Organizers: S. Moneada and S. Lamas. 

85 Workshop on Chromatin and DNA 
Modification: Plant Gene Expression 
and Silencing. 
Organizers: T. C. Hall , A. P. Wolffe , R. J. 
Ferl and M. A. Vega-Palas. 

86 Workshop on Transcription Factors in 
Lymphocyte Development and Function. 
Organizers: J. M. Redondo, P. Matth ias 
and S. Pettersson. 

87 Workshop on Novel Approaches to 
Study Plant Growth Factors. 
Organizers: J . Schell and A. F. Tiburcio. 

88 Workshop on Structure and Mecha
nisms of Ion Channels. 
Organizers : J. Lerma, N. Unwin and R. 
MacKinnon. 

89 Workshop on Protein Folding. 
Organizers: A. R. Fersht, M. Rico and L. 
Serrano. 
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90 1998 Annual Report. 

91 Workshop on Eukaryotic Antibiotic 
Peptides. 
Organizers : J. A. Hoffmann, F. García
Oimedo and L. Rivas. 

92 Workshop on Regulation of Protein 
Synthesis in Eukaryotes. 
Organizers: M. W. Hentze, N. Sonenberg 
and C. de Haro. 

93 Workshop on Cell Cycle Regulation 
and Cytoskeleton in Plants. 
Organizers: N.-H. Chua and C. Gutiérrez. 

94 Workshop on Mechanisms of Homo
logous Recombination and Genetic 
Rearrangements. 
Organizers: J. C. Alonso, J. Casadesús, 
S. Kowalczykowski and S. C. West. 

95 Workshop on Neutrophil Development 
and Function. 
Organizers: F. Mollinedo and L. A. Boxer. 

96 Workshop on Molecular Clocks. 
Organizers : P. Sassone-Corsi and J. R. 
Naranjo. 

97 Workshop on Molecular Nature of the 
Gastrula Organizing Center: 75 years 
after Spemann and Mangold. 
Organizers : E. M. De Robertis and J . 
Aréchaga. 

98 Workshop on Telomeres and Telome
rase: Cancer, Aging and Genetic 
lnstability. 
Organizer: M. A. Blasco. 

99 Workshop on Specificity in Ras and 
Rho-Mediated Signalling Events. 
Organizers: J. L. Bos, J. C. Lacal and A. 
Hall. 

100 Workshop on the Interface Between 
Transcription and DNA Repair, Recom
bination and Chromatin Remodelling. 
Organizers: A. Aguilera and J. H. J . Hoeij
makers. 

101 Workshop on Dynamics of the Plant 
Extracellular Matrix. 
Organizers: K. Roberts and P. Vera. 

Out of Stock. 

102 Workshop on Helicases as Molecular 
Motors in Nucleic Acid Strand Separa
tion. 
Organizers: E. Lanka and J . M. Carazo. 

103 Workshop on the Neural Mechanisms 
of Addiction. 
Organizers: R. C. Malenka, E. J . Nestler 
and F. Rodríguez de Fonseca. 

104 1999 Annual Report. 

105 Workshop on the Molecules of Pain: 
Molecular Approaches to Pain Research. 
Organizers: F. Cervero and S. P. Hunt. 

1 06 Workshop on Control of Signalling by 
Protein Phosphorylation. 
Organizers: J. Schlessinger, G. Thomas, 
F. de Pablo and J. Mosca!. 

107 Workshop on Biochemistry and Mole
cular Biology of Gibberellins. 
Organizers: P. Heddem and J. L. García
Martínez. 

108 Workshop on lntegration of Transcrip
tional Regulation and Chr'omatin 
Structure. 
Organizers: J . T. Kadonaga, J . Ausió and 
E. Palacián. 

109 Workshop on Tumor Suppressor Net
works. 
Organizers: J . Massagué and M. Serrano. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a private foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March . 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 
Symposia and the Juan March Lectures on Biology. 

From 1989 through 1999, a 
total of 136 meetings and 11 

Juan March Lecture Cycles, all 
dealing with a wide range of 
subjects of biologica1 interest, 

were organized within the 
scope of the Centre. 
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The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 22nd through the 24111 of May, 2000, 
at the Instituto Juan March. 

All published articles are exact 
reproduction of author's text. 

There is a limited edition of 450 copies 
of this volume, available f ree of charge. 


