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Introduction Introduction 

Thee release of neurotransmitters via regulated 

exocytosiss is the primary mode of 

communicationn in the nervous system. In the 

centrall nervous system neurons form 

connectionss at highly specialized sites called 

synapses.. Chemical synapses (see fig. 1.1) 

aree composed of the presynaptic terminal 

filledd with transmitter containing vesicles, the F /9u r e  Schematic drawing of 
aa synapse. 

synapticc cleft, and the postsynaptic receptor 

membrane.. The region of the presynaptic plasma membrane at which synaptic 

vesicless (SVs) dock, fuse and release their transmitter is called the active zone (AZ). 

Thee postsynaptic membrane aligned to the active zone, contains clusters of 

neurotransmitterr receptors and ion channels and is referred to as the postsynaptic 

densityy (PSD). The chemical transmitters released from the SV that mediate the fast 

celll to cell communication are acetylcholine and amino acids, such as glutamate and 

GABA.. Besides this fast transmission, also a slower and modulatory form of secretion 

iss present in the form of neuropeptide release from large dense-cored vesicles 

(LDCVs).. The regulated secretion of both SVs and LDCVs involves fusion with the 

plasmaa membrane, a process triggered by Ca2+. This Ca2+ enters the terminals 

throughh high voltage activated Ca2+-channels, which open upon membrane 

depolarizationn after arrival of an action potential. The presence of the two vesicle 

typess each filled with functionally different transmitter types provides a single terminal 

withh the possibility of multiple signaling. The secretion of these co-localized 

transmitterr types is regulated in different ways. Factors known to contribute to this 

differentiall regulation are outlined in the first part of this introduction. In this thesis 

experimentss are described in which other possible factors were investigated 

(chapterss 2, 3 and 6). To release their transmitter, SVs move towards and from the 

activee zone in a highly regulated manner. The molecular and dynamical aspects of 

thiss SV cycle are introduced in the second part of this introduction. Experimental 

chapterss 3, 4 and 5 are focused on the regulation and sequence of SV mobility inside 

thee terminals. 
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ChapterChapter 1 

1.1. Differential regulation of neurotransmitter release from SVand LDCV 

Thee regulated release of both amino acids and neuropeptides involves fusion of a 

vesiclee with the plasma membrane, a process triggered by Ca2+. These aspects 

appearr to be the same for SV and LDCV release. Yet, there are also a number of 

differencess between SV and LDCV release. The vesicle types differ in biogenesis, 

size,, content, and localization within the terminal, and they have different release 

kineticss and Ca2+-requirements. 

1.1.1.1. Vesicle size, content and biogenesis 

SVss are small and rather homogeneous in diameter (30-50 nm), and contain the 

classicall neurotransmitters such as glutamate, GABA, glycine and acetylcholine. The 

LDCVss are larger and more heterogeneous in diameter (> 100 nm), and contain 

neuropeptides.. In some cell types LDCVs can also contain catecholamines, 

acetylcholinee and ATP. Co-localization of two vesicle types in terminals is easily 

distinguishedd in electron micrographs by the differences in size and content. The 

LDCVss have an electron dense core due to their protein content, whereas the SVs 

aree electron lucent. 

Packagingg of transmitters in the vesicles occurs at different sites in the neuron. In the 

presynapticc terminal neurotransmitters are accumulated in SVs through specific 

transporterss present in the vesicle membrane (Kelly, 1993). The ability to take up 

neurotransmitterss from the surrounding cytoplasm allows the local reloading of empty 

SVs,, retrieved after exocytosis in the presynaptic terminal. 

Inn contrast, the sorting and packaging of peptides into the LDCVs occurs at the trans-

golgii network, followed by processing of the peptides in the LDCVs during their 

axonall transport towards the terminal (Bean et al., 1994; Kelly, 1993). After release, 

thee LDCV membrane must be recycled to the golgi complex, if it is to be refilled with 

neuropeptides.. The large distance between release site and the golgi complex in the 

celll body, severely limits the speed of LDCV reutilization. 

1.2.1.2. Localization and release site 

Exocytosiss of SVs occurs only at a specialized site in the synapse, the active zone. 

AtAt this site Ca2+-channels and the vesicle release machinery are co-localized 

ensuringg the spatial restriction of SV release. Most SVs are clustered near this active 
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Introduction Introduction 

zonee and a small number of SVs is docked at this site. Some of the docked SVs are 

fullyy primed to undergo immediate fusion after Ca2+-influx ensuring the temporal 

restrictionn of exocytosis. Although both types of vesicles are often co-localized in 

centrall nerve terminals, the LDCVs are present in much lower numbers and are 

seldomm observed at or near the active zone. In contrast to the SV fusion at the active 

zone,, the LDCVs probably release their content by fusing with the plasma membrane 

att non-specialized sites distant from the active zone (Smith and Augustine, 1988; 

Zhuetal.,, 1986). 

1.3.1.3. Kinetics of SV and LDCV release 

Itt is well established that neurotransmitter release from SVs occurs within 1 ms after 

thee Ca2+ trigger (Aimers, 1990). The close alignment of Ca2+-channels, the Gas-

sensorr and immediately releasable (primed) SVs at the active zone underlies this 

extremelyy fast release. The clear difference in localization of the LDCVs as compared 

too the SVs implies that the time delay between the Ca2+-trigger and LDCV release will 

bee much longer than that of release from SVs. Indeed, in neuro-endocrine cells this 

delayy varies greatly, but the kinetics is always considerably slower (several ms) than 

thatt of SV exocytosis (Chow et al., 1992; Thomas et al., 1993; Bruns and Jahn, 1995; 

Ninomiyaa et al., 1997; Seward et al., 1995). Based on the observations of LDCV 

exocytosiss in neuro-endocrine cells and the localization of LDCVs in the central 

terminals,, it is reasonable to assume that LDCV exocytosis from small central 

terminalss will also be much slower than that of the co-localized SVs. The exact 

kineticss remains, however, to be determined. 

Physiologicall analysis in peripheral nerves indicated co-release of SVs and LDCVs 

onlyy during high-frequency stimulation (5 - 40 Hz), whereas SV release was already 

triggeredd during low-frequency stimulation ( 1 - 1 0 Hz) (see Bartfai et al., 1988 for 

review).. In the small central terminals differential release from SVs and LDCVs was 

alsoo proposed to be related to stimulus intensity (Verhage et al., 1991b). 

1.4.1.4. Ca2+-requirements 

Exocytosiss of both SVs and LDCVs depends on Ca2+-influx. In purified nerve 

terminals,, it was shown that for a given limited (to 400 nM) rise in average [Ca2+]i, 

Ca2+-influxx through high voltage activated Ca2+-channels (by 30 mM K+) released all 

transmitterr types equally well, whereas the Ca2+-ionophore ionomycin (1 uM) was 
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BOXX 1. High voltag e activate d Ca2+-channel s 

DiversityDiversity of Ca2*-channels 

Ca2+-channelss can be divided into two main groups, the low and high voltage activated 

channels.. Until now one low voltage activated channel (T) and five high voltage activated 

channell subtypes (L, N, P, Q and R) have been described (Dunlap et al., 1995; Catterall, 

2000).. The voltage gated Ca2+-channels are multi-subunit complexes comprised of a major 

poree forming transmembrane subunit tx1, and smaller auxiliary subunits that include a p and 

thee disulfide-linked a28 subunits. Depending on the tissue of origin a fifth subunit, such as the 

skeletall muscle yor the neuronal p95, may also form part of the channel complex. The 

molecularr heterogeneity is further enlarged by alternative splicing of oil, p and a25 transcripts 

(Hofmannn et al., 1994). The major oc1 subunits are the products of different genes, six of 

whichh (classes A-F) have been identified. The function, pharmacology and localization of the 

Ca2+-channell subtypes involved in neurotransmitter release are summarized in table 1. 

CaCa22*-channelopathies *-channelopathies 

Inn the past five years a number of human disorders, such as episodic ataxia and familial 

hemiplegicc migraine have been described which were related to mutations within certain 

Ca2+-channelss (Ophoff et al., 1998; Jen, 1999). Furthermore, Ca2+-channel mutations were 

identifiedd in mouse models of ataxia and epilepsy (Fletcher and Frankel, 1999; Puranam and 

McNamara;; 1999). The tottering mutant mouse exhibits seizures resembling human absence 

epilepsy,, mild ataxia and episodes of dyskinesia (Noebels and Sidman, 1979). 

FigureFigure A. Location of the tottering (Tg) mutation on domain II of the a1A subunit. 

Thee mutation (Tg) in tottering mice involves the substitution of a single proline to leucine 

aminoo acid in the S5-S6 linker region of repeat domain II of the a1A subunit, at a position 

closee to the pore-forming P-loop (Fletcher et al., 1996; see figure A). 
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muchh more effective in releasing neuropeptides than amino acid transmitters 

(Verhagee et al., 1991b). This indicates that in the small central terminals the Ca2+-

sensitivityy for exocytosis of SVs and LDCVs is different. In addition, it suggests that 

releasee of SVs is rapidly triggered by transient and relatively high rises in [Ca2+]i (> 

uM)) in microdomains around the Ca2+-channels, which are located at SV release 

sites.. In contrast, a more global and modest elevation of [Ca2+]i (<uM), occurring 

duringg prolonged or high-frequency stimulations, allows LDCV release at sites distant 

fromm the active zone. 

Althoughh no experimental estimates are available for small central synapses, based 

onn experiments in giant terminals it was generally assumed that a local [Ca2+]j of at 

leastt 100 uM near the site of fusion is required for SV exocytosis (Burgoyne and 

Morgan,, 1995; Heidelberger et al., 1994; Llinas et al., 1992). However, recently it 

wass shown that local elevations of [Ca2+]j between 10 and 30 uM are already 

sufficientt for SV release in the large synaptic terminals of the calyx of Held (Bollmann 

ett al., 2000; Schneggenburger and Neher, 2000). Such a Ca2+-sensitivity for SV 

releasee is very similar to that observed for LDCV release from neuroendocrines cells 

(Heinemannn et al., 1994; Thomas et al., 1993). 

1.5.1.5. Ca2*-channel regulation of SV and LDCV release 

Thee Ca2+ ions that trigger exocytosis enter the terminals through high voltage 

activatedd Ca2+-channels (see box 1). Several different subtypes have been classified 

basedd on molecular, functional and pharmacological characteristics (see table 1). 

Subtypee specific toxins have been used to identify the contribution of the different 

channell subtypes to transmitter release. One of the first identified toxins was the co-

Conotoxinn GVIA, which has been shown to be highly specific for the N-type Ca2+-

channelss (Hess, 1990; Olivera et al., 1994). The secretion of a variety of transmitters, 

includingg glutamate and GABA, in various parts of the brain is inhibited by co-

Conotoxinn GVIA (Dunlap et al., 1995). However, the inhibition was only partial, i.e. up 

too 20-30% of the total release. co-Agatoxin IVA from the Agelenopsis aperta spider is 

aa selective antagonist of the cx1A subunit containing Ca2+-channels (Mintz et al., 

1992;; Olivera et al., 1994). At low concentrations (< 100 nM) co-Agatoxin IVA 

selectivelyy blocks P-type channels, whereas higher concentrations also block Q-type 

channelss (Sather et al., 1993; Wheeler et al., 1994). The a1A subtypes are also 
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blocked,, with equal affinity, by the co-Conotoxin MVIIC (Hillyard et al., 1992; Randall 

andd Tsien, 1995). Both P- and Q-type Ca2+-channels were also shown to be involved 

inn release of several different transmitters, having even a greater contribution in most 

terminalss than the N-type Ca2+-channels (Dunlap et al., 1995). Analysis of single 

boutonss and combined applications of different toxins showed that most terminals 

expresss multiple Ca2+-channel types, which jointly control transmitter release (Mintz 

ett al., 1995; Reuter, 1995; Wu and Saggau, 1994). However, there also appeared to 

existt GABAergic terminals in the hippocampus expressing either P- or N-type Ca2+-

channelss (Poneer et al., 1997). 

L-typee Ca2+-channels, which can be blocked by dihydropyridines such as nifedipine 

andd nimodipine (Hofmann et al., 1994), were not found to be involved in transmitter 

releasee from central synapses (Dunlap et al., 1995). This in contrast to their 

involvementt in the release of hormones from neuroendocrine cells (Mansvelder and 

Kits,, 2000). Like the central nerve terminals, most neuroendocrine cells express a 

varietyy of Ca2+-channels, each contributing to some extent to the release of LDCVs 

(Mansvelderr and Kits, 2000). Very little is known about the identity of the Ca2+-

channell subtype(s) regulating neuropeptide release from LDCVs in central nerve 

terminals.. Are the same channels that regulate release from SVs involved in the 

regulationn of LDCV release or are there additional specific, i.e. L-type, Ca2+-channels 

presentt in the central terminals for the regulation of LDCV release? 

1.6.1.6. Molecular mechanisms ofSV and LDCV release 

Thee secretion of both SVs and LDCVs is tightly regulated and involves several steps, 

eachh thought to be mediated by distinct protein-protein interactions. Although most of 

thee proteins that regulate SV secretion have been characterized (Fernandez-Chacón 

andd Südhof, 1999; Südhof, 1995), we are only beginning to understand the function 

off these proteins. Even less is known about the proteins involved in LDCV release. In 

thee past years progress has been made regarding the analysis of LDCV secretion 

fromm endrocrine cells, such as chromaffin cells, indicating that the basic machinery 

forr LDCV secretion is the same as for SVs. In fact, regulated secretion is a highly 

specializedd form of constitutive vesicle trafficking. Therefore both processes likely 

sharee similar molecular mechanisms. Most of the proteins involved in SV cycling 

havee homologs in other forms of regulated and constitutive secretion, as well as 

vesicularr trafficking between cellular compartments, even in organisms as primitive 
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ass yeast (Bennet and Scheller, 1993). In the next section, the distinct steps of the SV 

cyclee and the proteins thought to be involved in the regulation of these steps will be 

described. . 

2.2. The SV cycle 

Inn the presynaptic terminals the abundant SVs are generally divided into two distinct 

poolss of vesicles, based on both morphological and physiological observations. A 

pooll of readily releasable vesicles is docked at the active zone, and a large pool of 

reservee vesicles is clustered near the active zone. Trafficking of the vesicles between 

thesee pools occurs in a tightly regulated cycle of exocytosis, endocytosis, and 

recyclingg (fig. 1.2). The entire SV cycle takes place locally in the nerve terminals and 

takess approximately 1 min (Betz and Wu, 1995). Exocytosis, i.e. SV fusion, occurs 

withinn one millisecond, endocytosis requires several seconds, leaving more than 50 s 

forr the recycling steps. 

2.1.2.1. Uptake of neurotransmitters 

Thee purpose of the SV cycle is the secretion of neurotransmitters, thereby mediating 

chemicall synaptic transmission. In the nerve terminals, neurotransmitters are 

accumulatedd into the SVs by specific transporters. Four classes of transporters have 

beenn characterized, for monoamines, acetylcholine, GABA/glycine and glutamate. 

Alll vesicular transporters use the electrochemical gradient of a proton pump to drive 

transmitterr uptake (Edwards, 1992; Reimer et al., 1998). 

2.2.2.2. Recruitment of SVs from the reserve pool 

Mostt of the SVs in the terminals are found in the cytosolic reserve pool of vesicles. 

Thee SVs in this pool are tethered to microfilaments by members of the synapsin 

family.. This interaction is regulated by phosporylation of the synapsins by 

Ca2+/calmodulin-dependentt protein kinase II (Greengard et al., 1993; Hilfiker et al., 

1999).. Disruption of synapsin genes or injection of antibodies to synapsin drastically 

reducedd the number of SV clustered in the reserve pool (Li et al., 1995; Pieribone et 

al.,, 1995). Studies at the Drosophila neuromuscular junctions suggested involvement 

off actin in maintaining the reserve pool (Kuromi and Kidokoro, 1998). Apparently the 
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BOXX 2. Rab3A 

Rab3AA is a member of the rab protein family of small GTP-binding proteins. More than 30 rab 

proteinss have been described that are thought to regulate membrane traffic between different 

subcellularr compartments in mammals but also in yeast (Novick and Zerial, 1997; Olkkonen 

andd Stenmark, 1997). The rab3 subfamily comprises rab3A, B, C and D. Rab3A and C are 

mostt abundant in the brain, where they are enriched on SVs. Rab3A and C are differentially 

distributedd in the brain, with some synapses coexpressing both isoforms (Geppert et al., 

1994;; Lietal., 1994). 

Rab3AA is attached to the vesicle membrane by a C-terminal lipid modification (Farnsworth et 

al.,, 1991; Johnston et al., 1991). After hydrolysis of GTP to GDP, GDI removes Rab3Afrom 

thee SV membrane, and after GDP-GTP exchange in the cytosol GTP-bound rab3A re-

associatess with the SV (Fig. A). In the nerve terminals this cycle is also governed by activity, 

givenn that rab3A dissociates from SVs after exocytosis (Fischer von Mollard et al., 1991). 

Thee GTP-bound rab3A interacts with two specific effector proteins, rabphilin (Li et al., 1994; 

Shiratakii et al., 1994) and RIM (Wang et al., 1997). These proteins interact with rab3A via a 

Zn2+-bindingg domain, and contain Ca2+-binding C2-domains and phosphorylation sites 

(Geppertt and Südhof, 1998; Gonzalez and Scheller, 1999). 

FigureFigure A. The Rab3A cycle. 

OnOn the SV membrane rab3A, in 

GTP-boundGTP-bound form, interacts with 

rabphilin,rabphilin, and after docking 

alsoalso with RIM. During or after 

fusionfusion GTP is hydrolyzed to 

GDPGDP and dissociated by GDI. 

AndAnd after GDP-GTP exchange 

rab3Arab3A can again associate with 

aa SV. Adapted from Geppert 

andand Südhof, 1998. 
DockingDocking \ Fusion 

Rab3AA null-mutant mice are viable and healthy (Geppert et al., 1994). Increased run-down of 

releasee during high-frequency stimulations was observed in hippocampal CA1 area, whereas 

inn CA3 mossy fiber terminals LTP was abolished (Geppert et al., 1994; Castillo et al., 1997). 

Bothh phenotypes could be explained by impaired SV transport towards the active zone. 

However,, rab3A was proposed to act as a negative regulator of vesicle fusion, based on the 

observedd increase of quantal release in terminals from rab3A null-mutant mice (Geppert et 

al.,, 1997). 
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cytoskeletonn is important for maintaining the reserve pool, but the key factors 

regulatingg the recruitment of SVs from this pool towards the active zone are less 

clear.. Interestingly, PKC and PKA have been implicated in regulation of SV 

recruitment,, based on observations that these kinases increased the size of the 

readilyy releasable pool and/or increased release during high-frequency stimulation 

(Kuromii and Kidokoro, 2000; Smith et al., 1998; Stevens and Sullivan, 1998). The 

proteinn substrates of these kinases mediating the recruitment remain, however, to be 

determinedd (Turner et al., 1999). 

Thee SV associated GTP-binding protein rab3A (see box 2) has been implicated in SV 

recruitment,, mainly based on the general function of rab proteins. Rab proteins are 

GTP-dependentt molecular switches acting as facilitators in transport steps (Gonzalez 

andd Scheller, 1999; Schimmöller et al., 1998). Rab interactions with effector proteins 

aree likely to regulate the vesicle transport. Rab3A has two known specific effector 

proteins,, rabphilin (Li et al., 1994; Shirataki et al., 1994) and RIM (Wang et al., 1997). 

Rabphilin,, associated with the SV membrane by binding to rab3A, has been shown in 

vitroo to interact with a-actinin (Kato et al., 1996), providing a possible link between 

rab3AA and the cytoskeleton. Alternatively, rabphilin or RIM, located at the active zone 

membrane,, may serve as molecular tethers guiding vesicle docking through 

interactionss with rab3A (Gonzalez and Scheller, 1999). However, observations in 

culturedd hippocampal terminals of mice lacking rab3A led to the suggestion that 

rab3AA might act as a negative regulator of vesicle fusion (Geppert et al., 1997). 

2.3.2.3. Docking of SVs at the active zone 

Dockingg is a morphological term that was based on the observation that nerve 

terminalss have regular arrays of SVs juxtaposed just beneath the plasma membrane 

att sites, thee active zones, where exocytosis occurs. Because of this position, it seems 

likelyy that these are the vesicles that undergo fast exocytosis upon elevation of Ca2+ 

withinn the presynaptic terminal. Based on physiological data a readily releasable 

vesiclee pool has been defined as a set of SVs immediately capable of transmitter 

releasee upon stimulation by elevated intracellular Ca2+ (Heinemann et al., 1994; 

Schneggenburgerr et al., 1999) or by a hypertonic, sucrose challenge (Rosenmund 

andd Stevens, 1996; Stevens and Tsujimoto, 1995). At the small central terminals this 

pooll consists of vesicles that are primed for fusion, probably corresponding to (part 

of)) the morphologically docked pool of vesicles (Schikorski and Stevens, 1997). 
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Despitee these clear definitions of docking, very little is known about the molecular 

mechanismss that mediate SV docking. Recent studies identified and characterized 

severall novel proteins that may structurally define the cytomatrix assembled at the 

activee zone. Some of these proteins, like RIM, piccolo and bassoon, may govern the 

specificityy of SV docking at the active zone (Garner et al., 2000). 

2.4.2.4. SV priming and fusion 

Afterr docking of SVs, the actual release of neurotransmitters occurs when the vesicle 

membranee fuses with the plasma membrane. The basic machinery for fusion of 

membraness is highly conserved from yeast to humans and is formed by SNARE 

proteinss (Bennet and Scheller, 1993). The neuronal SNARE proteins synaptobrevin 2 

(alsoo known as VAMP 2) on the vesicle membrane and syntaxin 1 and SNAP25 on 

thee plasma membrane form a stable, SDS resistant complex, the core complex 

(Hansonn et al., 1997; Lin and Scheller, 2000). The central role of the core complex in 

fusionn is illustrated by the fact that all of its three components are targets of the 

proteolyticc action of clostridial neurotoxins, which are known to inhibit SV exocytosis 

(Schiavoo et al., 2000; Südhof, 1995). The current model for membrane fusion by 

SNAREss is the "zipper" model. Synaptobrevin, syntaxin and SNAP25 form a four 

helicall bundle aligned in a parallel fashion that pulls the two membranes together 

(Hansonn et al., 1997; Lin and Scheller, 1997; Sutton et al., 1999). Prior to full fusion, 

SVss are arrested in a metastable state that could correspond to hemifusion (Jahn 

andd Südhof, 1999). Elevated Ca2+ then triggers the conformational or electrostatic 

changee in a Ca2+ sensor that completes the fusion reaction. The protein suggested to 

actt as the exocytotic Ca2+-sensor is synaptotagmin. Synaptotagmin is required for 

fastt Ca2+-dependent exocytosis, but is not directly involved in fusion (Geppert et al., 

1994b).. Synaptotagmin is a vesicle membrane protein, containing two Ca2+-binding 

C2-domains,, that interacts with several proteins in a Ca2+-dependent manner, among 

themthem syntaxin and Ca2+-channels. Thus synaptotagmin is connected to the fusion 

machineryy and to the site of Ca2+-entry, where it potentially could mediate a Ca2+-

dependentt role in SV fusion (Geppert and Südhof, 1998). 

Severall other proteins are probably involved in SV priming and fusion. The core 

complexx constitutes a high-affinity binding site for soluble N-ethylmaleimide sensitive 

factorr (NSF) attachment protein (SNAPs) and subsequently NSF (McMahon and 
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Südhof,, 1995; Rothman and Orci, 1992; Söllner et al., 1993). NSF is a trimeric 

ATPasee that disrupts the core complex under ATP hydrolysis (Schiavo et al., 1994). 

Mostt synaptobrevin is found in a complex with another vesicle protein synaptophysin 

(Calakoss and Scheller, 1994; Edelmann et al., 1995), whereas syntaxin is complexed 

withh munc18 (Hata et al., 1993; Pevsner et al., 1994). In vitro data suggest that these 

interactionss inhibit spontaneous formation of the core complex and prevent 

indiscriminatee SV exocytosis outside the active zone. Syntaxin also binds munc13 

(Betzz et al., 1997), the rat homologue of the Caenorhabditis elegans unci3 gene 

productt (Brose et al., 1995), at the site corresponding to the binding site for munc18. 

Interestingly,, studies with mice lacking either munc18 or munc13 revealed roles for 

eitherr protein in vesicle priming steps between docking and fusion (Augustin et al., 

1999;; Verhage et al., 2000). Another set of proteins named complexins compete with 

a-SNAP,, but not with synaptotagmin, for core complex binding (McMahon et al., 

1995).. These highly hydrophilic proteins may coordinate the sequence of interactions 

off a-SNAP and synaptotagmin with the core complex. 

2.5.2.5. Endocytosis and recycling 

Afterr fusion, the SV membrane is retrieved from the plasma membrane by 

endocytosis.. There are three ways in which endocytosis and recycling might occur in 

nervee terminals (De Camilli and Takei, 1996; Palfrey and Artalejo, 1998; Südhof, 

2000).. (1) Endosomal recycling: after exocytosis, vesicle membrane is retrieved by 

clathrin-dependentt endocytosis followed by fusion with a sorting endosome. The 

vesiclee membrane constituents are restored and new vesicles are budded off from 

thee endosome. (2) Rapid endocytosis: vesicles are reformed directly by dynamin or 

byy uncoating of a clathrin-coated vesicle intermediate (bypassing the endosomes). 

(3)) "Kiss and run", vesicles form a fusion pore with, but not merge fully with the 

plasmaa membrane, and reform spontaneously. 

Thee clathrin-mediated pathway of SV retrieval was characterized in the early 1970s 

byy ultrastructural analysis at the frog neuromuscular junctions by Heuser and Reese 

(1973),, whereas the molecular mechanism has been unraveled much later. The 

basicc components of endocytosis are the clathrin-coat, consisting of clathrin, adaptor 

proteinn (AP) complex 2 and AP180, and dynamin. Similar to fusion, also in 

endocytosiss a set of accessory proteins is involved (reviewed by Brodin et al., 2000; 

Dee Camilli and Takei, 1996). After endocytosis, the vesicles rapidly (free coated 
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vesicless are rarely observed in terminals) shed their coat by an ATP-dependent 

process.. The uncoated vesicles may then either return directly to the SV pool, or they 

mayy pass through a secondary endosomal fusion-and-budding step (De Camilli and 

Takei,, 1996; Palfrey and Artalejo, 1998). 

Inn "kiss and run", a fusion pore has been proposed to be formed between vesicle and 

plasmaa membrane that allows transmitter release without full fusion of the vesicle, 

andd the vesicle is retrieved intact after closure of the pore (Ceccarelli et al., 1973; 

Fescee et al., 1994). The immediate re-capture of the SV at the active zone, which 

probablyy does not involve clathrin coats, greatly reduces the time for SV recycling 

andd rerelease. 

Whereass evidence for the endosomal pathway was obtained by ultrastructural 

observationss (Heuser and Reese, 1973; Miller and Heuser, 1984), existence of rapid 

endocytosiss is proposed based on functional studies, which use FM-dyes to monitor 

exo-- and endocytosis (Betz and Wu, 1995; Klingauf et al., 1998; Murthy and Stevens, 

1998).. The most recent studies utilizing these dyes also support the existence of a 

"kisss and run" like mechanism in central nerve terminals (Pyle et al., 2000; Stevens 

andd Williams, 2000). Probably, all three recycling pathways exist in the terminals, and 

aree used differentially depending on the stimulation patterns (Südhof, 2000). 

2.6.. Measurement ofSV recycling 

Thee study of the process of exocytosis has gained tremendously by the emergence 

off a number of new techniques over the last 15 years (reviewed by Angleson and 

Betz,, 1997; Neher, 1998). The study of SV recycling in central nerve terminals is, 

however,, still rather limited. The small central nerve terminals are largely inaccessible 

too electrophysiological approaches, which have a high temporal resolution, such as 

capacitancee measurements. This technique, which relies on changes in membrane 

surfacee area caused by exo- and endocytosis of vesicles, has been used extensively 

forr studies of granule secretion in isolated cells, such as mast cells and 

neuroendrocrinee cells (Henkel and Aimers, 1996) and in large nerve terminals 

secretingg considerable amounts of SVs (von Gersdorff and Matthews, 1999). 

Thee optical imaging technique, lacks a high temporal resolution, but has the spatial 

resolutionn necessary for monitoring SV recycling in single boutons. This technique 

reliess on styryl dyes, which partition into the outer leaflets of membranes, and 

therebyy increase their fluorescence (Betz et al., 1996). The styryl dyes, most notably 
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FM1-433 and FM2-10, stain SVs internalized by endocytosis and are released by 

subsequentt stimulation of exocytosis. Significant advances have been achieved 

usingg this technique, especially on the dynamics of endocytosis as well as on the 

entiree vesicle cycle in the frog neuromuscular junction and hippocampal cultured 

neuronss (reviewed by Betz and Wu, 1995; Cochilla et al., 1999). Both techniques 

havee also been used in combination with other techniques such as calcium indicator 

dyes,, electrophysiology and ampometry to elucidate mechanisms of presynaptic 

calciumm requirements and modulation of neurotransmitter release (Angleson and 

Betz,, 1997). 

Althoughh these techniques have provided new insights in vesicle recycling, many 

issuess concerning the individual steps in this process remain (still) unresolved by 

thesee methods. Questions remaining are the localization of membrane retrieval and 

thee actual pathway of endocytosed membrane. With regard to the exocytotic part of 

vesiclee recycling in central synapses, the identity and amount of different vesicle 

pools,, and the time course and traffic mechanisms between these vesicle pools are 

stilll issues of debate (Brodin et al., 1997). Direct visualization of these intrasynaptic 

stepss requires ultrastructural analysis at the electron microscopical level, as 

previouslyy used to reveal the endosomal recycling pathway (Heuser and Reese, 

1973).. For that purpose, we performed ultrastructural analysis on purified central 

nervee terminals, synaptosomes (see box 3), to study intrasynaptic steps of the SV 

cyclee in presynaptic terminals directly. This synaptosome preparation yields a large 

populationn of terminals, which release fast acting transmitters from SVs 

synchronouslyy by chemical stimulation. To enhance the temporal resolution of 

studiess with this model system, we developed a rapid mixing device, which 

approachess physiological stimulation times (> 50 ms). Application of such short 

stimulationn times followed by immediate fixation of the synaptosomes enables 

ultrastructurall analysis of intrasynaptic vesicle distribution using electron microscopy. 

Comparisonn of terminals before and after stimulations can therefore be used to 

analyzee dynamical changes in the intrasynaptic vesicle distribution. In addition, 

analysiss of endogenously released transmitters from this preparation allows 

correlationn between vesicle dynamics and transmitter release. Furthermore, 

differentiall regulation of SV and LDCV secretion can be studied in this nerve terminal 

preparationn as well. 
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BOXX 3. Synaptosomes , purifie d nerv e terminal s 

Synaptosomess are a widely used model to study regulation and modulation of 

neurotransmitterr release. Gray and Whittaker (1960) were the first to isolate synaptosomes, 

whichh were later identified by electron microscopy as detached synapses (Gray and 

Whittaker,, 1962). Synaptosomes are obtained by applying shear forces to the tissue, 

resultingg in pinched-off and resealed terminals, which are purified by Percoll density gradient 

centrifugationn (Dunkley et al., 1988). The synaptosomes (Fig. A+B) contain many synaptic 

vesicless and occasionally large dense-cored vesicles, indicating their presynaptic origin. In 

addition,, synaptosomes contain mitochondria, which enable production of ATP and thereby 

providee active synaptosomal energy metabolism (Scott and Nicholls, 1980; Kauppinen and 

Nicholls,, 1986). Furthermore, the Ca2+-buffering capacity (Verhage et al., 1988) and 

membranee potential (Nicholls, 1993) are maintained. Frequently, small fragments of electron-

densee postsynaptic membranes remain attached to the active zone membrane of the 

synaptosomes. . 

Applicationn of diverse depolarizing stimuli (K\ 4-AP, veratridine) evokes the release of 

severall neurotransmitters in a Ca2+-dependent manner, like amino acids (Verhage et 

al.,1989;; Nicholls and Sihra, 1986), monoamines (Verhage et al., 1992; Woodward et al., 

1986)) and neuropeptides (Verhage et al., 1991 ; Pinget et al., 1979; Emson et al., 1980). 

Synaptosomess represent a highly purified population of intact nerve terminals, which contain 

alll the components for storage and release of neurotransmitters, and are accessible to 

diversee and controlled manipulations. 

FigureFigure A+B. Typical examples electron microscopical sections 

ofof synaptosomes. 

AZ:AZ: active zone; M: mitochondria; PSD: post synaptic density; 

SV:SV: synaptic vesicle; LDCV: large dense-cored vesicle. 

ScaleScale bars 100nm. 
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3.. Aim and Outline of this thesis 

Inn the previous sections differences in regulation of transmitter release from SVs and 

LDCVss were introduced. Central nerve terminals with co-localization of the two types 

off vesicles can provide multiple signaling by releasing different neurotransmitter 

types.. This, however, will only be effective if the exocytosis of the vesicles is 

differentiallyy regulated. The first major aim of the research described in this thesis 

wass to further characterize this differential regulation. Whereas most studies are 

concernedd only with the release of neurotransmitters we were also interested in other 

stepss of vesicular release. Intrasynaptic transport steps, such as mobilization and 

docking,, are steps in the vesicle cycle preceding the final fusion step. The second 

aimm of this thesis was to measure directly these steps and thereby to gain more 

insightt into their sequence and regulation. 

3.1.3.1. Differential regulation of neurotransmitter release from SVs and LDCVs 

Thee model system used in this thesis is the preparation of isolated purified nerve 

terminals.. This preparation allows the simultaneous determination of exocytosis of 

differentt transmitter classes from different vesicle types. However, one major 

limitationn of this model system is the application time of the depolarizing stimulus. 

Thee chemically induced stimulations are usually in the order of seconds to minutes. 

Thereforee our first aim was to develop a method, which enabled application of 

depolarizationss on a sub-second time scale to approach physiologically relevant 

timess more closely. A detailed description of the rapid mixing procedure that we 

appliedd for this purpose is given in chapter 2. The sub-second kinetics of amino acid 

andand CCK release that we could measure with this device clearly demonstrated the 

differencee in kinetics of release from SVs and LDCVs. Release of transmitter by 

fusionn of a vesicle with the plasma membrane is, however, only one step in the entire 

mechanismm of vesicular release. Intrasynaptic transport steps, such as mobilization 

andd docking, are steps in the vesicle cycle preceding the final fusion step. Our next 

questionss were: are these steps of translocation and docking also differentially 

regulatedregulated for the two vesicle types, and how are they related with release. We 

addressedd these questions by combining the biochemical determination of 
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neurotransmitterr release with ultrastructural morphometrical analysis of intrasynaptic 

vesiclee distribution upon short stimulations (chapter 3). 

Thee second aspect concerning differential regulation of release that we addressed is 

thee difference in the contribution of Ca2*-channel subtypes to release and 

mobilizationmobilization of the two vesicle types (chapter 3). In a separate study we addressed 

thiss question again in tottering mice, carrying a mutation in the a1A subunit, encoding 

thee P, Q-type Ca2+-channels (chapter 6). We not only determined the effect of the 

mutationn on the contribution of the different subtypes to release, but also determined 

thee protein expression levels of these Ca2+-channels in nerve terminals. Thereby, we 

directlyy correlated molecular and functional aspects of Ca2+-channel subtypes in 

regulationn of neurotransmitter release from SVs and LDCVs (chapter 6). 

Thee two aspects addressed in this thesis concerning differential regulation of SV and 

LDCVV release are: 

I)) What is the differenc e in the sub-secon d releas e kinetic s ? 

II)) Is ther e a differentia l regulatio n by the differen t Ca2+-channe l subtype s ? 

3.2.3.2. Intrasynaptic transport of SVs 

Thee ultrastructural analysis of changes in vesicle distribution inside terminals upon 

sub-secondd depolarization enabled discrimination of exocytotic steps of the SV cycle, 

i.e.. recruitment and docking of SVs to their release site (chapter 3). In chapter 4 we 

usedd this ultrastructural approach in combination with measurements of 

neurotransmitterr release to determine which of the steps in the SV cycle, i.e. 

recruitment,recruitment, docking or fusion, is regulated regulated by the presynaptic protein Rab3A. Rab3A 

null-mutantt mice were used to investigate this question. 

Inn order to provide new insight in the subsequent intrasynaptic steps not only of the 

exocytotic,exocytotic, but also of the endocytotic part of the vesicle cycle in small central nerve 

terminalss we performed an ultrastructural analysis of changes in SV distributions 

duringg depolarization (chapter 5). By increasing the depolarization time, from short 

(1000 ms) to exhaustive (3min), consecutive changes in the distribution and surface 

areaa of SVs and other presynaptic organelles were examined in order to deduce a 

possiblee sequence of steps that govern SV cycling during depolarization. 
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Thee two aspects addressed concerning intrasynaptic transport of SVs are: 

III)) Is ther e a rol e for Rab3A in SV transpor t ? 

IV)) What are the sequentia l change s in the SV cycl e durin g depolarizatio n ? 
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.. Endogenous neurotransmitter release at the sub-second timescale 

ABSTRACT T 

Exocytosiss in central nerve terminals is rapidly triggered by the influx of calcium 

throughh high voltage sensitive Ca2+-channels. Mainly due to their small size, studies 

inn which neurotransmitter release from these terminals was determined at the sub-

secondd time-scale are still rather limited. Here we describe the use of a pneumatic 

rapidd mixing device, allowing application of short (5 50 ms) K+-depolarizing pulses to 

purifiedd nerve terminals, synaptosomes, to trigger endogenous release of different 

transmitterr types. A consistent, Ca2+-dependent exocytotic release of the amino acid 

transmitterss glutamate and GABA was observed after 100 ms depolarization, from 

synaptosomess purified from rat and mouse brain. In contrast, no Ca2+-dependent 

releasee of aspartate could be observed upon such a short depolarization. For 

determinationn of amino acid release after longer depolarizations (> 100 ms), 

transporterr blockers had to be added to prevent clearance of the vesicularly released 

transmitters.. Ca2+-dependent release of the neuropeptide cholecystokinin did not 

occurr until 250 ms depolarization. In addition, the time-courses of amino acid and 

cholecystokininn release were clearly different. The fast Ca2+-dependent release of all 

transmitterss was selectively and strongly inhibited by the P/Q-type Ca2+-channel 

blockerr co-Agatoxin IVA. In conclusion, this approach allows direct measurement of 

Ca2+-dependentt release of diverse endogenous neurotransmitters from central nerve 

terminalss upon depolarization pulses in the physiologically relevant, sub-second, 

timescale. . 
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INTRODUCTION N 

Whenn studying neurotransmitter release from central nerve terminals, one can 

discriminatee between fast acting transmitters such as glutamate, GABA and 

acetylcholinee and the slower acting catecholamines and neuropeptides. The fast 

actingg transmitters are released from SVs, and neuropeptides from LDCVs (De 

Camillii and Jahn, 1990; Kelly, 1993). Release of transmitter from both vesicle types 

iss Ca2+-dependent, though their regulation is different with respect to kinetics and 

calciumm sensitivity (Zhu et al., 1986; Verhage et al., 1991b). 

Electrophysiologicall studies showed indirectly that exocytosis of the amino acids 

fromm central nerve terminals has to be a very rapid (< ms) process (Borst and 

Sakmann,, 1996). In contrast, the release of neuropeptides has been proposed to be 

muchh slower (Burgoyne and Morgan, 1995). Indeed, capacitance measurements of 

thee plasma membrane during exocytosis directly showed the difference in kinetics of 

exocytosiss and endocytosis of the SVs from goldfish retina bipolar neurons 

(Mennerickk and Matthews, 1996) and LDCVs from neurohypophysial nerve terminals 

(Sewardd et al., 1995). However, similar studies on the dynamics of transmitter 

releasee from the different vesicle types in small central nerve terminals on a 

physiologicall relevant, sub-second, timescale are technically not feasible yet. 

Instead,, assays used to study neurotransmitter release from brain slices or isolated 

nervee terminals, synaptosomes, are generally performed on a second to minute 

timescale.. Turner and Goldin (1989) developed a rapid superfusion system allowing 

measurementt of release of radioactively prelabeled amino acids from synaptosomes 

withh a 60 ms time resolution. Interestingly, these and other investigators have 

discriminatedd two different components when studying amino acid release from 

synaptosomes;; a fast one completed within 1-2 s depolarization, and a slower one 

lastingg for minutes (Herrero et al., 1996; McMahon and Nicholls, 1991; Turner and 

Goldin,, 1989). However, direct measurement of the fast endogenous release 

componentt at the millisecond timescale has not yet been reported. 

Inn the present study, we describe a novel method enabling direct measurement of 

fastt exocytosis of diverse endogenous transmitters from isolated central nerve 

terminals,, by use of a rapid mixing device (Fig. 1). In this device small aliquots of high 

K+-mediumm are rapidly added from a syringe driven by a pneumatic dispenser to and 
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mixedd with synaptosomes, and after a controlled delay ranging between 0-1000 ms 

stopmediumm containing low K+ and without Ca2+ is added from a separate syringe to 

terminatee the depolarization. By combining the use of this rapid mixing device with 

sensitivee HPLC amino acid analysis, a time resolution of 50 ms was achieved to 

measuree K+-induced, Ca2+-dependent release of glutamate and GABA. In addition, 

sub-secondd release of the neuropeptide CCK could be measured. The sub-second 

vesicularr release of all these transmitters was effectively regulated by P/Q-type Ca2+-

channels,, since release was strongly inhibited by their blocker co-Agatoxin IVA. 

MATERIALSS and METHODS 

SynaptosomalSynaptosomal preparation 

Synaptosomess were prepared from male Wistar rat (180-220 gr) cerebrocortex or 

fromm whole forebrain of C57BL6 mice (4 to 5 months old), rapidly dissected on ice 

afterr decapitation, and highly purified by Percoll (Pharmacia Biotech, Uppsala, 

Sweden)) density gradient centrifugation as described by Dunkley et al. (1988). This 

proceduree was approved by the Animal Experiments Committee, faculty of Biology, 

Universityy of Amsterdam (1996). 

Thee synaptosomal fractions in the 10-15% and the 15-23% Percoll interfaces were 

pooledd and washed twice in artificial cerebrospinal fluid (aCSF) which contained (in 

mM):: NaCI (132), KCI (3), MgS04 (2), NaH2P04 (1.2), HEPES (10) and D-Glucose 

(10)) + 2 mM CaCI2. Synaptosomes (2mg/ml) were kept on ice in aCSF + 2 mM CaCI2 

untill use in the release assay, which was within 4 hours after isolation. Protein 

concentrationn was determined according to Bradford (1976) with Bovine Serum 

Albuminee as a standard. 

ShortShort depolarization assay 

Synaptosomess (80 ug protein when prepared from rat cortex, 40 ug protein when 

preparedd from mouse forebrain) were pelleted and resuspended in 40 pi (rat) or 20 pi 

(mouse)) aCSF supplemented with 50 uM EGTA and 1 mg/ml Bacitracine, and were 

preincubatedd in a tube positioned in a holder at C for 5 min. When release 

kineticss and Ca2+-channel involvement were determined, the transporter inhibitors L-
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trans-PDCC (50 |JM) (Tocris, Bristol, UK) and SK&F89976-A (10 |jM), kindly provided 

byy dr. Skidmore (Smith, Kline and French, Welwyn, UK), or 200 nM co-Agatoxin IVA 

(Alomonee labs, Jerusalem, Israel), were added during this preincubation period. 

Subsequentlyy synaptosomes were shortly (0-1000 ms) depolarized by use of a rapid 

mixingg device. This mixer device (Fig. 1) consists of two syringes with a volume of 5 

(syringee 1) and 40 ml (syringe 2), equipped with outlets of stainless steel (inner 

diameterr 1 mm (syringe 1); 1.5 mm (syringe 2)), and each controlled by a pneumatic 

dispenserr (type 1000-XLE, EFD Inc., East Providence Rl, USA) which are connected 

too an air pressure outlet. The compartments for the synaptosomes and syringe 1 are 

keptt at C by thermocouples (Watlow, Winona MN, USA). On top of both syringes, 

storagee reservoirs are present in order to supply media to the syringes. During 

depolarizationn of the synaptosomes and addition of stop solution, the fluid in these 

storagee reservoirs is separated from both syringes by closure of valves. By a slight 

negativee pressure in both syringes of 0.08 bar, spontaneous release of their contents 

wass avoided. By a pressure pulse (0.35 bar) 200 pi of high K+ medium 
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Fig.. 1. Schemati c drawin g of the 

rapi dd mixin g device . 

Thee mixer device consists of two 
syringess (1, 2), each controlled by a 
pneumaticc dispenser (3). By a pressure 
pulsee (0.35 bar) depolarization medium 
iss released from syringe 1, depolarizing 
thee synaptosomes. And after a preset 
timee (0 - 1000 ms), controlled by a 
digitall timer (4), ice-cold stop medium is 
releasedd from syringe 2, which 
terminatess the depolarization. The 
compartmentt (5) containing the 
synaptosomess and syringe 1 are 
thermo-statedd at C and syringe 2 is 
keptt at C by ice. 
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(depolarizationn medium, see below) is rapidly released from syringe 1 to stimulate the 

synaptosomes.. After a preset delay ranging from 0 - 1000 ms, controlled by a digital 

timerr (home made), syringe 2 released (pressure pulse 1.8 bar) 1 ml ice-cold stop 

mediumm to terminate the depolarization. For that purpose, the compartment of 

syringee 2 is kept at C by ice. In a test experiment, the delay between the 

injectionss from syringe 1 and 2 was controlled by a laser beam positioned just above 

thee tube with synaptosomes. The laser was coupled to an oscilloscope (LeCroy Type 

9410)) to visualize the delay. During addition of the depolarization and stop solutions 

synaptosomess were gently shaken by a vortex-like device (home made). Immediately 

afterr addition of the stopsolution, the synaptosomes were placed on ice and 

separatedd from the extracellular medium by centrifugation as described below. 

Depolarizationn media: aCSF containing 50 mM KCI in the presence of 2 mM Ca2+ (for 

totall release) or 50 uM EGTA (for the Ca2+-independent release), NaCI was iso-

osmoticallyy replaced by KCI. Stop medium: aCSF containing 10 mM EGTA. 

TransmitterTransmitter analysis 

Quicklyy after terminating release, 700 pi of the ice-cold synaptosomal suspension 

wass centrifugated through 300 pi of 45:55% (vol.:vol.) mixture of silicone oil and 

dinonylphtalatee for 2 min in a BHG table centifuge at 15000g in order to analyse 

releasedd transmitters in the extracellular medium. From the supernatant a 100 pi 

aliquott was pipetted onto 10 pi ice-cold Homoserine (1pM)/TCA (10%) solution for 

aminoo acid analysis, and 500 pi was brought onto 1 ml ice-cold methanol for CCK 

analysis.. Both samples were stored at . 

AminoAmino acid analysis: Extracellular amino acid levels (glutamate, aspartate and 

GABA)) were determined by reversed phase HPLC after precolumn derivatization with 

o-phtaldehydee in mercapto-ethanol, using Homoserine as an internal standard 

(Verhagee et al., 1989). The detection limits for glutamate and GABA were 10 and 20 

fmol,, respectively. 

CCKCCK analysis: Nonsulfated CCK-8 (CCK) release was quantified by 

radioimmunoassayy as described (Breukel et al., 1998) using the rabbit antiserum 

C221.. The detection limit for CCK-8 was 1.75 fmol. In this radioimmunoassay, 

sulfatedd CCK-8 and CCK-6 display a 100% cross-reactivity, and sulfated CCK-7, 

CCK-44 and CCK-3 do not cross-react (< 0.07%). In short, freeze-dried pellets are 

reconstitutedd in buffer (20 mM sodium barbitone, 20 mM sodium azide and 2.5 mg/ml 
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BSA;; pH 8.2) and incubated overnight with antiserum (1:6000 dilution) at . 

Nonsutfatedd CCK-8 is used as standard, 125l CCK-8 as tracer. 

StatisticalStatistical analysis 

Thee data were statistically analyzed by the paired Student's Mest. The rejection of 

thee null hypothesis was accepted as significant if P<0.05. 

RESULTS S 

TheThe rapid mixing device 

Inn Fig. 1 a schematic drawing of the rapid mixing device is shown. Application of a 

positivee pressure pulse allowed instantaneous addition of aliquots of depolarizing 

highh K+-medium (200 pi) from syringe 1 to a small amount (20-40 pi) of 

synaptosomes.. After a preset delay time, adjustable in steps of 10 ms, syringe 2 was 

pulsedd to add excess (1 ml) stop-solution to the synaptosomes in order to terminate 

thee depolarization reaction. In a test experiment, the delay between the injections 

fromm syringe 1 and 2 was controlled by means of a laser, and visualized on an 

oscilloscope.. When adjusting a delay of 100 msec, injection of the stopsolution 

startedd between 104 and 110 msec after the start of injection from syringe 1 (n=4), 

indicatingg variations in reaction time of maximally 10%. Thermostration of the 

depolarizationn at C allowed determination of transmitter release at physiologic 

relevantt temperature, whereas termination with ice-cold stop-solution and immediate 

placementt on ice inhibited biological activity strongly after the depolarization. 

FastFast iC-induced amino acid release from rat and mice synaptosomes 

1000 ms depolarizations were applied to rat cortex synaptosomes. Depolarizations 

weree induced by 40 mM K\ either without or with 2 mM Ca2+ to measure Ca2+-

independentt and total release, respectively. The Ca2+-dependent, vesicular, release 

iss then calculated by substracting the Ca2+-independent from the total release. After 5 

minn preincubation at C and subsequent 100 ms depolarization, the accumulative 

Ca2+-independentt release was 3.6  0.4 nmol /mg protein for glutamate and 1.2  0.1 

nmol/mgg protein for GABA (Fig. 2 A). On top of this Ca2+-independent release a 
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Fig .. 2. 100 ms K+-induce d releas e of glutamat e and GABA fro m rat and mic e 

synaptosomes . . 

1000 ms K+- induced glutamate (a) and GABA (b) release was determined from rat cortex (A) 
andd mice forebrain (B) synaptosomes. K+ (40mM) stimulations were applied either in the 
presencee of 50 uM EGTA (white bars) for Ca2+-independent release or in the presence of 2 
mMM Ca2+ (black bars, a,b) for total release. Ca2+-dependent release (c) was calculated by 
subtractingg Ca2+-independent release from total release. Data are means  SEM of 9 
independentt experiments. 

consistentt Ca2+-dependent release was evoked by depolarization of 1.06  0.30 

nmol/mgg protein for glutamate and 0.37 0 nmol/mg protein for GABA (n= 9, p < 

0.05).. In synaptosomes, purified from mice forebrain similar values of Ca2+-

dependentt release of glutamate and GABA were observed upon 100 ms 

depolarizationn as found with rat synaptosomes (Fig. 2 B). The Ca2+-independent 

glutamatee release in mice synaptosomes was somewhat lower than in rat 

synaptosomes.. These results indicate that the rapid mixing device was appropriate to 

studyy sub-second amino acid release from synaptosomes purified from both rat and 

mousee brain. All other experiments described in this study were performed with rat 

cortexx synaptosomes. 
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KineticsKinetics of amino acid release 

Inn order to study kinetics of amino acid release, synaptosomes were exposed to high 

K+-- medium for increasing periods. However, when depolarization time was extended 

fromm 100 ms to 500 ms, this did not result in an increase of the Ca2+-dependent 

releasee of both glutamate (Fig. 3 A) and GABA (Fig. 3 B). Since prolonged exposure 

off synaptosomes to their released amino acids could lead to progressive reuptake by 

theirr respective transporters, we measured the effects of the specific transporter 

blockerss L-trans-PDC (50 uM) for the glutamate/aspartate transporter (Bridges et al., 

1991)) and SK&F89976-A (10 uM) for the GABA transporter (Yunger et al., 1984) on 

aminoo acid release upon 100 and 500 ms depolarization. At these concentrations 

uptakee of the amino acids was completely blocked in rat brain synaptosomes 

(Breukell et al., 1997b). In the presence of the blockers, the Ca2+-dependent release 

componentt at 100 ms for both glutamate and GABA was the same as that measured 

withoutt blockers (Fig. 3). However, after 500 ms depolarization Ca2+-dependent 

glutamatee release was almost doubled to 1.92  0.30 nmol/mg protein (Fig. 3 A, p < 

0.05),, and Ca2+-dependent GABA release was increased to 0.95  0.20 nmol/mg 

proteinn (Fig. 3 B, p < 0.05). Simultaneously, the blockers raised the Ca2+-independent 

releasee of both transmitters, glutamate from 3.6 to 6.3 nmol/mg protein and GABA 
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Fig .. 3. Sub-secon d releas e of glutamat e and GABA: effec t of transporte r blockers . 

Synaptosomess were preincubated in absence or presence of 50 uM L-trans-PDC and 10 uM 
SK&F89976-AA for 5 min at . K+- evoked glutamate (A) and GABA (B) release was 
determinedd after 100 and 500 ms, either in the presence of 50 uM EGTA (white) for Ca2+-
independentt release or in the presence of 2 mM Ca2+ (total (white + black) bar) for total 
release.. Ca2+-dependent release was calculated by subtracting Ca2+-independent release 
fromm total release and is indicated by the black part of the bar. Data are means  SEM of 9 
independentt experiments. * p < 0.05 by paired student's Mest. 
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Fig.. 4. Sub-second aspartate release. 

A.. K+-evoked Ca2*-independent (white bars) and total (black bars) aspartate release was 
determinedd after 100 ms and 500 ms either in the presence or absence of 50uM L-trans-
PDC.. B. Ca2+-dependent apartate release, calculated by subtracting Ca2+-independent 
releasee from total release, determined after 100 ms, 500 ms and 15 s either in the presence 
(whitee bars) or absence (black bars) of 50 uM L-trans-PDC. Data are means  SEM of 9 (100 
mss and 500 ms) or 5 (15 s) independent experiments. * p < 0.05 by paired student's f-test. 

fromm 1.1 to 1.65 nmol/mg protein. Since these results indicated partial clearance of 

vesicularr glutamate and GABA release by activation of their transporters, kinetic 

studiess were performed in the presence of both blockers. 

Withh respect to the putative transmitter aspartate, no Ca2+-dependent release could 

bee observed after 100 ms and 500 ms depolarizations of the synaptosomes (Fig. 4). 

Preincubationn with L-trans-PDC (50 uM) increased the Ca2+-independent release of 

aspartatee from 3.19  0.30 to 5.75  0.60 nmol/mg protein, but still no Ca2+-

dependentt release was seen (Fig. 4 A). Ca2+-dependent aspartate release (0.76

0.300 nmol/mg protein, p < 0.05) could not be detected until a depolarization lasting 15 

ss was applied. This Ca2+-dependent component was however completely blocked by 

500 uM L-trans-PDC (Fig. 4 B). 

Too measure the kinetics of Ca2+-dependent amino acid release, K+-induced 

depolarizationss of different durations (50 ms-3 min) were applied in the presence of 

bothh 50 MM L-trans-PDC and 10 uM SK&F89976-A. Though Ca2+-independent 

releasee of glutamate was slightly increased upon sub-second depolarization, already 

att the lower threshold of the mixing device, i.e. 50 ms depolarization, a significantly 

higherr total release of glutamate was observed, resulting in a Ca2+-dependent 

releasee of glutamate of 0.7  0.3 nmol/mg protein (p < 0.05, Fig. 5 B). Similarly, a 
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Fig.. 5. Time-course of K*-induced release of the amino acids glutamate and GABA. 

A.. CCK 

oo E 
O S S 

1.7--

11 5 • 

1.33 • 

1.11 • 

0.9--

00 7 • 

00 5 • 

0.3--

0.11 • 

B.. Ca-dependent CCK 

Bi--
l l l 
cc Q. 

II I I Mlll | 1 I I I I I IJ 1—I 11 II ll | 1 I I l l l l l | 1 I I l l l l l | 

0.11 1 10 100 1000 

TIME(sec) ) 

0 . 0 * * 

0 0 

m r ^ — II  i I  I I I I I | — I i I  i n i i | 

100 100 1000 

TIME(sec) ) 
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«« Fig . 5. Time-cours e of K+-induce d releas e of the amin o acid s glutamat e and GABA . 

400 mM K+-induced release was determined after 5 min preincubation with 50 uM L-trans-
PDCC and 10 uM SK&F89976-A. Total release (2 mM Ca2+ (•)) and Ca2+-independent release 
{500 pM EGTA, (0)) of glutamate (A), GABA (C), is plotted against the time (s) of 
depolarization,, on a logaritmic scale. Ca2+-dependent release was calculated by subtracting 
Ca2+-independentt release from total release and is shown in B (glutamate) and D (GABA). 
Dataa are means  SEM of 6 independent experiments. 

«« Fig . 6. Time-cours e of K+-induce d releas e of the neuropeptid e CCK. 

400 mM K+-induced release was determined after 5 min preincubation. Total release (2 mM 
Ca2++ (•)) and Ca2+-independent release (50 uM EGTA, (O)) of CCK (A), is plotted against the 
timee (s) of depolarization, on a logaritmic scale. B. Ca2+-dependent release was calculated 
byy subtracting Ca2+-independent release from total release. Data are means  SEM of 6 
independentt experiments. 

Ca2+-dependentt release of GABA being 0.28  0.05 nmol/mg protein, p < 0.05, Fig. 

55 D) was estimated after 50 ms depolarization. For both glutamate and GABA at 

leastt two components could be discriminated in the time-course of Ca2+-dependent 

release.. A rapid component reaching a plateau of about 1.3 nmol/mg protein after 

2500 ms depolarization for glutamate (Fig 5B), and of about 0.3 nmol/mg protein 

betweenn 50 and 250 ms depolarization for GABA (Fig. 5D). After prolonged (> 1 s) 

depolarizationn a second phase of Ca2+-dependent glutamate and GABA release were 

observedd increasing to 4.3  0.9 and 2.5  0.5 nmol/mg protein, respectively, after 3 

minn depolarization. 

KineticsKinetics of CCK release 

Inn order to determine whether release of LDCV neuropeptide transmitters from 

centrall nerve terminals did occur at the sub-second time scale, the kinetics of CCK 

releasee was also measured. Release of this abundant brain neuropeptide was 

measuredd simultaneously with that of the amino acids, i.e. from the same sample of 

synaptosomes.. Although a Ca2+-independent CCK release of  0.25 pmol/mg protein 

fromm synaptosomes was detectable, which did not increase in time by K+-

depolarization,, Ca2+-dependent release of CCK was detected not until 250 ms 

depolarization,, being 0.08  0.02 pmol/mg protein (Fig. 6, p < 0.05). Ca2+-dependent 

CCKK release increased thereafter monophasically to 0.89  0.32 pmol/mg protein at 3 

min. . 
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CaCa22*-channel*-channel regulation of sub-second transmitter release 

Ca2+-dependentt release is thought to represent vesicular release triggered by Ca2+-

influxx through high voltage activated Ca2+-channels. Since presynaptic P/Q-type 

Ca2+-channelss have been prominently associated with transmitter release, we used 

co-Agatoxinn IVA, a blocker of these Ca2+-channels, to evaluate their regulation of fast 

Ca2+-dependentt transmitter release. After 5 min of preincubation with 200 nM co-

Agatoxinn IVA, the Ca2+-dependent release of both glutamate and GABA induced by 

5000 ms depolarization was completely blocked. In addition, also CCK release was 

stronglyy inhibited, by 80  5 % (Fig. 7). No effect of 200 nM co-Agatoxin IVA on the 

K+-inducedd Ca2+-independent release of the amino acids and CCK was observed (not 

shown). . 

DISCUSSION N 

Inn this study we presented a rapid mixing device, enabling simultaneous 

measurementt of endogenous release of amino acid and neuropeptide transmitters 

fromm presynaptic nerve terminals upon depolarization at the physiologically relevant 

sub-secondd timescale. 
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Fig .. 7. Inhibitio n of sub-secon d Ca2+-dependent releas e by oxAgatoxi n IVA 
Synaptosomess were preincubated for 5 min at C in the presence or absence of 200 nM 
o>Agatoxinn IVA. Release was measured after a 500 ms K+-induced depolarization. Ca2+-
dependentt release of glutamate, GABA and CCK is shown for controls (black bars) and co-
Agatoxinn IVA preincubated (white bars) synaptosomes. Data are means  SEM, of 8 
(glutamatee + GABA) and 6 (CCK) independent experiments. * p < 0.05 by paired student's t-
test. . 
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Byy adapting pneumatic dispensers equipped for fast reproducible sampling of small 

droplets,, we designed a technique to add instantaneously pi volume amounts of 

depolarizingg solution to a suspension of purified nerve terminals. An adjustable time-

delayy between two interconnected dispensers coupled to syringes filled with 

stimulationn and stop medium, respectively, allowed measurement of transmitter 

releasee upon depolarization as fast as 50 ms. The sub-second depolarization times 

appliedd in our experiments probably reflect real release times. The finding of Turner 

andd Dunlap (1995) that amino acid release is prolonged after termination of rapid 

depolarizationn is not applicable under our conditions since depolarization was 

terminatedd by addition of ice-cold EGTA-medium, making release by either 

transporterr reversal or exocytosis rather unlikely. 

Thee difference in initial time-course between Ca2+-dependent amino acid and CCK 

releasee indicate the differential regulation of exocytosis of the transmitter types. The 

applicabilityy of this fast release assay for mouse synaptosomes as well creates the 

interestingg possibility to study the consequence of genetically deletion of certain 

presynapticc proteins on initial burst of transmitter release. 

TwoTwo components of amino acid release 

Althoughh actual triggering of presynaptic amino acid release occurs within one ms, a 

timee resolution of 50 ms reasonably approaches isolated measurement of the 

synchronous,, readily releasable transmitter pool as defined by Goda and Stevens 

(1994).. According to this definition, the asynchronous phase of release would be 

consistentt with the additional, slow release component of amino acids upon 

depolarizationn for s - min. Interestingly, two release components have been 

discriminatedd in biochemical studies before, although a detailed analysis of 

endogenouss release within the first s of depolarization was not performed (Herrero et 

al.,, 1996; McMahon and Nicholls, 1991; Turner and Goldin, 1989). A rapid perfusion 

systemm for studying amino acid release with a similar time-resolution as obtained in 

ourr study has been applied, but concerned measurement of a radioactively 

prelabelledd transmitter pool (Turner et al., 1993; Turner and Goldin, 1989). However, 

afterr short preincubation with radioactive amino acids the vesicular pool is only 

partiallyy labelled, giving rise to rather undefined release components (Wilkinson and 

Nicholls,, 1989). By estimating the sub-second endogenous Ca2+-dependent amino 

acidd release, probably the complete readily releasable vesicular pool is released. In 
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ann ultrastructural study, this vesicle pool was suggested to be equivalent with the 

vesicless docked at their release site in nerve terminals, the active zone (Schikorski 

andd Stevens, 1997). Indeed, the amount of docked vesicles at the active zone in 

synaptosomess was changed upon sub-second depolarization, though a small 

increasee instead of a decrease was observed (Leenders et al., 1999). Evidently, 

besidess depolarization-induced fusion of vesicles a simultaneous fast recruitment of 

neww vesicles from a reserve pool did occur to replenish the readily releasable pool, 

sincee this increase was accompanied by a similar decrease in vesicle amount 

distantlyy from the active zone (Leenders et al., 1999). 

Afterr the initial bursts of glutamate and GABA release, which reached a plateau 

betweenn 50 ms and 250 ms, a second progressively increasing release component 

wass observed up to 3 min depolarization (see Fig. 5). This slower component 

probablyy represented additional fusion of vesicles steadily recruited from the reserve 

pool,, and the cumulative amount of endogenous amino acid release during this 

periodd closely resembled values reported previously by our and other laboratories 

estimatedd by other procedures (Herrero et al., 1996; McMahon and Nicholls, 1991; 

Verhagee et al., 1991b). This slow release component accounted for 80% or more of 

thee totally released amount of amino acids, thereby quantitatively masking the initial 

burst.. The rapid mixing device used in the present study allowed selective 

measurementt of the initial burst of release from a population of vesicles at or very 

nearr to their release site, enabling functional studies of certain exocytotic steps of the 

vesiclee cycle. 

ReleaseRelease and transport of amino acids 

AA potential draw-back in our rapid mixing device is the fact that during depolarization 

thee synaptosomes were exposed to increased amounts of released amino acids, 

allowingg progressive reuptake by their respective transporters which would lead to 

underestimationn of the actual vesicular release. In addition, preincubation and K+-

inducedd reversal of amino acid transporters contributed to a relatively high 

backgroundd level of extracellularly accumulated amino acids (Nicholls and Attwell, 

1990).. We cannot fully exclude pressure effects on Ca2+-independent (unspecific) 

transmitterr release, though control experiments did not show effects of the rapid high 

pressuree application on leakage of the cytosolic enzyme lactate dehydrogenase out 

off the synaptosomes (results not shown). The Ca2+-independent component 

46 6 



EndogenousEndogenous neurotransmitter release at the sub-second timescale 

amountedd to about 70% of the total release after 100 ms depolarization, and 

increasedd even further in the presence of transporter blockers. Apparently, during 

1000 ms K+-pulses hardly any clearance of released amino acids by their transporters 

didd occur, since Ca2+-dependent release of glutamate and GABA was not affected by 

thee blockers. However, after 500 ms depolarization the transporters evidently recycle 

aboutt half of the vesicularly released amino acids. Therefore, the presence of 

blockerss was required during extended depolarization times. 100 ms bursts of 

transmitterr release could be appropriately measured in the absence of the blockers, 

therebyy avoiding excessive increases in background levels as mentioned above. 

However,, the small but significant Ca2+-dependent component of sub-second amino 

acidd transmitter release in the presence of the blockers is probably from vesicular 

origin,, as suggested by the following observations: 1) Ca2+-dependent release was 

significantt during K+-depolarization only. 2) No K+-induced Ca2+-dependent release of 

thee non-vesicular aspartate could be observed within the first second. 3) The Ca2+-

dependentt release of glutamate and GABA was inhibited by the P-, Q-type Ca2+-

channell blocker co-Agatoxin IVA, whereas the Ca2+-independent release was 

unaffected.. Similarly, the Ca2+-dependent CCK release was strongly inhibited by this 

blocker,, in full agreement with the prominent role ascribed to these channels in 

regulatingg transmitter release in central nerve terminals (Dunlap et al., 1995). In 

addition,addition, N-type Ca2+-channels have been described to regulate transmitter release 

(Dunlapp et al., 1995). Recently, we have reported cooperative regulation of sub-

secondd transmitter release by multiple Ca2+-channels as well (Leenders et al., 1999). 

Althoughh in many studies, either with slices or synaptosomes, Ca2+-dependent 

aspartatee release has been observed; its vesicular origin is still questioned (Ghijsen 

ett al., 1999; Pende et al., 1993; Zhou et al., 1995). Nicholls and Attwell (1990) 

postulatedd the hypothesis that in cerebral cortex aspartate is released by reversed 

operationn of the plasmamembrane glutamate/aspartate transporter and not by 

exocytosis.. Depolarization with extracellular Ca2+ present could even give more 

releasee via this route, since the exocytotically released glutamate may cause 

additionall aspartate efflux via heteroexchange through the transporter. Indeed, in 

contradictionn to glutamate, no K+-induced Ca2+-dependent aspartate release was 

observedd in hippocampus CA1 region in the presence of the transporter blocker L-

trans-PDCC studied by in vivo microdialysis (Zuiderwijk et al., 1996). There are also 

studies,, however, which challenge this hypothesis. In these studies aspartate release 
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hass been reported to be regulated independently from glutamate release (Martin et 

al.,, 1991; Zhou et al., 1995) and aspartate was identified by immunogold 

electronmicroscopyy in vesicle-enriched areas in hippocampal terminals (Gundersen 

ett al., 1998). However, until now, only a glutamate specific vesicular transporter has 

beenn identified (Bellocchio et al., 2000) and no accumulation of aspartate in SVs 

couldd be found (Naito and Ueda, 1985; Gundersen et al., 1995; Bellocchio et al., 

2000).. In the present study, cerebral cortex synaptosomes did not show Ca2+-

dependentt aspartate release upon sub-second depolarizations. Only after a 

depolarizationn of 15 s we were able to detect a Ca2+-dependent aspartate release of 

0.766 nmol/mg protein, which was completely blocked after preincubation with the 

glutamate/aspartatee transporter blocker L-trans-PDC, in agreement with release of 

thiss amino acid via reversal of the transporters by exocytotically released glutamate, 

ass proposed above. 

Sub-secondSub-second CCK release 

Neuropeptidess are thought to be stored in and released from LDCVs. The release of 

neuropeptidess from these vesicles is even more poorly understood than that of the 

SVss (Bean et al., 1994). To study the kinetics of neuropeptide release from isolated 

cortexx nerve terminals we determined the time-course of CCK release, one of the 

mostt abundant neuropeptides in the brain (Rehfeld, 1985; Raiteri et al., 1993). Ca2+-

dependentt CCK release from the synaptosomes did not occur until 250 ms 

depolarization.. Since some, though Ca2+-independent release or leakage of CCK 

fromm synaptosomes could already be detectedd after 50 ms, the delay in appearance 

off Ca2+-dependent release of CCK could not be explained by limited sensitivity of the 

RIAA assay used in our study. Thus, CCK release was much slower in onset than 

aminoo acid release. Seward et al. (1995) showed that a Ca2+-dependent 'preparatory' 

stepp of about 600 ms preceded the Ca2+-dependent release of LDCVs in 

neurohypophysiall terminals. For CCK containing LDCVs in cortical nerve terminals a 

preparatoryy step of about 250 ms appeared to be necessary. Another difference with 

thee amino acids is that there is almost no Ca2+-independent CCK release, whereas 

thee amino acids showed a clear increasing Ca2+-independent release component. 

Thiss indicates that there is only a vesicular pool of CCK released in a Ca2+-

dependentt way, which is in agreement with previous studies (Verhage et al., 1991a). 
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MobilizationMobilization and fusion of small and large vesicles 

ABSTRACT T 

Inn central nerve terminals transmitter release is tightly regulated, and thought to 

occurr in a number of steps. These steps include vesicle mobilization and docking 

priorr to neurotransmitter release. Intrasynaptic changes in vesicle distribution were 

determinedd by electron microscopical analysis and neurotransmitter release was 

monitoredd by biochemical measurements. We correlated K+-induced changes in 

distributionn of SVs and LDCVS with the release of their transmitters. For SVs amino 

acidd release as well as recruitment to and docking at the active zone were activated 

withinn a second depolarization. In contrast, the disappearance of LDCVs and the 

releasee of the neuropeptide CCK were much slower, and no docking was observed. 

Studiess with diverse Ca2+-channel blockers indicated that mobilization and 

neurotransmitterr release from both vesicle types were regulated by multiple Ca2+-

channels,, although in a different way. Neurotransmitter release from SVs was 

predominantlyy regulated by P-type Ca2+-channels, whereas primarily Q-type Ca2+-

channelss regulated neurotransmitter release from LDCVs. The different Ca2+-

channnelss types directly regulated mobilization of and neurotransmitter release from 

SVs,, whereas, by their cooperativity to raise the intracellular Ca2+ concentration 

abovee release threshold, they more indirectly regulated LDCV exocytosis. 
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INTRODUCTION N 

Neurotransmitterr release from presynaptic nerve terminals is highly regulated in a 

temporall and spatial manner. One can discriminate between fast amino acid release 

fromm SVs in the active zone, and slow neuropeptide release from LDCVs at remote 

sitess in the terminal. Differences in kinetics and calcium sensitivity suggest that 

exocytosiss of the two vesicle types is differently regulated (Burgoyne and Morgan, 

1995;; Verhage et al., 1991b). It is well established that neurotransmitter release from 

SVss occurs within 1 ms after the Ca2+ trigger (Aimers, 1990). The existence of a 

readilyy releasable pool of SVs at the active zone in the direct vicinity of Ca2+-

channelss would allow such a fast release. In contrast to SVs, no readily releasable 

pooll of LDCVs has been observed in central nerve terminals (Burgoyne and Morgan, 

1995;; Verhage et al., 1991b). Therefore, prior to fusion, LDCV mobilization and 

dockingg should occur after stimulation. Kinetics of LDCV exocytosis appear to vary 

greatlyy depending on cell type, size of the release site and identity of the transmitter 

investigatedd (Bruns and Jahn, 1995; Chow et al., 1992; Seward et al., 1995; Thomas 

ett al., 1993; Ninomiya et al., 1997). However, very little is known about the kinetics of 

LDCVV mobilization, docking and fusion in central nerve terminals (Bean et al., 1994). 

Exocytosiss of both vesicle types is dependent on the entry of Ca2+ through high 

voltagee activated Ca2+-channels. Using pharmacological tools the P-/Q- and N- type 

Ca2+-channelss have been identified and shown to be involved in exocytosis of the 

SVss (Dunlap et al., 1995). Recent studies indicate that refilling, like fusion, is a Ca2+-

dependentt process (Heinemann et al., 1993; Stevens and Wesseling, 1998; Wang 

andd Kaczmarek, 1998), but which Ca2+-channel types are involved is unknown. 

Exocytosiss of LDCVs in neuroendocrine cells, seems to be predominantly mediated 

byy Ca2+-influx through the L-type Ca2+-channels (Dunlap et al., 1995), but very little is 

knownn about the identity of the Ca2+-channel subtype(s) regulating the mobilization of 

LDCVss and release of their neurotransmitters in central nerve terminals. 

Refillingg of the readily releasable pool determines to a major extent the capacity of a 

terminall to respond to repetitive stimulation. Refilling of SVs from the reserve pool 

hass been determined to occur within seconds (Neher, 1998; Ryan et al., 1993). 

Directt real-time imaging of secretory granules in endocrine cells indicate that refilling 

occurss in several steps, including recruitment, docking and priming of vesicles 
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(Steyerr et al., 1997). In order to investigate the molecular mechanisms involved, it 

wouldd be desirable to determine directly these separate steps of the synaptic vesicle 

cycle.. In the present study we used electron microscopical analysis to visualize some 

off these steps. We analysed changes in intraterminal distribution of both vesicle 

typess upon stimulation in synaptosomes. As a model system, highly purified 

synaptosomess from rat cortex were used, allowing these ultrastructural studies in a 

synchronouslyy stimulated population of central nerve terminals. To approach 

physiologicall relevance, depolarizations at the millisecond time-scale were applied by 

usee of a rapid mixing device. The changes in vesicle distribution were correlated with 

neurotransmitterr release from both vesicle types by biochemical measurement of the 

releasee of diverse transmitters from the synaptosomes upon the same millisecond 

depolarizations.. Clear differences in kinetics and Ca2+-channel regulation of mobility 

andd neurotransmitter release between SVs and LDCVs were apparent. 

MATERIALSS and METHODS 

Materials Materials 

Percolll was obtained from Pharmacia Biotech (Uppsala, Sweden). to-Agatoxin IVA 

andd co-Conotoxin MVIIC were obtained from Alomone labs (Jerusalem, Israel), o> 

Conotoxinn GVIA was obtained fronm Sigma. L-trans-pyrrolidine-2,4,-dicarboxylate (L-

trans-PDC)) was purchased from Tocris Cookson (Bristol, UK). 1-(4,4-diphenyl-3-

butenyl)-3-piperidinee carboxylic acid hydrochloride (SK&F 89976-A) was kindly 

providedd by dr. Skidmore (Smith, Kline and French, Welwyn, UK). Silicone oil (dow 

corningg 550) was from Mavon B.V. (Alphen a/d Rijn, the Netherlands). All other 

chemicalss were obtained from Sigma (Brunschwig Amsterdam, The Netherlands) or 

Janssenn (Beerse, Belgium) and were of the highest purity available. 

SynaptosomalSynaptosomal preparation 

Synaptosomess were prepared from male Wistar rat (180-220 gr) cortex, rapidly 

dissectedd on ice after decapitation. They were purified by Percoll density gradient 

centrifugationn essentially as described by Dunkley et al. (1988). The synaptosomal 

fractionss in the 10-15% and the 15-23% Percoll interfaces were pooled and washed 
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twicee in artificial cerebrospinal fluid (aCSF) which contained (in mM) : NaCI (132), 

KCII (3), MgS04 (2), NaH2P04 (1.2), HEPES (10) and D-Glucose (10) + 2 mM 

CaCl2-- Synaptosomes were kept on ice in aCSF + 2 mM CaCl2 at a protein 

concentrationn of 2 mg/ml until use in the release assay, which was within 4 hours 

afterr isolation. Protein concentration was determined according to Bradford (1976) 

withh Bovine Serum Albumine as a standard. 

ShortShort depolarization assay 

Synaptosomess (80 ug protein) were pelleted and resuspended in 40 ul aCSF 

supplementedd with 50 uM ethylene glycol bis((i-aminoethyl ether)-N,N'-tetraacetic 

acidd (EGTA), 1 mg/mt Bacitracine, 50 uM of the glutamate/aspartate uptake carrier 

blocker,, L-trans-PDC (Bridges et al., 1991) and 10 uM of the the GABA uptake 

carrierr blocker SK&F 89976-A (Yunger et al., 1984). If appropriate, the 

synaptosomess were preincubated at C for 5 min with the Ca2+-channel toxins, a> 

Agatoxinn IVA, o>Conotoxin MVIIC or (o-Conotoxin GVIA. Using a rapid mixing device 

thee synaptosomes were given a depolarization varying from 0 to 1000 ms. This mixer 

consistss of two syringes, each controlled by a pneumatic dispenser (type 1000-XLE, 

EFDD Inc. USA). By a pressure pulse (0.35 bar) 200 ul of high K+ medium 

(depolarizationn medium, see below) is released from syringe 1, depolarizing the 

synaptosomes.. After a preset time (0 - 1000 msec), controlled by a digital timer, 

syringee 2 released 1 ml ice-cold stop medium (release measurements) or fixative 

(electronn microscopical analysis) (pressure pulse 1.8 bar) to stop the reaction. The 

compartmentt containing the synaptosomes and syringe 1 are thermostrated at C 

andd syringe 2 is kept at C by ice. Depolarization media : aCSF containing 50 mM 

KCII in the presence of 2 mM Ca2+ (for total release) or 50 uM EGTA (for the Ca2+-

independentt release), NaCI was iso-osmotically replaced by KCI. Stop medium : 

aCSFF containing 10 mM EGTA. Fixative : 2% paraformaldehyde and 2.5% 

glutaraldehyde. . 

ElectronElectron microscopical analysis 

Afterr fixation synaptosomes were embedded in epon, ultrathin sections (80 nm) were 

stainedd with uranyl acetate and lead citrate and examined in a Philips 201 electron 

microscope,, essentially as described previously (Breukel et al., 1997a). For each 
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experimentall condition 10 micrographs (39500x) showing 30 to 40 synaptosomal 

sections,, were randomly taken and number of LDCVs in these sections was 

counted.. For each experimental condition 25 synaptosomal sections with a clearly 

visiblee active zone were selected for analysis of SV distribution. SVs were counted in 

500 nm frames starting from the active zone (Hess et al., 1993) and related to the total 

SVV content per terminal. Only those SVs associated, i.e. in visible contact, with the 

activee zone membrane were counted as docked SVs. Both the selecting of sections 

andd the vesicle counting was performed blindly and independently by different 

persons. . 

MeasurementsMeasurements of released neurotransmitters 

Forr analysis of released transmitters, 700 ul of the synaptosomal suspension was 

centrifugatedd through 300 pi of 45:55% (voLvol.) mixture of silicone oil and 

dinonylphtalatee for 2 min at 15000g. A 100 pi aliquot from the supernatant was 

pipettedd onto 10 pi ice-cold Homoserine (1 pM)/trichloroacetic acid (TCA) (10%) 

solutionn for amino acid analysis, and 500 pi was brought onto 1 ml ice-cold methanol 

forr CCK analysis. Both samples were stored at . Amino acid levels (glutamate 

andd GABA) were determined by reversed phase HPLC as described previously 

(Verhagee et al., 1989). Nonsulfated CCK-8 (CCK) release was quantified by 

radioimmunoassayy (RIA), using the rabbit antiserum C221 (Breukel et al., 1998). In 

thiss RIA, sulfated CCK-8 and CCK-6 displayed 100% cross-reactivity, and sulfated 

CCK-7,, CCK-4 and CCK-3 did not cross-react (< 0.07%). 

StatisticalStatistical analysis 

Thee data were statistically analysed by the paired Student's Mest. The rejection of 

thee null hypothesis was accepted as significant if p < 0.05. Difference in distribution 

off the SVs was tested with the x2-test (p < 0.01). 
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RESULTS S 

Purifiedd nerve terminals, i.e. synaptosomes, from rat cortex were taken as a model 

systemm for the central presynapse (Breukel et al., 1997a). Making use of a rapid 

mixingg device, we were able to stimulate synaptosomes by short (50 millisecond) 

elevationss of the extracellular K+ concentration. This ensured vesicle movement 

mainlyy involved in exocytosis and not in endocytosis, a process which probably takes 

sec-minn (Neher, 1998). Although in neuroendocrine cells sub-second endocytosis of 

granuless was found (Thomas et al., 1994), such a fast step has not been reported for 

SVss in central terminals. In addition, this technique limited regulated exocytosis of 

SVss to the active zone of the nerve terminals, in contrast with more prolonged K+-

stimulationn that has been shown to induce fusion of these vesicles outside the active 

zonee as well (Ceccarelli et al., 1988). 

Too study the mobility of vesicles in synaptosomes we performed an ultrastructural 

analysiss by electron microscopy. The synaptosomal sections had an average 

diameterr of 550 nm, containing about 55 SVs, 4 of which were docked at the active 

zone,, indicating that in purified nerve terminals the functional vesicle distribution is 

preservedd (Schikorski and Stevens, 1997), with a large reserve pool and some 

dockedd SVs, which may include the readily releasable pool. In 9% of these 

synaptosomall sections one or more LDCV were observed. We determined the 

changess in the distribution of both vesicle types within the nerve terminal upon 

stimulationn by applying short K+-induced depolarizations, lasting either 100 or 1000 

ms,, after which the nerve terminals were immediately fixed. Since SVs release their 

transmitterr in the active zone, we randomly selected for each experimental condition 

255 synaptosomal sections where the active zone was clearly visible (Fig. 1). Total 

numberr of SVs and active zone length in each section and the diameter of the 

sectionn varied due to differences in plane of section through the terminals. This 

varietyy was, however, seen in every experimental condition and the frequency 

distributionss within the total range for each parameter were not different between all 

separatee experiments (Kolmogorov-Smirnov test, p > 0.05). The means of these 

parameterss were therefore not different between controls and stimulated conditions 

(Tablee 1). 
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Fig .. 1. Synaptosom e sections . 

Sectionss of synaptosomes with clearly visible active zone, defined by a thicker presynaptic 
plasmaa membrane accompanied by a still attached (part of the) post synaptic density. SVs 
dockedd at the active zone are indicated by arrow heads. Fig. 1 A. section which clearly shows 
clusteringg of the SVs at the active zone. Fig. 1B. section with a random distribution of SVs 
thoughoutt the terminal. Scale bar: 0.1 urn. 

Tablee 1. Synaptosoma l sectio n parameter s 

Stimulation n 
Control l 
(nn = 7) 
100ms/2mMCa2 + + 

(nn  = 3) 
11 s /2mMCa 2 + 

(nn = 7) 
11 s / 50 uM EGTA 
(nn  = 6) 

Synaptosomal l 
sectionn diameter 
(nm) ) 
555.55 5 

520.33 3 

536.33 5 

549.44 6 

Activee zone lenght 
(Mm) ) 

0.3955  0.02 

0.3433  0.05 

0.3499  0.01 

0.3688  0.02 

Totall number of 
SVs/synaptosomal l 
section n 
555 4 

522 6 

544 4 

544 3 

Forr each stimulus condition average  SEM of section diameter (nm), active zone 
lengthh (urn) and total amount of SVs is given, these parameters show no significant 
differencess between the different conditions tested. 

Distributionn of SVs within the terminals was quantified by determining the amount of 

SVss at successive distances from the active zone in steps of 50 nm (= vesicle 

diameter)) (Hess et al., 1993) (Fig. 2A). The intrasynaptosomal distribution of SVs 

afterr depolarization was significantly different from that observed in control, non 

depolarized,, synaptosomes (x2-test, p < 0.01, n=3-6). In the control synaptosomal 
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Fig .. 2. Depolarizatio n induce d redistributio n of SVs at the activ e zone. 

Fig .. 2A. Distribution of SVs. SVs were counted in 50 nm frames starting from the active zone 
andd expressed as percentage of total amount of vesicles per synaptosomal section. The %2-
testt showed a significant difference in distribution after depolarization compared to non-
depolarizedd controls (p < 0.01). Subsequent analysis using paired student's t-test revealed 
differencess between 0-150 nm and 200-500 nm (p < 0.05). Fig . 2B. SVs associated with the 
activee zone membrane were counted as docked vesicles and presented as docked vesicles 
perr active zone per synaptosomal section (*p < 0.05). For each experimental condition, 
distributionn and docking of SVs in 25 synaptosomal sections were determined. Data 
representt means  SEM of 3-6 independent experiments. Fig . 2C. Kinetics of Ca2+-
dependentt release of endogenous glutamate, GABA and CCK from rat cortex 
synaptosomes.. Both total (40 mM K+ + 2 mM Ca2+) and Ca2+-independent (40 mM K+ + 50 
uMM EGTA) release was measured after indicated depolarization times and after 5 min 
preincubationn with L-trans-PDC (50 uM) and SK&F 89976-A (10 uM). Ca2+-dependent 
releasee was calculated by subtracting Ca -independent release from the total release. The 
Ca2+-independentt levels were 5.50  0.50 nmol glutamate/mg protein, 1.20  0.09 nmol 
GABA/mgg protein and 0.180  0.01 pmol CCK/mg protein, and did not change between 50 
mss to 1 s depolarizations. Note the different axes shown for the three transmitters. Data 
representt means  SEM of 6 independent experiments. 
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sectionss 41.9% of all the SVs were located within 150 nm distance from the active 

zone.. This amount was significantly increased when synaptosomes were shortly 

depolarizedd (58% after 100 ms, 54.9% after 1 s, p < 0.05). In contrast, at a distance 

off 200-500 nm away from the active zone a decrease of the number of SVs was 

observedd after depolarization, from 45.2% in control sections to 33.5% after 

depolarizationn (both at 100 ms and 1 s, p < 0.05). The depolarization-induced shifts 

inn intraterminal SV distribution were not accompanied by changes in their total 

amountt (see Tablel). This redistribution of the SVs that takes place towards the 

activee zone, clearly indicates the recruitment of SVs to their release site. This 

depolarization-inducedd recruitment of SVs was critically Ca2+-dependent, since no 

changess were observed when Ca2+ was replaced by 50 uM EGTA (Fig. 2A). 

Too study whether such a fast recruitment of SVs from the reserve pool leads to 

replenishmentt of the releasable pool, we examined depolarization induced changes 

inn the amount of vesicles that are docked at the active zone. Docked SVs are defined 

ass SVs in direct contact with the active zone membrane. In control sections 3.84

0.44 docked SVs/active zone per synaptosomal section were counted, which 

increasedd to 4.89  0.2 (p < 0.05) after 100 ms and to 5.02  0.2 (p < 0.05) after 1 s 

depolarizationn (Fig. 2B). This depolarization induced increase in docking of the SVs 

att the active zone did not occur in the absence of Ca2+ (Fig. 2B). 

WeWe correlated these ultrastructural findings on fast SV mobilization with 

neurotransmitterr release from the SVs. K+-induced depolarizations of different 

durationss (50 ms -1 s) showed that the kinetics of the Ca2+-dependent release of the 

SVV transmitters glutamate and GABA (Fig. 2C) are in close agreement with the fast 

mobilityy and increased docking of SVs to the active zone in these terminals. Within 

500 ms substantial amounts of both amino acids were released, reaching a plateau 

withinn 1 sec. Apparently, upon sub-second stimulation not only release is activated 

butt there is also a very rapid replenishment by recruitment and docking of SVs from 

thee reserve pool. 

Forr quantification of the number of LDCVs in synaptic terminals, 10 electron 

micrographss containing 30 to 40 sections of synaptosomes were randomly selected 

forr each experimental condition (Fig. 3A). The number of synaptosomal sections with 

LDCVss were counted. Per terminal, regularly only one LDCV was detected, but 

occasionallyy two or three were seen, which were randomly distributed in the cytosol 
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Omss 100 ms 1000 ms 1000 ms 
22 mM Ca 2 mM Ca 2 mM Ca 50 \iM EGTA 

Fig .. 3. Depolarizatio n induce d reductio n in the amoun t of LDCVs. 

Fig .. 3A. Representative electron micrograph, showing about 35 synaptosomal sections used 
forr LDCV analysis. Some synaptosomal sections contain an active zone (arrow heads). 
Arrowss indicate LDCVs. Scale bar: 0.2 urn. Fig . 3B. Fraction of synaptosomal sections that 
didd contain LDCVs before (0 ms) and after (100 or 1000 ms) K+-depolarization in the 
presencee of 2 mM Ca2+, and after 1000 ms K+-depolarization in the presence of 50 uM 
EGTA.. For each condition the number of LDCVs on 10 electron micrographs, i.e. in  350 
synaptosomall sections, were counted. Data represent means  SEM of 4-7 independent 
experiments.. * p < 0.05 (tested with paired student's f -test). 
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andd most of them in sections where no active zone was visible (Verhage et al., 

1991b).. In contrast to SVs, we never observed a LDCV docked at the plasma 

membrane,, neither in controls nor after depolarization. The fraction of synaptosomal 

sectionss containing LDCVs (9%) did not differ from control when synaptosomes were 

depolarizedd for 100 ms (Fig. 3B). However, after 1 s depolarization the fraction of 

synaptosomall sections containing LDCVs was reduced to 4.5% (Fig. 3B, p < 0.001). 

Thiss reduction in LDCV content was observed in the presence of 2 mM Ca2+, and did 

nott occur when 50 uM EGTA was present. 

LDCVV neurotransmitter release was studied by measuring release of the 

neuropeptidee cholecystokinin (CCK), abundantly present in rat cortex in GABAergic 

interneuronss (Hendry et al., 1984; Raiteri et al., 1993). As shown in Fig. 2C, no Ca2+-

dependentt release of endogenous CCK could be detected until 250 ms 

depolarization,, at which time it reached 0.08  0.02 pmol/mg protein (p < 0.05) and 

graduallyy increased upon longer depolarizations. Both ultrastructural and biochemical 

studiess indicate that the mobility and release kinetics from LDCVs are much slower 

thann that of the SVs. 

Bothh SV and LDCV mobilization was critically dependent on Ca2+-influx (Figs. 2A, 

3B).. Since neurotransmitter release is regulated by Ca2+ entry through multiple high-

voltagee activated Ca2+-channels (Wheeler et al., 1994; Dunlap et al., 1995; Randall 

andd Tsien, 1995), we determined whether neurotransmitter release and mobilization 

off SVs and LDCVs were regulated by different Ca2+-channel type(s), by using co-

Agatoxinn IVA and co-Conotoxin MVIIC, to block the P- and Q-type Ca2+-channels, and 

to-Conotoxinn GVIA, to block the N-type Ca2+-channel. In order to activate all possible 

Ca2+-channelss involved, K+-induced depolarization lasting 500 ms was applied, after 

preincubationn for 5 min at C with the different toxins. co-Agatoxin IVA (Fig. 4A) 

inhibitedd release of all three transmitters, although amino acid release was inhibited 

withh a tenfold higher affinity (IC50  10 nM) than CCK release (IC50  100 nM). This 

highh affinity and complete inhibition of amino acid release by co-Agatoxin IVA suggest 

regulationn of neurotransmitter release from SVs by primarily P-type Ca2+-channels, 

whereass the incomplete inhibition of CCK release with a lower affinity could indicate 

regulationn of neurotransmitter release from LDCVs by mainly Q-type Ca2+-channels 

(Satherr et al., 1993; Wheeler et al., 1994). Indeed, co-Conotoxin MVIIC which has 

beenn reported not to discriminate between P- and Q-type Ca2+-channels (Wheeler et 
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A.. co-Agatoxin IVA B. to-Conotoxin MVIIC C. co-Conotoxin GVIA 

logg [euAgatoxin IVA] (M) log[aC-MVIIC] (M) log[<aC-GVIA] (M) 

Fig .. 4. Regulatio n of exocytoti c amino acid and CCK releas e by Ca2+-channels . 

Dosee dependency of io-Agatoxin IVA (A), co-Conotoxin MVIIC (B) and u)-Conotoxin GVIA (C) 
onn the exocytotic release induced by a 500 msec depolarization. Control release was : 
glutamatee : 1.3  0.1 nmol/mg protein; GABA : 0.64  0.05 nmol/mg protein and CCK : 219.6 
++ 26 fmol/mg protein. The Ca +-dependent release in the presence of the blockers is given as 
aa percentage of these control levels. Data represent means  SEM of 4-8 independent 
experiments. . 

al.,, 1994), inhibited release of all transmitters with equal affinity (IC50  500 nM, Fig. 

4B)) causing maximally 80% inhibition of amino acid release and 100% inhibition of 

CCKK release at 10 uM. In contrast, the N-type Ca2+-channel blocker o>Conotoxin 

GVIAA apparently affected only the neurotransmitter release from SVs (maximally 80% 

inhibitionn of glutamate release and 30% for GABA) and not the neurotransmitter 

releasee from LDCVs (Fig. 4C). Involvement of Ca2+-channels in mobilization of the 

vesicless was determined by application of a 1 s depolarization, after preincubation for 

55 min at C with the different toxins at saturating concentrations. When the P- and 

Q-- type Ca2+-channels were blocked by co-Agatoxin IVA or co-Conotoxin MVIIC, both 

thee redistribution of the SVs (Fig. 5A) and the decrease in LDCVs (Fig. 5B) after 

depolarizationn were prevented. Similar to the effects on neurotransmitter release, co-

Conotoxinn GVIA only blocked the redistribution of the SVs, but did not affect the 

decreasee in synaptosomal LDCV content (Fig. 5A+B). All three toxins prevented the 

increasee in the amount of docked SVs at the active zone as well, which was 5.02

0.22 after a 1s depolarization with 2 mM Ca2+ (Fig. 2B) and 3.1  0.4 in the presence 

off one of the toxins (n = 4). The L-type Ca2+-channel blockers nimodipine and 

nifedipinee (100 nM) did neither affect mobility of SVs and LDCVs, nor affected 

releasee of any of the transmitters investigated (data not shown). 

64 4 



MobilizationMobilization and fusion of small and large vesicles 

-50(JMEGTA A 

-- 200nM oAGATx-IVA 

- I^MoCTx-MVIIC C 

- 1 M M O C T X - G V I A A 

OO 100 200 300 400 500 600 700 800 900 1000 

distancee from the active zone (nm) 

•SS 0.02 

2mMM Ca 50[jM EGTA 200nM 1 |JM 1 MM 
(oAGATx-IVAA coCTx-MVIIC fflCTx-GVIA 

Fig .. 5. Depolarizatio n induce d redistributio n of SVs and decreas e in LDCV amoun t is 

Ca2+-channell dependent . 

AA 1 s depolarization was applied after 5 min preincubation of the synaptosomes with the 
distinctt toxins at saturating concentrations (200 nM co-Agatoxin IVA and 1 uM for both u)-
Conotoxins).. Fig. 5A. Distribution of SVs in the synaptic terminal as function of distance to 
thee active zone. The redistribution of the SVs is blocked by all three toxins and by 50 uM 
EGTAA (p < 0.05). Fig. 5B. Fraction of sections with LDCVs after various treatments. 
Depolarizationn in the presence of 2 mM Ca2+ decreased the number of LDCVs. This 
decreasee in LDCVs is abolished when Ca2+ is replaced by 50 uM EGTA or when co-Agatoxin 
IVAA or üJ-Conotoxin MVIIC are present (p < 0.05), but not with co-Conotoxin GVIA. Data 
representt means  SEM of 3-6 independent experiments. 

Thee effects of the separate Ca2+-channel toxins on vesicle distribution and 

neurotransmitterr release exceed 100%, which may be explained by cooperative 

regulationn of these processes by multiple Ca2+-channels (Dunlap et al., 1995; Mintz 

ett al., 1995). We tested the interaction between Ca2+-channels in regulation of 

releasee of amino acids and CCK by investigating additivity of the toxin effects. If the 

Ca2+-channell subtypes drive release of separate vesicle pools, the combined 

applicationn of toxins should result in an additive inhibition of the release. If, however, 

thesee subtypes interact to regulate release of vesicles from a common pool, 

combinedd application of two toxins should result in a non-additive inhibition. For 

thesee studies maximal inhibitory concentrations of the toxins were applied for both co-

Conotoxinss (10 nM GVIA and 1 uM MVIIC, Fig.4). We applied a concentration of 10 

nMM (=IC50) of co-Agatoxin IVA, since the maximal inhibitory concentration exerted a 

completee block of amino acid release (Fig. 4A) and to block primarily the P-type and 

hardlyy the Q-type Ca2+-channels (Wheeler et al., 1994). Combined application of co-

Conotoxinn GVIA with either co-Agatoxin IVA or co-Conotoxin MVIIC did not inhibit 
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additivelyy the release of the amino acids (Figs. 6A+B). Only the combination of a> 

Conotoxinn MVIIC with o>Agatoxin IVA blocked additively the release of both amino 

acidd transmitters (Fig. 6C), probably reflecting the overlapping blockade of both P-

andd Q- type Ca2+-channels by both toxins. The combined toxin effects on CCK 

releasee were completely different from those observed on amino acid release. In 

contrastt to the absence of a separate effect of co-Conotoxin GVIA on CCK release 

(Fig.. 4C), an additional inhibition of 30-40% was obtained when this toxin was 

appliedd in combination with either oo-Agatoxin IVA or co-Conotoxin MVIIC (Figs. 

6A+B).. The combined application of co-Agatoxin IVA and co-Conotoxin MVIIC also 

causedd a synergistic effect resulting in a complete block of CCK release (Fig. 6C). 

Thee synergistic effects of the toxins on CCK release indicate a more indirect 

regulationn of LDCV release by different Ca2+-channel types. The synergy probably 

reflectss the cooperativity of different Ca2+-channels in raising the global intracellular 

Ca2++ concentration above the threshold necessary for LDCV release at distant sites 

inn the terminals. 
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Fig .. 6. Regulatio n of exocytoti c amin o acid and CCK releas e by multipl e Ca2+-

channels . . 

Figg 6A. Combination of co-Agatoxin IVA (10 nM) and co-Conotoxin GVIA (10 nM). Fig . 6B. co-
Conotoxinn MVIIC (1 (JM) and co-Conotoxin GVIA (10 nM). Fig . 6C. co-Agatoxin IVA (10 nM) 
andd co-Conotoxin MVIIC (1 (jM). The Ca2+-dependent release in the presence of the blockers 
iss given as a percentage of control levels (see fig. 3). Data represent means  SEM of 4-8 
independentt experiments. Additivity (*) or synergism (**)(p < 0.05) was tested by paired 
student'ss f -test. 
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DISCUSSION N 

Thiss study unravels the exocytotic part of the synaptic vesicle cycle into distinct 

steps.. Clear differences in mobility and neurotransmitter release between SVs and 

LDCVss upon depolarization of central nerve terminals became apparent. 

Furthermore,, exocytosis of both vesicle types was differentially regulated by multiple 

Ca2+-channels.. By combining ultrastructural and biochemical approaches we showed 

thatt depolarization not only induced neurotransmitter release from SVs but also their 

recruitmentt and docking. This is the first direct determination of activity-dependent 

recruitmentt and docking of SVs in central nerve terminals. So far, only a Ca2+-

dependentt translocation of vesicles has been described in the Drosophila 

neuromuscularr junction, although under resting conditions (Koenig et al., 1993). 

Notwithstandingg the heterogenous nature with regard to their transmitter content, the 

ratherr pure synaptosome preparation used enabled us to study mobilization of the 

moree homogeneous populations of the two morphological distinct vesicle types in 

centrall nerve terminals upon synchronous depolarization. The synaptosomal section 

parameterss (Table 1) and the vesicle distribution in a large reserve pool and a small 

dockedd pool at the active zone strongly indicate that the synaptosomes retained their 

functionall vesicle distribution (Schikorski and Stevens, 1997). The rapid application 

off the fixative to the synaptosomes in suspension immediatly after their stimulation 

shouldd allow fast fixation of the terminals, as was shown with cultured hippocampal 

neuronss where rapid perfusion with fixative abolished synaptic transmission after 

aboutt one second (Rosenmund and Stevens, 1997). Such a delayed fixation could 

explainn the similar effects of 100 ms and 1 s depolarization on SV mobilization 

observedd in our study. We cannot exclude effects of the fixative on transmitter 

releasee as reported by Smith and Reese (Smith and Reese, 1980) or on certain 

stepss in the vesicle cycle which may interfere with the vesicle distribution. However, 

thee K+-induced and Ca2+-channel dependent changes in vesicle distribution suggest 

functionall relevance of the ultrastructural observations. Gross depletion of vesicles 

byy the fixative is rather unlikely since the number of vesicles counted in the 

synaptosomall sections is in proportion with the amount found in hippocampal 

boutonss by Schikorski and Stevens (1997). Our observation, that besides 

neurotransmitterr release also the recruitment and docking steps of the vesicle cycle 
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weree activated by second depolarizations, implies that at the active zone the fused 

SVss are rapidly replaced. This would be a very efficient mechanism of these central 

nervee terminals to get ready for subsequent stimulations. The recruitment and 

dockingg are much faster then the 5-12 seconds required for refilling of the readily 

releasablee pool as measured in a number of different preparations {Neher, 1998). 

Recruitmentt and docking are only two steps that contribute to refilling. After docking 

aa priming step has been postulated to make the docked SVs competent for fusion 

(Südhof,, 1995). The time required for this last step could explain the difference in 

timee required for recruitment and docking that we observed and refilling measured by 

others.. But another explanation may be that this faster refilling rate is induced by the 

strongg depolarization, as was recently shown in the giant calyx of Held synapse 

wheree high frequency stimulation enhanced the refilling rate from seconds to 

millisecondss (Wang and Kaczmarek, 1998). 

Thee biochemically measured neurotransmitter release could involve full fusion of SVs 

inn the synaptosomes. Morphologically we observed, however, only occassionally 

fusionn by omega-like structures in the active zone, but this could be an 

underestimationn because fixation might be too slow to capture more of these 

structures.. The fact that these short depolarizations did not change the total amount 

off SVs, whereas SV docking increased, indicates that per active zone only a limited 

amountt of SVs release their transmitter content upon sub-second K+-depolarization. 

Too get more insight whether release from such a small amount of vesicles in each 

synaptosomee would be consistent with our data, we compared the morphological 

propertiess of the synaptosomes with the biochemically measured release. Pellets 

containingg 300 ug synaptosomal protein were fixed for electron microscopy, and the 

resultingg blocks contained 1.5 mm3 of tissue. Taking an average synaptosomal 

diameterr of 550 nm (Table I) and considering synaptosomes as spherical structures, 

wee calculated a total amount of about 2.1010 synaptosomes in such a block. 

Assumingg that about 2/3 of the population of synaptosomes in the cortex is 

glutamatergicc containing one active zone, and a content of 5000 molecules of 

glutamatee in one vesicle (Rusakov and Kullmann, 1998), we estimated a release of 

aboutt 0.4 nmol glutamate/mg protein if only one vesicle would fuse upon 

depolarization.. As shown in Fig. 2C we actually measured a release of 1.25 nmol 

glutamate/mgg protein, which would be consistent with involvement of 3 vesicles. 

Althoughh based on a few assumptions, our calculation does not support the 
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hypothesiss postulated by Korn et al. (1982) that maximally one vesicle would fuse 

uponn each stimulation. Instead, our data would be more consistent with the multi

vesicularr release hypothesis suggested by Tong and Jahr (1994). Interestingly, our 

assumptionn indicates that only a fraction of the docked pool consisting of about 4 

vesicless per synaptosomal section, which would be in agreement with a total amount 

off about 10 docked vesicles in a whole bouton (Schikorski and Stevens, 1997), would 

bee actually released during sub-second depolarization. Indeed, prolonged K+-

depolarizationn up to 3 min is required to deplete the total vesicular releasable pool of 

55 nmol glutamate/mg protein (Verhage et al., 1991b), which would be in accordance 

withh depletion of the total docked pool. Preliminary observations in our laboratory 

confirmm such a decrease in the docked vesicular pool upon K+-depolarization lasting 

tenss of sec (unpublished observation). Alternatively, our observation that the total 

amountt of vesicles in the synaptosomes did not change upon short depolarization 

couldd be explained by a fast "kiss and run" release mechanism where vesicles fuse 

onlyy partially after which rapid endocytosis occurs (Fesce et al., 1994). 

Thee results indicate that not only SV neurotransmitter release, but also their 

recruitmentt and docking is regulated by Ca2+-channels, although these processes 

mayy be interrelated with each other. This finding is in agreement with recent studies 

showingg that the refilling of SVs is strongly facilitated by Ca2+-influx (Stevens and 

Wesseling,, 1998; Wang and Kaczmarek, 1998). The Ca2+-dependence of SV 

recruitmentt could reflect involvement of proteins activated by elevated [Ca2+]j, such 

ass synapsin I, which can be phosphorylated by CaM-kinase II (Pieribone et al., 1995; 

Rosahll et al., 1995) or C2-domain containing Ca2+-binding proteins such as rabphilin, 

Doc22 and synaptotagmin (Goda and Südhof, 1997). 

Thee disappaerance of co-localized LDCVs is much slower (sec), while they were 

distributedd in central terminals distant from the active zone. This slow mobility and the 

delayy in occurence of CCK release indicate that LDCVs need at least 250 ms to 

translocatee to the plasmamembrane before release of their contents can occur, which 

wouldd be in line with LDCV exocytosis from neurohypophysis terminals (Seward et 

al.,, 1995). However, melanotropic and chromafinn cells showed exocytosis of LDCVs 

withinn a second (Chow et al., 1992; Thomas et al., 1993). This faster exocytosis most 

likelyy reflects the fusion of docked LDCVs in these cells (Parsons et al., 1995). In the 

centrall nerve terminals, we could not observe such a docked, readily releasable pool 

off LDCVs. 
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Bothh SV and LDCV mobility and neurotransmitter release depend on depolarization-

inducedd Ca2+-channel activation, but clear differences in this regulation by the 

differentt Ca2+-channels between both vesicles types became apparent in this study. 

Thee SV exocytosis is regulated mainly by the P-type Ca2+-channels, whereas LDCV 

exocytosiss is primarily regulated by the Q-type Ca2+-channels. The N-type Ca2+-

channelss directly influence amino acid release only, with a larger inhibition of 

glutamatee than of GABA release. Our data do not provide any indication for 

involvementt of L-type Ca2+-channels in LDCV release, unlike that found for LDCVs 

fromm most neuroendocrine cells (Dunlap et al., 1995). Although we used a 

heterogenouss population of terminals with regard to transmitter content, the results of 

thee experiments with combined application of the Ca2+-channel toxins strongly 

suggestt that on most terminals, if not all, diverse Ca2+-channel subtypes are 

localized.. The terminals used are, however, homogenous with regard to the small 

synapticc vesicles. The effects of the Ca2+-channel toxins on recruitment and docking 

off these vesicles imply that multiple Ca2+-channels are present on each terminal. A 

non-uniformm distribution of the Ca2+-channel subtypes on the central terminals (Reid 

ett al., 1997; Reuter, 1995) could account for the differences in contribution of each 

Ca2+-channell subtype to release of the different transmitters. Alternatively, there 

couldd be an uneven distribution of the different Ca2+-channel subtypes on the nerve 

terminal,, with the Q-type Ca2+-channels preferentially localized outside the active 

zone,, which may explain their large contribution to LDCV exocytosis, in contrast with 

P-- and N-type Ca2+-channels which are thought to be localized in the active zone 

(Reuter,, 1996). In the active zone the joint control of SV neurotransmitter release by 

P-- and to a lesser extent N- and Q-type Ca2+-channels occurs probably by direct 

interactionss with the synaptic core complex proteins (el Far et al., 1995; Sheng et al., 

1994).. Regulation of LDCV exocytosis by these Ca2+-channels is clearly different and 

probablyy involves a more indirect mechanism. The effects of separate toxins imply 

thatt activation of the Q- and (to a lesser extent) P-type Ca2+-channels is sufficient to 

raisee Ca2+ above threshold for LDCV exocytosis, whereas N-type Ca2+-channels 

alonee can not provide enough Ca2+ to trigger their release. The finding that blockade 

off N-type Ca2+-channels alone did not affect CCK release, whereas it did in the 

presencee of P- or Q-type blockers, could be explained by cooperativity between the 

differentt Ca2+-channels in elevation of global intracellular Ca2+ needed to trigger 

LDCVV exocytosis. The low affinity of co-Conotoxin MVIIC for N-type Ca2+-channels 
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(Hillyardd et al., 1992; Wheeler et al., 1994) and our finding of the cooperative 

regulationn of CCK release by Ca2+-channels sensitive to this toxin and co-Conotoxin 

GVIAA could explain the complete inhibition of CCK release by a high concentration of 

co-Conotoxinn MVIIC. The inability of co-Conotoxin MVIIC to inhibit glutamate and 

GABAA release completely can be explained by the observed non-additive regulation 

off SV neurotransmitter release by these Ca2+-channel types. Thus, whereas SV 

neurotransmitterr release is tightly coupled to colocalized P-/Q- and N-type Ca2+-

channels,, LDCV neurotransmitter release depends on Ca2+-influx irrespective of the 

Ca2+-channell type(s) involved. This differential regulation of mobilization and 

neurotransmitterr release of both vesicle types would be in accordance with the 

selectivee local recruitment of SVs at the active zone upon a single or a few action 

potentials,, whereas LDCV release at distant sites in the terminal requires high 

intensity,, repetitive, stimulation, as proposed previously (Bartfai et al., 1988; Verhage 

etal.,, 1991b). 
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ABSTRACT T 

Thee Rab family of GTP-binding proteins regulates membrane transport between 

intracellularr compartments. The major rab protein in brain, rab3A associates with 

SVs.. However rab3A was shown to regulate the fusion-probability of SVs, rather than 

theirr transport and docking. We tested if rab3A has a transport function by analyzing 

SVV distribution and exocytosis in rab3A null-mutant mice. Rab3A deletion did not 

affectt the number of vesicles and their distribution in resting nerve terminals. The 

secretionn response upon a single depolarization was also unaffected. In normal mice, 

aa depolarization-pulse in the presence of Ca2+ induces an accumulation of vesicles 

closee to and docked at the active zone (recruitment). Rab3A deletion completely 

abolishedd this activity-dependent recruitment, without affecting the total number of 

vesicles.. Concomitantly, the secretion response in the rab3A-deficient terminals 

recoveredd slowly and incompletely after exhaustive stimulation and the 

replenishmentt of docked vesicles after exhaustive stimulation was also impaired in 

thee absence of rab3A. These data indicate that rab3A has a function upstream of 

vesiclee fusion in the activity-dependent transport of SVs to and their docking at the 

activee zone. 
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INTRODUCTION N 

SVss of the mammalian brain take up fast-acting neurotransmitters, mostly glutamate 

andd GABA, and release them, upon activation, in a specialized area of the 

presynapticc membrane, the active zone. Subsequently, these vesicles recycle locally 

inn preparation for a new round of transmitter release. Although SV recycling is a 

highlyy specialized form of vesicle trafficking, several molecular principles have been 

recognizedd that appear to be similar to vesicle trafficking in other compartments of 

neurons,neurons, in other cells and in other species. Different members of protein families, 

suchh as the syntaxins, the synaptobrevins/VAMPs and the munc18/SEC1 proteins, 

appearr to have similar functions in different systems (Bennett and Scheller, 1993; 

Söllnerr et al., 1993; Jahn and Südhof, 1999). The rab protein family appears to be an 

exception.. SVs contain three isoforms, rab3A is present in most if not all synapses in 

thee rodent brain, and rab3B and rab3C are present in a subset of synapses {Fischer 

vonn Mollard et al., 1994, Jahn and Südhof, 1999). Recent evidence (Geppert et al., 

1997)) suggests that the function of rab3A may be different from other rab-proteins in 

otherr systems. 

Rabb proteins are a large family of small GTP-binding proteins. Its members are 

localizedd in distinct cellular compartments in mammals but also in yeast (Novick and 

Zerial,, 1997; Olkkonen and Stenmark, 1997). Rab proteins are thought to act as a 

GTP-dependentt molecular switch to improve the fidelity of protein-protein interactions 

att the targets of a transport step, i.e., the pairing of SNARE-proteins that drive vesicle 

fusionn (Schimmöller et al., 1998; Gonzalez and Scheller, 1999). Hence, rab proteins 

generallyy act as facilitators in transport steps, i.e., upstream of SNARE-complexes 

andd fusion. 

Rab3AA and rab3C are associated with SVs in their GTP-bound form and dissociate 

fromm the vesicle upon GTP hydrolysis or depolarization of the nerve terminal (Fischer 

vonn Mollard et al., 1994). After GDP-GTP exchange, rab3A can associate with SVs 

again.. Rab3 isoforms interact with different general rab-binding proteins and with at 

leastt two specific effector proteins, rabphilin3A (Li et al., 1994; Shirataki et al., 1994) 

andd RIM (Wang et al., 1997). Rab3A null-mutant mice (Geppert et al., 1994a) and 

rab33 null-mutant worms (Nonet et al., 1997) are viable and have mild phenotypes, 

suggestingg non-essential functions of rab3. C. elegans rab3 null-mutants have fewer 
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SVss especially near the active zone, but more at ectopic sites, suggesting that SV 

transportt in the nerve terminal is impaired in the absence of rab3 (Nonet et al., 1997). 

Inn contrast, the synapse morphology appeared to be normal in rab3A knock-out mice 

(Geppertt et al., 1994a). Instead, rab3A was proposed to act as a negative regulator 

off vesicle fusion. Hence, it was concluded that rab3, unlike other rab proteins and 

rab33 in C. elegans, acts downstream of vesicle transport and vesicle docking at the 

activee zone (Geppert et al., 1997). However, in a review of these findings, it has been 

suggestedd that this action is probably not the only function of rab3A (Bean and 

Scheller,, 1997). 

Heree we show that in nerve terminals isolated from mouse brain, rab3A also has a 

classicall transport role in the trafficking of SVs to their target. Stimulation of the 

terminalss by chemical depolarization evokes a re-distribution of SVs such that more 

vesicless get close to and docked at the active zone (Leenders et al., 1999). This 

evokedd vesicle recruitment is abolishedd in nerve terminals isolated from rab3A knock

outt mice. Concomitantly, recovery of the secretion capacity and replenishment of 

dockedd vesicles after exhaustive stimulation were impaired in the mutants. In 

contrast,, SV recruitment and neurotransmitter release induced by hyperosmotic 

sucrosee were not affected in rab3A deficient nerve terminals. 

MATERIALSS and METHODS 

Rab3ARab3A knock-out mice 

Rab3A-deficientt mice have been described previously (Geppert et al., 1994a). All 

experimentss were performed with null-mutant and wildtype litter mates from 

heterozygouss matings by experimenters who were unaware of the genotype. 

SynaptosomalSynaptosomal preparation 

Synaptosomess were prepared from whole forebrain of 4 to 5 months old mice by 

Percolll (Pharmacia Biotech) density gradient centrifugation as described (Dunkley et 

al.,, 1988). The synaptosomal fractions in the 10-15 % and the 15-23 % Percoll 

interfacess were pooled and washed twice in artificial cerebrospinal fluid (aCSF) which 

containedd (in mM): NaCI (132), KCI (3), MgS04 (2), NaH2P04 (1.2), HEPES (10) and 
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D-Glucosee (10) + 2 mM CaCI2. Synaptosomes were kept on ice in aCSF + 2 mM 

CaCI22 at a protein concentration of 2 mg/ml until use in the assay within 4 hours after 

isolation.. Protein concentration was determined according to Bradford (1976) with 

Bovinee Serum Albumine as a standard. 

ReleaseRelease assay 

K*K* stimulations: To determine fast transmitter release, synaptosomes (40 ug protein) 

weree pelleted and resuspended in 20 ul aCSF supplemented with 50 uM EGTA, 

preincubatedd at C for 5 min and depolarized for 100 ms as described (Leenders 

ett al., 1999). Depolarization media: aCSF containing 50 mM KCI (which iso-

osmoticallyy replaced NaCI) in the presence of 2 mM CaCI2 (for total release) or 50 

uMuM EGTA (for the Ca2+-independent release); Stop medium: aCSF containing 0.8 

mMM EGTA. For the pre-depolarization protocol synaptosomes (2mg/ml) in aCSF with 

22 mM CaCI2 were preincubated at C for 2 min and either depolarized, by raising 

K++ to 30 mM, or kept in control medium. After 3 min depolarization synaptosomes 

weree pelleted and resuspended in aCSF with 2 mM CaCI2 and incubated at C for 

10-300 min. Thereafter synaptosomes were resuspended in aCSF + 50 uM EGTA 

priorr to 100 ms depolarization. 

SucroseSucrose stimulations: Synaptosomes (2 mg/ml) in aCSF with 2 mM CaCI2 were 

preincubatedd at C for 2 min. Synaptosomes where then stimulated with 0.5 M 

Sucrosee in aCSF either with 2 mM CaCI2 or 50 uM EGTA. After 15 s stimulation was 

stoppedd by addition of aCSF medium with a NaCI concentration that restored the iso-

osmolarityy of the medium. 

HPLCHPLC analysis of released transmitters: 150 pi of the synaptosomal suspension was 

centrifugatedd through 75 pi of 50:50 % (vol.: vol.) mixture of silicone oil (Dow Corning 

550)) and dinonylphtalate for 2 min in a Sigma table centrifuge at 15000o\ From the 

supernatantt a 90 pi aliquot was pipetted onto 10 pi ice-cold TCA (10 %)/Homoserine 

(55 uM). glutamate and GABA levels were determined by reversed phase HPLC 

(Verhageetal.,, 1989). 

ElectronElectron Microscopical analysis 

Synaptosomess (40 pg/20 pi) were stimulated as described above for release assay 

andd fixed by rapid addition of ice-cold 2 % paraformaldehyde and 2.5 % 
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glutaraldehyde.. Synaptosomes were embedded in Epon, ultrathin coupes (80 nm) 

weree stained with uranyl acetate and lead citrate and examined in a Philips 201 

electronn microscope, essentially as described previously (Breukel et al., 1997a). For 

eachh experimental condition, 25 sections with a clearly visible active zone were 

selectedd for analysis of SV distribution. The minimal distance between the active 

zonee and the centre of each SV was determined for all vesicles, vesicles were 

collectedd in 50 nm bins and the percentage of vesicles per bin was plotted against 

thee distance to the active zone. SVs within 25 nm from the active zone were counted 

ass morphologically docked vesicles. 

StatisticalStatistical analysis 

Thee data were analyzed by paired or unpaired Student's Mest, except for difference 

inn distribution of the SVs, which was tested by one-way ANOVA with repeated 

measures.. The rejection of the null hypothesis was accepted as significant if p<0.05. 

RESULTS S 

VesicleVesicle distribution is normal in resting nerve terminals from rab3A null-mutants. 

Too identify a potential role of rab3A in SV transport, we analyzed the distribution of 

SVss and their neurotransmitter release in nerve terminals isolated from rab3A null-

mutantt mice and their wildtype littermates. Electron microscopy revealed no 

differencess between the synaptosomal preparations from the two groups (Fig.1A,B). 

Morphometricc analysis indicated that the diameter of the terminals, the active zone 

length,, and the total amount of SVs per terminal were similar in the two groups (Fig. 

1C-E).. The distribution of SVs in the terminals was analyzed by measuring the 

shortestt distance between the active zone and the Center of each vesicle and 

collectingg these distances in bins of 50 nm (approximately the SV diameter). In 

restingg nerve terminals, the SV distribution was not different between the two groups 

(Fig.lF). . 
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Fig .. 1. Ultrastructur e and morphometrica l analysi s of mouse brai n nerv e terminal s 

fro mm contro l and rab3A null-mutan t littermates 

Typicall electron micrographs of synaptosomal preparations from wild-type (A) and rab3A-

deficientt (B) littermates. Micrographs were selected when the active zone with attached (part 

off the) postsynaptic density was present in the section and used for morphometrical analysis 

off SV distribution and -docking by an observer unaware of the genotype. Scale bar 0.2 urn. 

Averagee diameter of the sections (C), active zone length (D) and total number of SVs (E) 

weree not different in resting nerve terminals of wildtype and rab3A mutants (n=4 for both 

groups).. Also the intrasynaptic distribution of SVs relative to the active zone was not different 

(F,, see Experimental Procedures for details). 

EvokedEvoked vesicle-recruitment is abolished in rab3A null-mutants 

AA short episode of depolarization (0.1-15s) evokes a re-distribution of SVs in isolated 

ratt brain nerve terminals such that more vesicles accumulate close to and docked at 

thee active zone, whereas less vesicles remain at distant sites (Leenders et al., 1999). 

Sincee the total amount of SVs does not change after depolarization, their re

distributionn within the terminal reflects a net transport towards the active zone. This 

re-distributionn is referred to as depolarization-evoked vesicle recruitment. In nerve 

terminalss isolated from wildtype mice, we observed similar depolarization-evoked 

vesiclee recruitment as in rat nerve terminals after 100ms depolarization in the 
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presencee of Ca2+ (Fig. 2A). However, this depolarization-evoked vesicle recruitment 

wass completely abolished in nerve terminals isolated from rab3A-mutant littermates. 

Depolarizationn did not change the distribution of SVs in these terminals (Fig. 2B). The 

totall amount of vesicles per synaptic section was similar in wild-type and rab3A-

mutantt mice and did not change after stimulation (Fig. 2C). 

Ann important aspect of depolarization-evoked vesicle recruitment is an increased 

numberr of SVs morphologically docked at the active zone. In wildtype terminals, the 

numberr of docked vesicles increased more than 50% after 100 ms depolarization 

0.22 0.4 0.6 0 8 Mm 
distancee from the active zone 

CC total number of vesicles Q 

rab3AA -A 

0.22 0.4 0.6 0.8 Mm 
distancee from the active zone 

dockedd vesicles 

ncontr. . 
•• stim. 

wildtypee rab3A -/- wildtype e rab3AA -/-

Fig .. 2. Re-distributio n of SVs induce d by 100 ms depolarizatio n in nerv e terminal s 

fro mm wildtyp e and rab3A-deficien t littermates . 

Distributionn of SVs relative to the active zone in wildtype (A) and rab3A-deficient 

synaptosomall sections (B) with (filled symbols) and without (open symbols) 100 ms 

depolarization.. Morphometrical analysis as in Fig. 1F. The total amount of SVs (C) and the 

numberr of vesicles morphologically docked at the active zone (D) were calculated 

separately.. For each condition (stimulated and unstimulated) 25 sections were analyzed per 

animall and four animals of each genotype. Data are means  SEM. * p<0.05. 
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(2.11 1 to 3.3  0.3 vesicles per section; n = 4, p < 0.05; Fig. 2D). This increase in 

dockedd vesicles was also absent in rab3A-deficient terminals. Instead, the number of 

dockedd vesicles tended to decrease in the mutant nerve terminals after 100 ms 

depolarizationdepolarization (Fig. 2D, not significant, p = 0.12). 

RecoveryRecovery of the secretion capacity after exhaustive stimulation is impaired in rab3A 

null-mutants null-mutants 

Thee loss of depolarization-evoked SV recruitment in rab3A null-mutants may 

compromisee their ability to restore the secretion capacity after exhaustive stimulation. 

Too test this, nerve terminals isolated from wildtype and rab3A null-mutant littermates 

weree first stimulated exhaustively to deplete releasable vesicles (see McMahon and 

Nicholls,, 1991; Verhage et al., 1991). Synaptosomes were then repolarized to allow 

thee replenishment of their secretion capacity. This replenishment was tested by 

measuringg neurotransmitter release upon a brief depolarization (100 ms). In control 

experiments,, the first, exhaustive depolarization was omitted. 

Uponn exhaustive stimulation, the total amount of Ca2+-dependent release of the 

major,, endogenous neurotransmitters in brain, glutamate and GABA, was similar in 

wildtypee and rab3A-deficient nerve terminals (Fig. 3A). A single test-pulse of 100 ms 

depolarizationn also led to a comparable, Ca2+-dependent release in the two groups 

(Fig.. 3B), although GABA release during 100 ms depolarization was slightly higher in 

rab3A-deficientt terminals (0.22  0.02 nmol/mg protein in wildtypes versus 0.27

0.044 nmol/mg protein in rab3A null-mutants, n = 11, p<0.05). These similar release 

responsess upon short or long stimulation are consistent with the similar distribution of 

SVss observed in resting nerve terminals from the two groups (Fig. 1). 

Afterr exhaustive depolarization, intracellular vesicle transport in wildtype mice had 

completelycompletely replenished the releasable pool within a 10 min recovery phase (Fig. 3B). 

However,, in rab3A-deficient terminals the replenishment was not complete, and 

neurotransmitterr release was decreased by approximately 50% after 10 min. 

recoveryy (Fig. 3B, p<0.05). Only after 30 min recovery, the response of rab3A-

deficientt nerve terminals approached control levels (i.e., the response to a 100 ms 

depolarizationn without preceding exhaustive depolarization, Fig. 3B). This indicates 

thatt the vesicle pool can be largely replenished in the absence of rab3A, but only with 

aa considerable delay (>30min, more than 3 fold slower than in wildtype terminals). 
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Fig .. 3. Neurotransmitte r releas e durin g singl e depolarization s and after exhaustiv e 

pre-depolarizatio nn in nerv e terminal s fro m wildtyp e and rab3A-deficien t littermates . 

Isolatedd nerve terminals from wildtype and rab3A-deficient mice were depolarized for 3 min 
(A)) or for 100 ms (B) with or without prior depolarization (3 min) and the release of 
endogenouss glutamate and GABA was measured. In each protocol (outlined on the left) the 
Ca2+-dependentt (exocytotic) release of endogenous transmitters was calculated by 
subtractingg the Ca2+-independent release (40 mM K+ + 50 uM EGTA) from the total release 
(400 mM K+ + 2 2 mM Ca2+). No differences were observed in the Ca2+-independent component 
off release (data not shown). Data represent means  SEM of 6-11 independent experiments. 
*p<0.05. . 

ReplenishmentReplenishment of docked vesicles after exhaustive stimulation is impaired in rab3A 

null-mutants null-mutants 

Inn order to investigate morphological correlates of the impaired replenishment in the 

rab3AA mutants, we analyzed vesicle distribution in isolated nerve terminals at the 

ultrastructurall level using the same stimulation protocol. Nerve terminals were mixed 

withh fixative instead of depolarization buffer at the start of the second stimulus (see 
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Fig .. 4. The tota l number  of SVs and the numbe r of morphologicall y docke d vesicle s in 

nerv ee terminal s fro m wildtyp e and rab3A-deficien t littermate s after a 3 min 

depolarizatio nn and 10 min recovery . 

Numberr of docked SVs (A) and total number of SVs (B) per section were analyzed in 
terminalss fixated before (open bars) and after (filled bars) 3 min depolarization and 10 min 
recoveryy (see Fig 3). Data represent means + SEM of 4 independent experiments. *p<0.05. 

Fig.. 3). Subsequent morphometric analysis showed that in wild type terminals the 

numberr of docked vesicles was comparable to unstimulated nerve terminals. 

However,, in rab3A-deficient terminals the pool of docked SVs was decreased as 

comparedd to unstimulated rab3A-deficient terminals (Fig 4A, n = 4, p < 0.05). The 

totall number of vesicles was not altered in any of the conditions and in both groups 

(Fig.. 4B), indicating that the reduced number of docked vesicles in the rab3A mutants 

reflectss an impaired transport of vesicles to their release-site. Hence, both 

morphometricall analysis at the ultra structural level and biochemical analysis of 

neurotransmitterr release indicated that the recovery of vesicular release after 

exhaustivee stimulation was compromised upon deletion of rab3A expression. 

HypertonicHypertonic sucrose application does not reveal a transport phenotype in rab3A null-

mutants mutants 

Applicationn of hyperosmotic sucrose solutions is an established tool to analyze the 

sizee and the replenishment of the releasable SV pool, especially in 

electrophysiologicall analyses of hippocampal autapses (Rosenmund and Stevens, 

1996;; Stevens and Tsujimoto, 1995). We confirmed that also in the nerve terminal 

preparation,, hyperosmotic sucrose induced vesicular release from the same vesicle 

pooll as membrane depolarization, though in a Ca2+-independent manner (data not 

shown,, see also Lonart and Siidhof, 1998). 
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Applicationn of 0.5 M sucrose for 15 s to wildtype nerve terminals produced an 

increasee in the amount of SVs within 150 nm from the active zone (Fig. 5A; p<0.05, n 

== 6) and a decrease in the amount of SVs at 200-1000 nm distance from the active 

zonee (results not shown). This re-distribution was similar to the re-distribution 

observedd after 0.1 (Fig. 2A) or 15 s chemical depolarization (Fig. 5B). Unlike 

depolarization,, re-distribution of SVs after hyperosmotic sucrose application was also 

observedd in the absence of Ca2+ (data not shown). Furthermore, unlike 

depolarization,, 0.5 M Sucrose also induced re-distribution in rab3A-deficient 

terminalss as in wildtypes (Fig. 5A + B; p<0.05, n = 6). Application of hypertonic 

sucrosee also evoked comparable amounts of glutamate and GABA release in the 

presencee or absence of rab3A (Fig. 5C). Concomitantly, paired applications of 

hyperosmoticc sucrose solutions (15s, 0.5 M), separated by a 10 min period of 

recovery,, revealed no differences in vesicle replenishment between mutant and 

controll nerve terminals as indicated by transmitter release (data not shown). Hence, 

whereass a defect in evoked vesicle recruitment was evident in rab3A null-mutants 

uponn membrane depolarization in the presence of Ca2+, no defects were observed 

usingg hyperosmotic sucrose. 

DISCUSSION N 

WeWe have analyzed the role of rab3A in SV trafficking in nerve terminals isolated from 

mousee brain. Deletion of rab3A expression did not affect the number of SVs or their 

distributionn in resting nerve terminals, but depolarization-evoked recruitment of these 

vesicless was completely abolished in rab3A null-mutant mice. Concomitantly, the 

recoveryy of the secretion capacity and the replenishment of docked vesicles after 

exhaustivee stimulation were reduced by 50% in the mutants. Application of 

hypertonicc sucrose did not reveal this transport phenotype of the rab3A null-mutants. 

Electrophysiologicall analysis of synaptic transmission in hippocampal neurons in 

culturee showed that rab3A-deletion altered the synaptic efficacy and suggested that 

rab3AA limits vesicle fusion, i.e., may act as a negative regulator, downstream of 

vesiclee docking at its target (Geppert et al., 1997). Hence, rab3A, unlike other rab 

proteins,, appeared to act downstream of SNARE complex formation, the protein 
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AA  15s 0.5M sucrose 

00 02 0.4|jm 0 02 0A\im 

distancee from the active zone distance from the active zone 

BB 15s chemical depolarization 

00 02 0.4|jm 0 0.2 0.4pm 

distancee from the active zone distance from the active zone 

glutamatee GABA 

Fig .. 5. Re-distributio n of SVs and transmitte r releas e after applicatio n of hyperosmoti c 

sucros ee solution s and chemica l depolarizatio n to nerv e terminal s fro m wildtyp e and 

rab3A-deficien tt  littermates . 

Distributionn of SVs in synaptosomal sections was analyzed as in Fig. 1F with (filled symbols) 
andd without (open symbols) stimulation, i.e., application of 0.5 M sucrose for 15 sec. (A) or 
400 mM K+ in presence of 2 mM Ca2+ (B). Ca2+-dependent release of glutamate and GABA 
inducedd by hyperosmotic sucrose was quantified in separate samples under exactly the 
samee conditions (C). Vesicle distribution after hyperosmotic sucrose stimulation was 
significantlyy different from control (*p<0.05) for both wild-type and rab3A-deficient terminals. 
Vesiclee distribution after 15 s depolarization was significantly different from control in wild-
typee (*p<0.05) but not in rab3A-deficient terminals. Data are means  SEM of 6 independent 
experiments. . 
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complexess that drive vesicle fusion (see Jahn and Hanson, 1998). We have 

uncoveredd a separate function of rab3A, upstream of SNARE-complex formation 

betweenn vesicle and target membrane, exploiting the fact that populations of isolated 

nervee terminals can be stimulated synchronously and repeatedly. Subsequent 

morphometricc and functional assays allowed a direct analysis of SV (re-)distribution 

andd their exocytosis, and revealed the role of rab3A in vesicle transport. 

Thiss transport role of rab3A is a rate-limiting function. The total number of SVs and 

theirr distribution was unaltered in resting nerve terminals, but when their transport 

capacityy was challenged by maximal activation of exocytosis, the transport role of 

rab3AA was uncovered in two ways. Firstly, the depolarization-evoked vesicle 

recruitmentt to the active zone did not occur at all in the absence of rab3A, notably 

withoutt major effects on neurotransmitter release at this point. This suggests that 

rab3AA deletion affects the transport of SVs that do not (yet) take part in transmitter 

release.. The slight increase in GABA release may be interpreted as an effect on 

release-probabilityy and points in the same direction as previous observations in 

hippocampall autapses (Geppert et al., 1997). Secondly, the relevance of the 

impairedd vesicle recruitment in the absence of rab3A was revealed during repeated 

stimulation:: A second depolarization showed that the capacity to secrete transmitters 

ass well as vesicle docking at the active zone were compromised by rab3A deletion. 

Att this point, the reduction in the number of docked vesicles occurred in parallel with 

aa reduction in neurotransmitter release. This indicates that the reduced vesicle pool 

att the active zone resulted from the reduced recruitment of vesicles and not from a 

fasterr vesicle depletion due to enhanced release. Hence, in isolated nerve terminals, 

rab3AA deletion did not have major effects on the ongoing exocytosis of pre-docked 

vesicless even during maximal activation, but primarily affects the replenishment of 

vesicless for a new round of secretion. Even very long depolarizations did not reveal 

differencess in transmitter release between mutants and controls. Such a role of 

rab3AA is universal, since it was evident in the mixed population of isolated nerve 

terminals,, i.e. from all fore-brain areas and representing all transmitter systems in the 

brain.. Apparently, other rab3 isoforms cannot compensate for this function, although 

somee isoforms are expressed at low levels in several areas of the brain (Geppert et 

al,, 1994a; Li et al, 1994; Jahn and Siidhof, 1999). Potentially, a more drastic 

transportt phenotype will be obtained upon deletion of the other three rab3 genes, 
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similarr to the clear phenotype in resting nerve terminals of C. elegans rab3 mutants 

(Nonetetal.,, 1997). 

Ourr data do not exclude a separate role of rab3A as a negative regulator of release 

probability.. The reported short-term enhancement in paired pulse facilitation after 

rab3AA deletion (Geppert et al., 1997) applies to a small subset of vesicles released 

uponn a pair of single action potentials. Hence, a change in the release of this small 

numberr of vesicles will not be detected in our morphological and functional analyses 

off the total SV pool. Since at least two specific rab3 effectors have been 

characterizedd (Shirataki et al., 1994; Wang et al., 1997) and additional effectors may 

bee relevant, it is conceivable that rab3A exerts multiple functions at distinct steps in 

thee SV cycle (see also Gonzalez and Scheller, 1999). 

Apparently,, a normal vesicle distribution can be maintained during low activity also in 

thee absence of rab3A. Consequently, synaptosomal preparations from rab3A 

mutantss and controls have similar vesicle numbers and -distribution. And after 

exhaustivee stimulation, an extended recovery time will finally restore a normal vesicle 

distributionn also in the absence of rab3A. Such a facilitatory role is in line with the 

proposedd function for other members of the rab family, i.e., as timer devices that 

controll protein-protein interactions (Aridor and Balch, 1996). In yeast, however, 

severall rab proteins appear to have essential functions (see Novick and Zerial, 

1997).. Nevertheless, the enhanced run-down of responsiveness in CA1 neurons of 

thee hippocampus at 14Hz, which was previously observed in the rab3A null-mutants 

(Geppertt et al., 1994a), and the loss of LTP in the CA3 area but not of regular 

transmissionn of these mutants (Castillo et al., 1997) can all be explained by this 

facilitatoryy role of rab3A in vesicle transport. Such a role is also compatible with the 

alteredd vesicle distribution in the viable rab3 mutant of C. elegans (Nonet et al., 

1997),, and the effects of mutant rab proteins and introduction of rab antibodies 

(Olkkonenn and Stenmark, 1997). 

Applicationn of hypertonic sucrose solutions is an established, Ca2+-independent 

methodd to probe the releasable pool of SVs and paired sucrose applications have 

beenn used to monitor the refilling rate of this pool (Stevens and Tsujimoto, 1995; 

Rosenmundd and Stevens, 1996). While rab3A deletion had a clear effect on 

depolarization-evokedd vesicle recruitment, no effects were observed during single or 

pairedd sucrose applications. This is in agreement with the unaltered responses to 

singlee or paired sucrose applications in cultured hippocampal neurons from rab3A 
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knock-outt mice (Geppert et al., 1997). Apparently, the transport role of rab3A that we 

havee characterized here is specific for the depolarization-induced, Ca2+-dependent 

recruitment.. Application of hyperosmotic solutions produced similar release and 

vesiclee recruitment in the presence or absence of rab3A and the response to 

hyperosmoticc sucrose in the mutants was similar to depolarization-evoked 

recruitmentt in normal terminals. Hence, hyperosmotic shock appears to bypass the 

naturall rab3A regulated vesicle transport. It is conceivable that the transport role of 

rab3AA relates specifically to Ca2+-dependent mechanisms of vesicle recruitment, 

especiallyy because two of its downstream effectors are Ca2+-binding proteins, i.e. 

rabphilin3AA and RIM (Shirataki et al., 1994; Wang et al., 1997) and Ca2+-influx has a 

facilitatoryy effect on vesicle recruitment (Stevens and Wesseling, 1998; Wang and 

Kaczmarek,, 1998)). The reduced expression of rabphillin3A in rab3A knock-out mice 

(Geppertt et al. 1994a) would be in agreement with a regulatory role of the former 

proteinn in vesicle recruitment. However, no phenotype has been observed in 

rabphillin3AA knock-out animals (Schlüter et al, 1999). 
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ABSTRACT T 

Duringg periods of high frequency stimulation the maintenance of synaptic 

transmissionn depends on a continued supply of SVs. Local recycling in the terminals 

ensuress SV replenishment, but the intermediate steps are still a matter of debate. We 

analyzedd changes in SV pools and endosome-like organelles near the active zone in 

centrall nerve terminals during depolarization at the ultrastructural level by electron 

microscopy.. A short, 100 ms, depolarization induced recruitment of SVs from a 

reservee pool to a recruited pool, within 150 nm of the active zone, and the docked 

pooll at the active zone was increased as well. Prolonged, 15 s or 3 min, 

depolarizationn decreased the total amount of SVs, which was accompanied by a 

parallell increase in size and amount of endosome-like organelles. After a period of 

restt the number of endosome-like organelles decreased and the amount of SVs was 

restoredd to control level. These results indicate that during short depolarization SVs 

weree rapidly recruited from the reserve pool to replenish the releasable pool, 

whereass during prolonged depolarization local recycling through endosome-like 

organelless is necessary to restore the total number of vesicles per terminal. 
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INTRODUCTION N 

Neurotransmitterr release is mediated by SV exocytosis at the active zone of a 

synapse.. A small subpopulation of vesicles is docked and primed for fusion and 

thereforee immediately available for mediating neurotransmitter release within 

hundredss of microseconds upon arrival of an action potential (Südhof, 1995). The 

capacityy for sustained vesicular release in response to high frequency stimulation, 

however,, implies the existence of an efficient mechanism for rapid replenishment of 

thiss immediately releasable pool. 

Twoo mechanisms for replenishment have been described, recruitment of vesicles 

fromm a large reserve pool and local recycling of SVs (Brodin et al., 1997). Kinetic 

parameterss of SV recruitment and recycling, as well as the sizes of the different 

pools,, are therefore surely important determinants of transmission at synapses. 

Unfortunatelyy these parameters have been very difficult to study quantitatively, 

particularlyy in the small synapses of the brain. The development of new techniques, 

suchh as membrane capacitance (Matthews, 1996) and loading of endocytosed 

vesicless with fluorescent dyes (Betz and Wu, 1995) has allowed direct measurement 

off kinetic parameters of exocytosis and endocytosis. In hippocampal cultured 

neuronss total vesicle recycling was, initially, shown to take place in about 30 s (Ryan 

ett al., 1993). More recently by using combinations of fluorescent dyes a more rapid 

(-- 6 s) mode of recycling was demonstrated in these neurons (Klingauf et al., 1998), 

ass was already found in neurosecretory cells (Smith and Neher, 1997; Thomas et al., 

1994). . 

However,, especially in central synapses, several issues of SV recycling are still a 

matterr of debate. Questions remaining are the localization of membrane retrieval and 

thee actual pathway of endocytosed membrane. The classical ultrastructural studies 

(Friedd and Blaustein, 1978; Heuser and Reese, 1973) and genetic evidence (Koenig 

ett al., 1989) indicate that membrane retrieval occurs by clathrin-coated vesicles 

outsidee the active zone region. The ultrastructural studies suggested furthermore, in 

analogyy to recycling pathways in non-neuronal cells (Kelly, 1993), that recycling also 

involvedd endosome intermediates. Indeed, in nerve terminals endosome-like 

organelles,, i.e. membrane vacuoles/cisternae larger than SVs that can be labeled by 

endocyticc markers, were observed (Fried and Blaustein, 1978; Heuser and Reese, 
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1973).. Alternatively, these structures have been suggested to represent deep 

invaginationss of the plasma membrane or fragments of membrane internalized by 

bulkk endocytosis from which vesicles are regenerated by a single clathrin-mediated 

buddingg step (Takei et al., 1996). However, more recent studies using FM-dyes 

suggestt the existence of rapid recycling near or at the active zone, by direct 

reformationn of SVs from the plasma membrane (Klingauf et al., 1998; Murthy and 

Stevens,, 1998), which could resemble the so-called "kiss and run" mechanism as 

proposedd by Ceccarelli et al. (1973). These two mechanisms have also been shown 

too be present in a single synapse (Koenig and Ikeda, 1996; Palfrey and Artalejo, 

1998;; Richards et al., 2000). With regard to the exocytotic part of vesicle recycling in 

centrall synapses, the identity and amount of different vesicle pools, and the time 

coursee and traffic mechanisms between these vesicle pools are still issues of debate 

(Brodinn et al., 1997). SVs are usually divided into two pools: a small pool of docked 

vesicles,, i.e. vesicles associated with the active zone membrane, and a large reserve 

pool,, in the cytosol of the terminal. Although, the existence of a third vesicle pool 

situatedd between the docked and reserve pool, has been suggested as well (Garner 

ett al., 2000; Landis et al., 1988; Pieribone et al., 1995). 

Inn this study quantitative ultrastructural analysis was used to identify sequential 

changess in functional SV pools in central synapses during depolarization. We used 

thee preparation of isolated presynaptic terminals, synaptosomes, which allows 

synchronouss activation of a large population of terminals, and enables the 

quantificationn of dynamical changes in SV pools and other organelles relative to the 

releasee site, the active zone (Leenders et al., 1999). By increasing depolarization 

time,, from short (100 ms) to exhaustive (3 min), consecutive changes in distribution 

off SVs between three different vesicle pools could be discriminated. Furthermore, 

duringg prolonged stimulations partial depletion of SVs was compensated for by 

increasedd size and amount of endosome-like organelles. After allowing the 

synaptosomess to recover from depolarization, the total amount of SVs was restored 

too control level. 
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MATERIALSS and METHODS 

PreparationPreparation of synaptosomes 

Synaptosomess were prepared from whole forebrain of 4 to 5 months old C57bl6 

mice.. They were purified by Percoll (Pharmacia Biotech) density gradient 

centrifugationn as described by Dunkley et al. (1988). The synaptosomal fractions in 

thee 10-15 % and the 15-23 % Percoll interfaces were pooled and washed twice in 

artificiall cerebrospinal fluid (aCSF) which contained (in mM): NaCI (132), KCI (3), 

MgS044 (2), NaH2P04 (1.2), HEPES (10) and D-Glucose (10) + 2 mM CaCI2. 

Synaptosomess were kept on ice in aCSF + 2 mM CaCI2 at a protein concentration of 

22 mg/ml until use in the assay, which was within 4 hours after isolation. Protein 

concentrationn was determined according to Bradford (1976) with Bovine Serum 

Albuminee as a standard. The experiments with nerve terminals from mice were 

approvedd by the Animal Experimental Committee, University of Amsterdam, 1996. All 

effortss were made to minimize animal suffering and to reduce the number of animals 

used. . 

StimulationStimulation protocol 

Synaptosomess (40 ug protein) were pelleted and resuspended in 20 ul aCSF 

supplementedd with 50 uM EGTA and pre-incubated at C for 5 min. Then they 

weree either not depolarized (controls) or stimulated with depolarization medium (50 

mMM KCI (which iso-osmotically replaced NaCI) in the presence of 2 mM CaCI2 or 50 

uMM EGTA) for 100 ms, 15 s or 3 min. The short 100 ms depolarization was applied 

byy use of a rapid pneumatic mixing device (Leenders et al., 1999). Stimulations were 

stoppedd by immediate addition of fixative (ice-cold 2 % paraformaldehyde and 2.5 % 

glutaraldehyde)) for electron microscopical analysis or by stop medium (aCSF 

containingg 0.8 mM EGTA) for determination of amino acid release. Released 

amountss of glutamate and GABA were measured by reversed phase HPLC (Verhage 

etal.,, 1989). 

ElectronElectron Microscopical analysis 

Afterr fixation synaptosomes were embedded in epon, ultrathin coupes (80 nm) were 

stainedd with uranyl acetate and lead citrate and examined in a Philips 201 electron 
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microscope,, essentially as described previously (Breukel et al., 1997a). For each 

experimentall condition 25 synaptosomal sections with a clearly visible active zone 

weree selected for analysis. 

SVV distribution: The minimal distance between the active zone and the center of each 

SVV was determined for all vesicles in the synaptosomal section and the relative 

amountss of vesicles per 50 nm distances are expressed. Only those SVs within 25 

nmm distance from the active zone were counted as docked vesicles. 

Surfacee area measurements: For SVs, coated vesicles and small spherical 

endosomall structures the diameter was measured and surface area was calculated 

byy A = 4-rrr2, since these organelles are spherical and thinner than a section. Surface 

areaa of large and/or irregular shaped endosomal structures and of the plasma 

membranee were determined by measuring the perimeter and multiplying by section 

thicknesss (= 80 nm). Analysis of distribution and surface area was performed blind to 

stimuluss conditions. 

StatisticalStatistical analysis 

Thee data were statistically analyzed by paired or unpaired Student's Mest, except for 

differencess in distributions of the SVs, which were tested by one-way analysis of 

variancee (ANOVA) with repeated measures. The rejection of the null hypothesis was 

acceptedd as significant if p<0.05. 

RESULTS S 

NeurotransmitterNeurotransmitter release kinetics in synaptosomes 

Depolarizationn by application of high K+, induces release of the classical fast 

transmitters,, such as glutamate and GABA, from isolated nerve terminals, 

synaptosomes.. This release progressively increased until 3 min depolarization and 

reachedd a plateau at longer depolarization (Fig. 1, see also McMahon and Nicholls, 

1991;; Verhage et al., 1991b), indicating total depletion of releasable amount of these 

transmitterss in synaptosomes. After a 10 min repolarization period, a 100 ms 

depolarizationn pulse induced normal neurotransmitter release again {fig. 1b), 

indicatingg complete replenishment of the release capacity of the synaptosomes. 
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Fig.. 1. Glutamate and GABA release kinetics. 

Fig.. 1a. Mouse forebrain synaptosomes were depolarized by application of 40 mM K+ with 
differentt duration, range 100 ms - 5 min. Depolarizations were performed with and without 2 
mMM Ca2+, difference between the two is the Ca2+-dependent release shown. Fig. 1b. Ca2+-
dependentt release of glutamate and GABA induced by 100 ms depolarization either with or 
withoutt a prior 3 min depolarization. Data represent means  SEM of 4 independent 
experiments. . 

MorphometryMorphometry of synaptosome sections 

Thee release kinetics showed that the release capacity of terminals is exhausted 

withinn minutes of depolarization and that it is restored after a period of repolarization. 

Inn order to correlate neurotransmitter release during depolarization with changes in 

SVV pools we performed an ultrastructural study to analyze the concomitant changes 

inn intrasynaptic vesicle distribution. 

Wee first characterized sections of control, resting synaptosomes (Fig. 2a). Control 

synaptosomall sections had an average diameter of about 700 nm and a total plasma 

membranee surface area of about 0.22 urn2. The active zone area comprised about 
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0.044 urn2 of this plasma membrane area, and was most often recognized by an 

attachedd (part of the) postsynaptic density (see Fig. 2a). In most synaptosomal 

sectionss mitochondria and also endosome-like organelles were observed. Most of the 

endosome-likee organelles found were vacuoles with a diameter > 50nm, but also 

non-sphericall membrane compartments were observed. The origin of the vacuoles is 

nott exactly known and they might be artifacts formed during synaptosome 

preparationn or, more likely, they represent endosomes or endoplasmatic reticulum 

compartmentss as is the case for non-spherical structures (Fried and Blaustein, 1978). 

Thee synaptosomal sections were filled with SVs, on average 46 (range between 10 

andd 200), with on average 2 of them morphologically associated with, i.e. docked at, 

thee active zone membrane. For analysis only synaptosome sections with a clearly 

visiblee active zone membrane were selected, to relate the vesicle distribution to their 

releasee site. Intrasynaptic distribution of the SVs was determined by measuring the 

shortestt distance of the center of each vesicle to the active zone membrane, and 

collectedd in 50 nm bins. In resting terminals most SVs were clustered near the active 

zonee (between 0-200 nm) and their amount gradually decreased further away from 

thee active zone (Fig. 2b), indicating that in synaptosomes a functional vesicle 

distributionn was retained (Schikorski and Stevens, 1997). 

Fig .. 2. Ultrastructur e of restin g terminals . 

Fig.. 2a. Example of a synaptosome section from a resting terminal. In order to relate the SV 
(smalll arrowhead) distribution to their release site, only those synaptosome sections with the 
activee zone membrane in plane of the section were selected. Note the still attached part of 
thee post-synaptic density to the active zone (large arrow). In most sections mitochondria 
(smalll arrow) and endosome-like organelles (large arrow head) were also observed. Scale 
barr 0.2 urn. Fig . 2b. SV distribution in synaptosome sections of resting nerve terminals. 
Distributionn is given in amount of SVs per 50 nm bins, starting from the active zone 
membrane. . 
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Fig.. 3. Depolarization induced changes in SV distribution. 

SVV distribution after 100 ms (a), 15 s (b), 3 min (c) depolarization and after 3 min 
depolarizationn followed by 10 min repolarization (d). The SV distributions, expressed in 
relativee amounts per 50 nm bins, are shown before (white symbols) and after the different 
stimulationn conditions (black symbols). Difference in distribution between stimulation and 
controll was tested by ANOVA, followed by Student's t-test for individual 50 nm bins, * p < 
0.05.. Data are means  SEM of 4-6 independent experiments. 

DepolarizationDepolarization induced redistribution of SVs 

Forr the analysis of activity-dependent changes in SV distribution synaptosomes were 

depolarizedd by application of high K+ (40 mM). Short (100 ms), intermediate (15 s) 

andd prolonged (3 min) stimulations (see Fig. 1) were immediately terminated by fast 

additionn of fixative. Synaptosome sections analyzed after the different stimulation 

timess did not differ from the resting terminals with regard to their size and active zone 
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lengthh (data not shown) (Leenders et al., 1999). In Fig. 3 intrasynaptic vesicle 

distributions,, given in relative amounts, are shown after the different depolarizations 

applied.. A short depolarization of 100 ms induced a clear shift in the distribution such 

thatt the amount of SVs within 150 nm from the active zone increased, from 35.43

1.055 % in controls to 45.24  1.34 % (p=0.004), whereas further away, between 200-

7000 nm, the amount decreased from 53.96  1.53 % to 44.85  1.42 % (p=0.036). 

Sincee the total amount of SVs did not change, this redistribution within the terminal 

indicatess a net recruitment of SVs towards the active zone. This redistribution 

indicatess the existence of two functionally distinct cytosolic vesicle pools, a pool of 

recruitedd vesicles within 150 nm from the active zone and a reserve pool located at 

moree distant sites. Prolonging the depolarization to 15 s still resulted in an increase in 

thee relative amount of SVs in the recruited pool near the active zone, the fraction 

betweenn 0-150 nm was 41.59  2.12 % compared to 35.43  1.05 % in controls 

(p=0.02),, but the decrease of SVs in the reserve pool is less pronounced and only 

significantt between 250-450 nm (24.26  1.05 % compared to 27.55  0.6 % in 

controls,, p=0.03) from the active zone membrane (Fig. 3b). After depolarization of 3 

min,, which exhausted amino acid release (see fig. 1a), thee recruited pool of SVs was 

noo longer increased. Instead a decrease in the relative amount of SVs in the first 50 

nmm from the active zone (11.13  0.6 % in controls vs. 8.11  0.73 % after 3 min, 

p=0.047,, Fig. 3c) was observed. When synaptosomes, which had received a 3 min 

depolarization,, were allowed to recover for 10 min before fixation, their SV 

distributionn was indistinguishable from that of resting terminals (Fig. 3d). 

DepolarizationDepolarization induced changes in the docked SV pool 

Wee next examined whether the fast recruitment of SVs towards the active zone led to 

aa fast replenishment of the readily releasable pool of SVs. Since this readily 

releasablee pool is probably equivalent to the docked pool in small central synapses 

(Rosenmundd and Stevens, 1996; Schikorski and Stevens, 1997) we quantified the 

amountt of docked SVs, i.e. vesicles with their center within 25 nm from the active 

zonee membrane (Fig. 4). The docked pool increased from 2.15  0.22 vesicles in 

controll terminals to 3.25  0.53 vesicles after 100 ms depolarization (p=0.02, Fig. 4). 

Thuss a short depolarization not only increased the recruited pool by recruitment from 

thee reserve SV pool, but also vesicles were recruited from this pool to increase the 

dockedd pool at the active zone. This indicates that the recruited pool near the active 
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zonee is a highly dynamic pool of vesicles. However, after depolarization for 15 s, 

whichh still induced recruitment of SVs to the recruited pool, the docked SV pool was 

noo longer increased. In contrast, the amount of docked SVs was decreased by about 

50%% to 1.13  0.17 (p=0.003, Fig. 4). After 3 min depolarization the docked SV pool 

wass even further decreased, by 62.5%, to 0.81  0.11 (p=0.004, Fig. 4). Similar to the 

vesiclee distribution, the docked SV pool was restored to the control level, i.e. 2.5

0.11,, when synaptosomes were allowed to repolarize for 10 min after the 3 min 

depolarizationn (Fig. 4). 

controll 100 ms 15 s 3 rrin 3 rrin 
++ 10 rrin repol. 

Fig .. 4. Depolarizatio n induce d change s in the docke d poo l of SVs. 

SVss of which their center was within 25 nm from the active zone membrane were counted as 
morphologicallyy docked vesicles. The number of docked vesicles is expressed per 
synaptosomee section, which usually contained only one active zone. Data were obtained 
fromm the same sections used for analysis of vesicle distribution. Statistical differences were 
testedd with student's t-test, * p < 0.05. 

controll 100 ms 15 s 3 rrin 3 rrin 
++ 10 rrin repol. 

Fig .. 5. Depolarizatio n induce d change s in the tota l poo l of SVs. 

Thee total number of SVs were counted and expressed per synaptosome section. Data were 
obtainedd from the same sections used for analysis of vesicle distribution. Statistical 
differencess were tested with student's t-test, * p < 0.05. 
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DepolarizationDepolarization induced partial depletion of the total SV pool 

Sincee depolarization of terminals induces vesicular release (see Fig. 1), the total 

amountt of SVs is expected to decrease upon stimulation. The amount of SVs per 

sectionn of the control terminals was on average 46.62  3.47 (Fig. 5). As mentioned 

abovee this total amount of vesicles did not change after 100 ms depolarization (48.37 

 4.47, Fig. 5). Only after prolonged depolarization the total amount of SVs was 

decreased,, although to a limited extent, being 36.15  3.99 (22 %, p=0.04) after 15 s 

andd 39.64  1.16 (15 %, p=0.01) after 3 min depolarization (Fig 5). After a 10 min 

recoveryy period, which followed the 3 min depolarization, the total amount of SVs 

wass restored to control levels (Fig. 5). 

DepolarizationDepolarization induced changes in endosome-like organelles 

Prolongedd stimulation of synaptosomes showed a decreased amount of SVs. This 

numberr was restored in a period of repolarization. In order to determine where and 

howw the SV membrane is recycled we analyzed the surface area of the different 

membranee compartments of synaptosomes. These compartments included SVs, 

plasmaa membrane and endosome-like organelles (see fig. 6). 

Basedd on an average diameter of 33.5 nm, 46 SVs per terminal section had a total 

membranee surface area of 0.168 urn2. Considering that after 15 s and 3 min 

depolarizationn the total number of SVs was decreased (Fig. 5), the total membrane 

surfacee area of SVs was reduced, by 0.038 urn2 after 15 s and 0.029 urn2 after 3 min 

(Fig.. 7a, p<0.05). Total SV membrane surface area after 100 ms depolarization and 

afterr 3 min depolarization followed by 10 min recovery was comparable to that of 

controll terminal sections (Fig. 7a). Since SVs fuse with the plasma membrane at the 

activee zone we measured the area of the active zone membrane. This specialized 

partt of the plasma membrane did not change after the different stimulations (Fig. 7b), 

andd neither did the total plasma membrane (Fig. 7c). These results indicate that the 

membranee of the released SVs was not incorporated in the plasma membrane. 

Therefore,, we next analyzed the intrasynaptic targets of vesicle recycling. A 

quantitativee analysis of the total membrane surface area of endosome-like 

organelles,, i.e. spherical vacuoles > 50 nm in diameter and irregular shaped 

organelless (see Fig. 6), showed that in control sections on average 3 such 

endosome-likee organelles were observed which had a total membrane surface area 

off 0.066  0.005 urn2. After 15 s depolarization the total surface area of these 
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1000 ms 

15s s 33 min ELÖ-- 'aM 

33 min + 10 min f?** 

/ZJ/ZJ ^". 'i 

Fig .. 6. Depolarizatio n induce d change s in synaptosom e sections . 

Typicall examples of synaptosome sections after the different depolarizations. Images 
illustratee the depolarization induced changes in membrane surface area of SVs (SV) and 
endosome-likee organelles (ELO), note the large spherical organelles after 15 s and the 
numerous,, including non-spherical, organelles after 3 min depolarization. Total plasma 
membranee and active zone, easily recognized by a still attached part of the postsynaptic 
density,, were also measured. Scale bar 0.2 urn. 
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Fig .. 7. Depolarizatio n induce d change s in membran e surfac e area of endosome-lik e 

organelles . . 

Thee surface area of SVs (a), the active zone (b), the plasma membrane (c), and endosome-
likee organelles (d) was measured in all synaptosome sections of the control and 100 ms, 15 
ss and 3 min stimulated terminals. Total membrane surface area of the synaptosome sections 
wass the same in all conditions (e). Data were obtained from the same sections used for 
analysiss of vesicle distribution. Statistical differences were tested with student's t-test, * p < 
0.05. . 
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endosome-likee organelles was increased by 0.03 |jm2(p<0.05, Fig. 7d). However, the 

averagee amount of 3 endosome-like organelles per terminal section was not 

significantlyy different from that observed in control sections. Instead, the average 

membranee surface area of an endosome-like organelle was increased from 0.0225

0.00099 urn2 in control synaptosomes to 0.0251  0.0011 urn2 after 15 s 

depolarization,, indicating an increase in size rather than number (Fig. 6). After 3 min 

depolarizationdepolarization an increased number of endosome-like organelles was observed, from 

3.000  0.33 organelles in controls to 6.19  0.68 organelles after 3 min depolarization, 

resultingg in an increased surface membrane area of 0.06 urn2 (p<0.05, Fig. 7d). 

Whereas,, the increase in size after the 15 s depolarization was only observed in 

sphericall endosome-like organelles, the increase in number of endosome-like 

organelless after 3 min depolarization was observed for both spherical and non-

sphericall organelles (Fig. 6). In accordance with the observation that the amount of 

SVss was not changed, no change in size or amount of endosome-like organelles was 

observedd after 100 ms depolarization. When synaptosomes were allowed a 10 min 

recoveryy period after a 3 min depolarization the size and amount of endosome-like 

organelless returned to control levels, in agreement with the observed replenishment 

off the SVs. Although changes occurred in individual membrane compartments, the 

totall membrane surface area of the synaptosomal sections was not different in any of 

thee conditions tested, indicating complete preservation of vesicle membrane 

throughoutt depolarization of the terminals (Fig. 7e). 

DISCUSSION N 

Thee morphometrical analysis of SV distribution after increasing depolarization times 

showedd dynamical changes in three functionally separate SV pools, a docked pool at 

thee active zone, a recruited pool near the active zone (<150nm) and a reserve pool at 

aa more distant site (>150nm) in the terminal. During a short depolarization rapid 

replenishmentt of the recruited and docked pool by recruitment of vesicles from the 

reservee pool was observed. Prolonged depolarization resulted in partial depletion of 

alll three vesicle pools, accompanied by an increase in endosome-like organelles. 

Afterr repolarization size and amount of endosome-like organelles decreased again, 
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whereass vesicle numbers were restored, suggesting an interrelationship between 

thesee two organelles. These observations provide new ultrastructural insight in the 

subsequentt intrasynaptic steps of the exo- and endocytosis vesicle cycle in small 

centrall nerve terminals, and will be discussed in the light of related studies in other 

synapses. . 

DepolarizationDepolarization induced recruitment and docking ofSVs 
+ + 

AA short period of K -induced depolarization (100 ms) evoked a re-distribution of SVs 

inn isolated mouse brain nerve terminals such that more vesicles got close to and 

dockedd at the active zone whereas fewer vesicles remained at distant sites. Since 

thee total amount of SVs did not change after depolarization, their re-distribution within 

thee terminal reflected a net transport towards the active zone. The vesicle distribution 

inn synaptosomal sections in a large cytosolic pool and a small docked pool at the 

activee zone strongly indicate that the synaptosomes retained their functional vesicle 

distributionn (Schikorski and Stevens, 1997), and exclude massive transmitter release 

causedd by the fixative as reported by Smith and Reese (1980). The ultrastructural 

observationss in our study could be of functional relevance suggesting rapid activity-

dependentt recruitment of SVs from more distant sites in the terminal towards their 

releasee site, the active zone. Most likely this more distant pool of SVs represents the 

reservee pool of vesicles from which vesicles can be mobilized during times of high 

synapticc activity to rapidly replace fused vesicles, as indicated by the increased 

numberr of docked vesicles after 100 ms depolarization. Thus simultaneous with 

fusionn of vesicles triggered by short depolarization, docking of new vesicles at the 

activee zone membrane was activated as well. The recruitment of vesicles resulted not 

onlyy in an increased docked pool of vesicles, but also increased the fraction of 

vesicless located in the immediate vicinity of the active zone membrane, i.e. within 

1500 nm distance. Apparently, these vesicles represent an intermediate vesicle pool, 

locatedd between the docked and reserve pools, acting as a highly dynamic reservoir 

fromm which vesicles can be recruited to enter the docked pool and which itself is 

replenishedd by vesicles from the reserve pool. Thus implying two distinct cytosolic 

vesiclee pools, a pool of recruited vesicles near the active zone and the reserve pool 

locatedd at more distant sites in central nerve terminals. In lamprey synapses also two 

distinctt cytosolic vesicle pools were discriminated by use of synapsin antibodies, a 

distall pool containing synapsin and a proximal pool devoid of synapsin (Pieribone et 
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al.,, 1995). And two functionally distinct pools, namely an exo/endo cycling and a 

reservee pool, were identified in the neuromuscular junction of the frog (Richards et 

al.,, 2000) and of the temperature-sensitive Drosophila mutant, shibire (Kuromi and 

Kidokoro,, 1998). The readily releasable pool, in these terminals, consists of docked 

vesicless and vesicles located near the active zone (Kuromi and Kidokoro, 1998; 

Richardss et al., 2000), which would be more or less equal to the docked and 

recruitedd pool we observed in central nerve terminals. However, in cultured 

hippocampall neurons the readily releasable pool appeared to be equivalent to the 

vesicless that are morphologically docked at the active zone membrane (Rosenmund 

andd Stevens, 1996; Schikorski and Stevens, 1997). In all terminals the pools are 

differentiallyy involved in sustaining neurotransmitter release, whereas the more 

proximall pool is readily available to sustain normal release, the reserve pool 

appearedd to be involved only during high frequency stimulations (Greengard et al., 

1993;; Kuromi and Kidokoro, 2000; Pieribone et al., 1995; Richards et al., 2000). 

Bothh local recycling and recruitment from reserve pools have been attributed to 

sustainn release during high frequency stimulation (Brodin et al., 1997). Our results 

indicatee that small central synapses have the capability to actively replenish both 

releasable,, i.e. recruited and docked, pools, by recruitment of vesicles from the 

reservee pool. This simultaneous activation of fusion, recruitment and docking of 

vesicless would be a very efficient mechanism to keep the synapses at their maximal 

capacity,, before local vesicle recycling is fully activated. Prolonged depolarization of 

secondss to minutes showed that while the replenishment of vesicles from the reserve 

pooll is effectively triggered there is also a limitation of this process. After 15 s 

depolarizationn the amount of vesicles docked at the active zone was decreased by 

aboutt 50 %, indicating that docking of new vesicles no longer takes place or at least 

itt can no longer fully compensate for the amount of fused vesicles. However, 

althoughh after 15 s depolarization the docked pool of vesicles was already 

decreased,, still recruitment of vesicles from the reserve pool to the recruited pool was 

observed.. After 3 min depolarization recruitment was no longer observed. After this 

depolarizationn time not only the docked pool was decreased by more than 60%, but 

thee amount of vesicles most near the active zone, i.e. within 50 nm, was decreased 

ass well. Indicating that amino acid release is exhausted because of depletion of 

releasablee SVs. 
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RetrievalRetrieval ofSV membrane 

Prolongedd depolarization, induced by high K , showed that amino acid release is 

exhaustedd after several minutes, probably due to the depletion of releasable SVs. 

Thee electron microscopical analysis, however, showed only a limited decrease in 

totall amount of vesicles, which was already maximal after intermediate (15 s) 

depolarization.. The observation that the total amount of SVs did not further decrease 

afterr prolonging the depolarization from seconds to minutes, while secretion clearly 

proceededd (see Fig. 1), suggests that active recycling of vesicles must have been 

goingg on at the same time. This recycling activity was supported by the quantification 

off membrane surface area. The decrease in SVs was compensated by an increase in 

membranee surface area of the endosome-like organelles, while total surface area per 

terminall was unchanged. After a recovery period opposite changes were observed in 

SVV and endosome-like organelle numbers, indicating a sequential relationship 

betweenn these endosome-like organelles and SVs. Previous ultrastructural studies 

convincinglyy showed, by use the endocytic marker HRP, that similar endosome-like 

organelless indeed were formed by retrieval of plasma membrane, and represent the 

endocyticc structures of presynaptic terminals (De Camilli and Takei, 1996; Fried and 

Blaustein,, 1978; Heuser and Reese, 1973). According to these findings our 

membranee quantification would be in agreement with recycling via endosome 

intermediates.. Furthermore this study indicates that this classic form of recycling 

occurss near the active zone region, whereas in previous studies it was suggested to 

occurr mainly in terminal regions away from the active zone (Fried and Blaustein, 

1978;; Heuser and Reese, 1973). 

Thee observed activation of recycling within seconds of depolarization would fit well 

withh the reported recycling times in the order of sec to min estimated from time-

lapsedd fluorescence imaging experiments using the fluorescent membrane probe 

FM1-433 to label recycling SVs (Betz and Wu, 1995). However, recent quantitative 

fluorescencee measurements indicated the existence of rapid endocytosis in 

hippocampall synapses (Klingauf et al., 1998; Murthy and Stevens, 1998), as was 

earlierr demonstrated in neuro-endocrine cells (Henkel and Aimers, 1996; Palfrey and 

Artalejo,, 1998). Rapid endocytosis is expected to involve immediate recapture of the 

partiallyy fused secretory vesicles without full mixing of vesicle and plasma membrane 

componentss ("kiss and run" hypothesis) (Palfrey and Artalejo, 1998). The observation 

thatt after 100 ms depolarization the total amount of vesicles was not decreased, 
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couldd be explained by means of this so-called "kiss and run" mechanism, since we 

cannott discriminate in our electron microscopical pictures if a vesicle, filled with 

transmitter,, is awaiting fusion or if it is just retrieved from the membrane and devoid 

off transmitter. Alternatively, the amount of vesicles fused during the 100 ms 

depolarizationdepolarization could have been too small to be detected at a significant level in our 

synaptosomee sections (Leenders et al., 1999). The use of HRP could potentially 

solvee this issue (Fried and Blaustein, 1978; Heuser and Reese, 1973). However, so 

farr we have been unable to load synaptosomes with endocytic markers. And rapid 

retrievall of vesicle membrane is probably too fast to allow capture of HRP within 

vesicles.. The observed decrease in the total amount of vesicles and the parallel 

increasee in size of endosome-like organelles after 15 s depolarization indicate that 

evenn if there is a rapid "kiss and run" mechanism it cannot fully account for 

endocytosiss during prolonged activation. Also in other synapses it has been shown 

thatt especially during prolonged stimulation both mechanisms were activated (Palfrey 

andd Artalejo, 1998; von Gersdorff and Matthews, 1999), and recently it was shown 

thatt they preferentially refill distinct vesicle pools (Kuromi and Kidokoro, 2000; 

Richardss et al., 2000). 

Thee morphological changes in membrane surface area indicate that the classical way 

off endocytosis, via endosome intermediates (Heuser and Reese, 1973; Miller and 

Heuser,, 1984), prevailed near the active zone in central terminals at least during 

prolongedd depolarization. Interestingly, intermediate depolarization only increased 

thee size of spherical endosome-like organelles, whereas after exhaustive 

depolarizationdepolarization the number of these spherical, but also non-spherical, organelles was 

increased.. This could imply a sequence of recycling starting with membrane retrieval 

inn spherical endosome-like organelles, and thereafter SVs could either be formed 

directlyy by budding from these structures, or the membrane passes through a 

secondaryy endosomal fusion-budding step via the non-spherical organelles 

(Cremonaa and De Camilli, 1997; Marxen et al., 1999). The classical endocytosis 

pathwayy also involves clathrin coated vesicles (Heuser and Reese, 1973; Takei et al., 

1996).. These structures were, however, only occasionally observed in our terminal 

sections.. This might be due to the very transient nature of this vesicle state, like the 

omega-shapedd structures of vesicle fusion. Furthermore, vesicle retrieval by clathrin 

coatss has been proposed to take place at sites distant from the active zone (Fried 

andd Blaustein, 1978; Takei et al., 1996). 
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Inn summary, the ultrastructural changes in SVs and endosome-like organelles during 

andd after depolarization suggest the following sequence in exo- and endocytotic 

stepss of the SV cycle (fig. 8): 1) sub-second recruitment of SVs from a reserve pool 

too a recruited pool, and docking of vesicles at the active zone, to replace fused SVs; 

2)) second to minute retrieval of fused vesicles via endosome-like organelles; 3) 

completingg the cycle by reformation of SVs upon repolarization. 

Fig .. 8. Model of depolarizatio n induce d SV cycling . 

Inn this presynaptic terminal the different vesicle pools and endosome-like organelles are 
depicted,, as well as the kinetics of trafficking between pools as they were observed in this 
study.. Short depolarization activates recruitment from the reserve pool to the recruited pool, 
andd docking at the active zone membrane of vesicles from the recruited pool (1). Retrieval of 
vesiclee membrane (2) after prolonged depolarization resulted first in larger endosome-like 
organelless (s), and later in increased numbers of these structures (min). Already during, and 
mostlyy after depolarization SVs are reformed (3). 
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ABSTRACT T 

Neurotransmitterr release is triggered by Ca2+-influx through multiple subtypes of high 

voltage-activatedd Ca2+-channels. Tottering mice have a mutation in the a1A pore-

formingg subunit of P- and Q-type Ca2+-channels, two prominent subtypes that 

regulatee transmitter release from central nerve terminals. Immunoblotting analysis of 

purifiedd forebrain terminals from tottering mice revealed an 85 % reduction in the 

proteinn expression level of the mutated a1A subunit compared to expression of the 

a1AA subunit in wildtype terminals. In contrast, the expression of the a1B subunit of 

thee N-type Ca2+-channels was unchanged. Release of the amino acids glutamate and 

GABAA and of the neuropeptide cholecystokinin induced by a short (100 ms) 

depolarizationn pulse was unchanged in the terminals of tottering mice. Studies using 

specificc blockers of Ca2+-channels, however, revealed a reduced contribution of P-

andd Q-type Ca2+-channels to glutamate and cholecystokinin release, whereas a 

greaterr reliance on N-type Ca2+-channels for release of these transmitters was 

observed.. On the contrary, the contribution of the P-, Q- and N-type Ca2+-channels to 

thee release of GABA was not altered in tottering mice. These results indicate that the 

expressionn of the a1A subunit was decreased in terminals from tottering mice, and 

thatt a decreased contribution of P-, Q- type Ca2+-channels to the release of 

glutamatee and cholecystokinin was functionally compensated by an increased 

contributionn of N-type Ca2+-channels. 
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INTRODUCTION N 

Voltage-gatedd Ca2+-channels play an important role in exocytosis. In central nerve 

terminalss P-, Q- and N-type Ca2+-channels control the release of amino acid ("fast") 

neurotransmitters,, such as glutamate and GABA (Dunlap et al., 1995). Neuropeptide 

("slow")) secretion from LDCVs is regulated by these Ca2+-channel types as well 

(Leenders(Leenders et al., 1999). The observation that Ca2+-channels play an essential role in 

releasee of both fast and slow neurotransmitters implies that defects in Ca2+-channel 

structure,, localization, or modulation may result in abnormal synaptic signaling. 

Mutationss in the gene encoding the pore-forming a1A subunit of the P- and Q-type 

Ca2+-channelss have been found in tottering and leaner mice (Fletcher et al., 1996), 

ass well as in pedigrees with familial hemiplegic migraine (Ophoff et al., 1996). The 

totteringg (tg/tg) mutant mouse exhibits seizures resembling human absence epilepsy 

associatedd with behavioral arrest and synchronous bilateral cortical polyspike 

discharges,, mild ataxia and episodes of dyskinesia (Noebels and Sidman, 1979). The 

recessivee mutation in tg/tg mice involves the substitution of a single proline to leucine 

aminoo acid in the S5-S6 linker region of repeat domain II of the a1A subunit, at a 

positionn close to the pore-forming P-loop (Fletcher et al., 1996). 

Inn situ hybridization revealed no difference in the levels of a1A subunit mRNA in tg/tg 

micee compared to wildtype (Campbell and Hess, 1998; Fletcher et al., 1996). 

However,, the number of functional channels appears to be reduced in the mutants, 

sincee whole-cell current density in dissociated Purkinje cell bodies of tg/tg mice is 

decreasedd (Wakamori et al., 1998). Moreover, presynaptic P-, Q-type Ca2+-transients 

aree reduced in hippocampal CA3-CA1 synapses of tg/tg mice (Qian and Noebels, 

2000).. Interestingly, N-type Ca2+-transients were found to be increased in this study, 

ensuringg normal excitatory transmission. Evoked transmission is also intact at the 

neuromuscularr junction of these tg/tg mice, although run-down of release during 

high-frequencyy stimulation is increased slightly (Plomp et al., 2000). In the 

ventrobasall thalamic nucleus a decrease in the excitatory, but not inhibitory, 

transmissionn was observed (Caddick et al., 1999). Apparently, the decrease in P-, Q-

typee Ca2+-channel function due to a mutation in the a1A subunit leads to a variety of 

consequencess for synaptic transmission, dependent on the brain region that was 

investigatedd and the method used. 
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Althoughh defects in presynaptic transmitter release have been suggested in tg/tg 

micee (Caddick et al., 1999; Qian and Noebels, 2000; Plomp et al., 2000), direct 

evidencee is scarce. Recently, a decrease in K+-induced release of glutamate and 

GABAA in neocortex was observed (Ayata et al., 2000). However, the microdialysis 

methodd used did not allow discrimination between defects in presynaptic release or 

inn non-neuronal transporter activity. In order to study effects of mutated P-, Q-type 

Ca2+-channelss on release directly, we measured release of diverse neurotransmitters 

fromm nerve terminals purified from forebrain of wildtype and tg/tg mice. In addition, 

thiss preparation enabled us to relate the expression of presynaptic Ca2+-channel 

subtypess to their contribution in the regulation of neurotransmitter release. We 

performedd semi-quantitative immunoblotting to compare the protein expression levels 

off the oc1A (P, Q) and oc1B (N) Ca2+-channel subunits in forebrain terminals from 

wildtypee and tg/tg mice. In addition, the relative contribution of the distinct Ca2+-

channell subtypes to regulation of glutamate, GABA and cholecystokinin (CCK) 

releasee from these terminals was determined using specific toxins. 

MATERIALSS and METHODS 

Materials Materials 

Percolll was obtained from Pharmacia Biotech (Uppsala, Sweden). co-Agatoxin IVA 

wass obtained from Calbiochem (La Jolla, CA, USA), o>Conotoxin GVIA was obtained 

fromm Alomone labs (Jerusalem, Israel). Polyclonal antibodies anti-CNA1 and anti-

CNB11 were from Chemicon (Temecula, CA, USA). Silicone oil (Dow Corning 550) 

wass from Mavon B.V. (Alphen a/d Rijn, the Netherlands). Pepstatin A was from 

Bachemm (Bubendorf, Switzerland). ECF detection kit was obtained from Amersham 

(Buckinghamshire,, UK). All other chemicals were obtained from Sigma (Brunschwig 

Amsterdam,, The Netherlands) or Janssen (Beerse, Belgium) and were of the highest 

purityy available. 

Mice Mice 

Breedingg pairs of heterozygous C57BL/6J-tg mice were obtained from the Jackson 

Laboratoryy (Bar Harbor, Me., USA). Litters were genotyped after weaning (Plomp et 
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al,, 2000). Experiments with nerve terminals from tg/tg and wildtype mice were 

approvedd by the Animal Experimental Committee, University of Amsterdam, 1999. 

PreparationPreparation of synaptosomes 

Synaptosomess were prepared from forebrains of 4 to 5 months old tg/tg mice and 

littermatee wildtype mice (C57BL/6J) and purified by Percoll density gradient 

centrifugationn as described by Dunkley et al (1988). The synaptosomal fractions in 

thee 10-15 % and the 15-23 % Percoll interfaces were pooled and washed twice in 

artificiall cerebrospinal fluid (aCSF) which contained (in mM): NaCI (132), KCI (3), 

MgS044 (2), NaH2P04 (1.2), HEPES (10) and D-Glucose (10) + 2 mM CaCl2-

Synaptosomess were kept on ice in aCSF + 2 mM CaCl2 at a protein concentration of 

22 mg/ml until use in the release assay, which was within 4 hours after isolation. 

Proteinn concentration was determined according to Bradford (1976) with Bovine 

Serumm Albumine as a standard. 

ImmunoblottingImmunoblotting of calcium channel a1A and cc1B subunits 

Synaptosomess (2mg/ml) were lysed in 1% Triton X-100 in the presence of protease 

inhibitorr cocktail (Sigma) and 1 mg/ml Pepstatin A. The synaptosome lysates were 

boiledd in SDS sample buffer and 100 ug aliquots were separated by SDS-PAGE (7% 

gel)) and immunoblotted on Hybond nitrocellulose membranes using semi-dry 

transfer.. Blots were incubated overnight at C with polyclonal antibodies against 

a1AA (anti-CNA1 (1:150)) or a1B (anti-CNB1 (1:150)) in TBS-Tween with 10% goat 

serum.. Signals were quantified on a Molecular Dynamics Fluorlmager (Storm, 

Sunnyvale,, CA, USA) using ECF. Signals between different blots were normalized to 

thatt of standard samples (synaptosome preparation of normal mice) loaded on each 

blot. . 

ReleaseRelease assay 

Synaptosomess (40 ug protein) were pelleted and resuspended in 20 pi aCSF 

supplementedd with 50 uM EGTA and preincubated at C for 5 min, either with or 

withoutt Ca2+-channel toxins, oo-Agatoxin IVA or o>Conotoxin GVIA. Subsequently, 

synaptosomess were depolarized for 100 ms, by use of a rapid mixing device, as 

describedd by Leenders et al. (1999). Depolarization media: aCSF containing 50 mM 
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KCII (which iso-osmotically replaced NaCI) in the presence of 2 mM CaCI2 (for total 

release)) or 50 |jM EGTA (for the Ca2+-independent release); Stop medium: aCSF 

containingg 0.8 mM EGTA. Released amounts of glutamate and GABA were 

measuredd by reversed phase HPLC (Verhage et al., 1989). Nonsulfated CCK-8 

(CCK)) release was quantified by radioimmunoassay, using the rabbit antiserum C221 

(Breukell et al., 1998). 

StatisticalStatistical analysis 

Thee data were statistically analyzed by the paired or unpaired Student's f-test. The 

rejectionn of the null hypothesis was accepted as significant if p<0.05. 

RESULTS S 

ProteinProtein expression of the cc1A (P, Q) and <x1B (N) Ca2+-channel subunits in 

presynapticpresynaptic terminals from wildtype and tg/tg mice 

Inn order to study Ca2+-channel expression at the presynaptic level, we purified nerve 

terminals,, synaptosomes, from forebrain of tg/tg mice and their wildtype littermates. 

Thee effect of the mutation in the a1A pore-forming subunit on protein expression of 

thee different Ca2+-channel subtypes was determined by semi-quantitative Western 

blotting.. The relative protein levels of the a1A (P, Q) and a1B (N) subunits of the 

Ca2+-channelss were quantified in 7 wildtype and 8 tg/tg synaptosome preparations. 

Withh the polyclonal antibody CNA1 both the 210 and 190 kDa form of the a1A 

subunitt were detected (Westenbroek et al., 1995). Quantification of the 190 kDa 

bandd showed a strong decrease of 85 % in the tg/tg synaptosomes as compared to 

thee expression level in wildtype synaptosomes (Fig. 1A). The 210 kDa band was 

overexposedd in the wildtype samples and therefore not quantified, but was also 

clearlyy decreased in tg/tg compared to wildtype. After incubation with the polyclonal 

antibodyy CNB1 a faint band corresponding to the low molecular weight and not to the 

highh molecular weight form of the a1B subunit (Westenbroek et al., 1992) was 

detectedd at around 190 kDa under our conditions. In contrast to the a1A subunit, no 

differencee in expression of the low molecular weight form of the a1 B subunit between 

tg/tgg and wildtype terminals was detected (Fig. 1B). 
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Fig.1 .. Protei n level s of a1A and ocdB subunit s in wildtyp e and tg/t g synaptosomes . 

a1AA (A) and a1B (B) subunit protein levels were detected, by anti-CNA1 (1:150) and anti-
CNB11 (1:150), respectively, in synaptosomes from wildtype and tg/tg terminals (100 ug 
synaptosomall protein) by semi-quantitative immunoblotting. Insets: Typical examples of 
wildtypee (wt) and tg/tg signals on blot. Quantification of the fluorescent signals was 
performedd by Imagequant software and normalized (wt = 100%) average signals of 7 
wildtypee and 8 tg/tg independent synaptosome preparations are presented. * P<0.05. 

ContributionContribution of P-, Q-, and N-type Ca2+-channels to neurotransmitter release from 

wildtypewildtype and tg/tg nerve terminals 

Thee strongly reduced expression of the a1A subunit suggests a large reduction in 

functionall P- and Q-type Ca2+-channels, two prominent channel subtypes involved in 

thee regulation of neurotransmitter release. Using a standard protocol we compared 

thee release of the amino-acids, glutamate and GABA, and the neuropeptide CCK 

fromm synaptosomes of tg/tg and wild type mice. In response to short (100 ms) K+ 

pulsess the exocytotic, Ca2+-dependent, release of none of these transmitters was 

affectedd in the tg/tg mutants, as shown in Fig 2. 

Thiss rather surprising result in view of the decrease of the a1 A subunit at the protein 

level,, led us to investigate whether the contribution of different sub-types of Ca2+-

channelss to the release of these neurotransmitters was altered in tg/tg mice. This we 

determinedd by using two selective toxins: (i) o>Agatoxin IVA, that at low 

concentrationss (10 nM) blocks P-type Ca2+-channels, and at high concentrations (200 

nM)) blocks both P- and Q-types (Sather et al., 1993; Wheeler et al., 1994). (ii) 

co-Conotoxinn GVIA, also at a low (10 nM) and high (1 u.M) concentration, to 

investigatee toxin sensitivity and total capacity of N-type Ca2+-channels selectively 
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(Hess,, 1990). The effects of the toxins on release of glutamate, GABA, and CCK 

fromm both wildtype and tg/tg terminals are shown in Fig. 3. 

GlutamateGlutamate release (Fig.3A): The inhibitory effect of both concentrations of co-Agatoxin 

IVAA on glutamate release was significantly reduced in tg/tg mice compared to 

wildtypess (p<0.05). On the contrary, the inhibitory effect of co-Conotoxin GVIA was 

enhancedd in tg/tg mice at 10 nM concentration (p<0.01), whereas at 1 uM no 

differencee was observed. These results indicate that the contribution of P- type Ca2+-

channelss to glutamate release is decreased in tg/tg terminals, while that of the N-type 

Ca2+-channelss is increased. These two opposite effects appear to compensate each 

otherr resulting in no appreciable change in glutamate release, as shown in Fig. 2. 

GABAGABA release (Fig. 3B): Unlike glutamate release, no significant differences in toxin 

effectss on GABA release between tg/tg and wildtype terminals were observed. 

Thereforee the relative contributions of P-, Q- and N-type Ca2+-channels to overall 

GABAA release appeared not to be changed in tg/tg mice. 

CCKCCK release (Fig. 3C): The inhibitory effect of co-Agatoxin IVA on CCK release was 

largelyy reduced at 200 nM (p<0.05), while that of co-Conotoxin GVIA was strongly 

Wtt Tg/Tg Wt Tg/Tg Wt Tg/Tg 

Fig.. 2. Ca2+-dependent releas e of glutamate , GABA and CCK upo n 100 ms K+-

depolarizatio nn was maintaine d in tg/t g synaptosomes . 

Bothh total (50 mM K+ + 2 mM Ca2+) and Ca2+-independent (50 mM K+ + 50 uM EGTA) 
releasee of endogenous glutamate (A), GABA (B) and CCK (C) from mice wildtype (white 
bars)) and tg/tg (black bars) synaptosomes was measured after 100 ms depolarization. Ca2+-
dependentt release was calculated by subtracting Ca2+-independent release from the total 
release.. No differences were observed in the Ca -independent component of release (data 
nott shown). Data represent means  SEM of 8 or 9 independent experiments. 
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Fig.. 3. Regulation of glutamate, GABA and CCK release by distinct Ca2+-channel 

subtypes. . 

Ca2+-dependentt release induced by a 100 msec depolarization in the presence of co-Agatoxin 
IVAA (10 and 200 nM) or co-Conotoxin GVIA (10 and 1000 nM) was measured and is given as 
percentagee of release value in the absence of toxins (see fig. 2 for absolute values). The 
Ca2+-channell toxins did not affect Ca2+-independent release of all three transmitters from 
bothh wildtype and tg/tg terminals (not shown). Below the horizontal axis the Ca2+-channel 
subtypess presumably affected by the different toxin concentrations are indicated. Data 
representt means  SEM of 9 independent experiments. * P<0.05. 
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enhanced,, particularly at 1|jM (p<0.01). This indicates that in tg/tg terminals the 

contributionn of the P- and Q-type Ca2+-channels to CCK release is decreased, mainly 

thatt of the latter considering the larger difference at 200 nM. And, similar to 

glutamatee release, the dependence on N-type Ca2+-channels for CCK release was 

enhancedd in terminals from tg/tg mice. 

DISCUSSION N 

Thee most remarkable finding in the present study was the strong selective reduction 

off expression of P-, Q- type Ca2+-channels by 85 % in forebrain nerve terminals of 

tg/tgg mice, while the overall release of the amino acids glutamate and GABA and the 

neuropeptidee CCK was not significantly altered. 

ReducedReduced protein expression of the mutated crfA (P, Q) subunit in terminals of tg/tg 

mice mice 

Thee strong reduction in a1A subunit expression, as indicated by the immunoblots, 

evidentlyy is the result of the mutation of this subunit in the tg/tg mice. Since mRNA 

levelss of the a1A subunit did not appear to be affected in tg/tg mice (Campbell and 

Hess,, 1998), a posttranscriptional defect might lead to mistargeting of P-, Q-type 

Ca2+-channelss to the plasma membrane of the nerve terminals. Alternatively, 

acceleratedd turnover of the protein might explain its reduced expression. Since the 

crtt A subunit forms the ion-conducting pore of P- and Q-type Ca2+-channels (Bourinet 

ett al., 1999), the 85% reduction in expression of this subunit implicates that the 

numberr of functional P-,Q-type Ca2+-channels is reduced in tg/tg terminals. 

Interestingly,, expression of N-type Ca2+-channels appeared not to be changed, since 

noo quantitative change in oc1B subunit between tg/tg and wildtype terminals could be 

detectedd on the immunoblots. 

ContributionContribution of Ca2"-channel subtypes to release in tg/tg and wildtype terminals 

Thee strongly reduced expression of P-, Q-type Ca2+-channels in tg/tg terminals would 

predictt a reduction in neurotransmitter release as well. However, this prediction was 

nott confirmed in our experiments, since overall release of glutamate, GABA and CCK 
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wass maintained in tg/tg mice terminals. This is in accordance with the observation 

thatt synaptic transmission in hippocampal CA3-CA1 synapses of tg/tg mice remained 

intactt (Qian and Noebels, 2000). In search for an explanation of this apparent 

paradox,, we determined the differences in contribution of the P-, Q- and N-type Ca2+-

channelss to the release from wildtype and tg/tg terminals, using specific toxins to 

blockk the distinct Ca2+-channel subtypes. This analysis revealed a number of 

interestingg features regarding the contribution of Ca2+-channel subtypes to the 

releasee of different neurotransmitters. As indicated in table 1, the reduced 

contributionn of mainly P-type Ca2+-channels to glutamate release and of Q-type Ca2+-

channelss to CCK release is compensated by increased contribution of N-type Ca2+-

channelss in the terminals of tg/tg mice. 

Ann unexpected finding was that glutamate and GABA release are regulated in 

differentt ways. In tg/tg terminals the contribution of mainly P-type Ca2+-channels to 

glutamatee release was reduced compared to that in wildtype terminals, which is in 

agreementt with a reduced expression of the cc1A subunit. The fact that this did not 

resultt in reduced glutamate release can be accounted for by the increased 

contributionn of N-type Ca2+-channels. These findings are in line with the observations 

off Qian and Noebels (2000) in excitatory CA3-CA1 synapses. For GABA release no 

Tabl ee 1. Differences in Ca2+-channel subtypes between tg/tg and wildtype mice 

Caz+-channel l 
subtype e 

oc1A A 
P,, Q 

cüAgatxx IVA 

a1B B 
N N 

coCtxx GVIA 

Protein n 
expression n 

85%% >U 

Release e 

Glutamate e 

26.33 % U 
(10nM,, P) 

33.77 % TT 
(10nM) ) 

GABA A 

= = 

= = 

CCK K 

377 % U 
(200nM,, Q) 

63.22 % TT 
O M M ) ) 

Differencess in effects on protein expression levels of oc1A and a1B Ca2+-channel subunits 

andd on the contribution of P,Q and N-type Ca2+-channels to release of glutamate, GABA and 

CCKK in tg/tg mice terminals, calculated from the data from fig. 1 and 3. Toxin concentrations 

and,, for co-Agatoxin IVA, the channel primarily affected are indicated between parentheses. = 

noo effect. 
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significantt differences in contribution of the different Ca2+-channel subtypes were 

observed.. Apparently, GABA release was less affected by the decreased expression 

off P-, Q-type Ca2+-channels, associated with the tg/tg mutation, as compared to 

glutamatee release. This is possibly due to differences in relative dependency on P-, 

Q-typee Ca2+-channels on the one hand and N-type Ca2+-channels on the other 

betweenn GABA and glutamate release. 

Regardingg CCK release the effects of the tg/tg mutation were similar to those 

observedd for glutamate release. However, in line with the difference in dependency 

onn the P- and Q-type channels between CCK and glutamate release (Leenders et al., 

1999),, a decreased contribution by Q-type Ca2+-channels, as opposed to P-type for 

glutamate,, in the regulation of CCK release in tg/tg terminals was observed. The re

typee channels amply compensated for the reduced contribution by the Q-type 

channels.. This indicates a more or less linear coupling between Ca2+-channels and 

CCKK release. Such a concept would be in agreement with the approximately linear 

relationshipp between intrasynaptic Ca2+-rise and neuropeptide release from LDCVs 

(Verhageetal.,, 1991a). 

Itt was also remarkable that the changes found with respect to CCK release were 

differentt from those found for GABA release, since both transmitters frequently co-

localizee in the same terminals (Raiteri et al., 1993). This difference might be 

explainedd by the fact that only a small sub-set of GABAergic terminals contains also 

CCK.. Alternatively, we cannot exclude that the tg/tg mutation might represent a 

selectivee impairment of CCK release from LDCVs, whereas GABA release from small 

SVss remained unaltered. 

EnhancedEnhanced functional coupling of N-type Ca2* -channels to release in tg/tg mice 

Thee increased contribution of N-type Ca2+-channels to glutamate and GABA release 

cann not be simply ascribed to an increased expression level of these channels, since 

wee did not observe an increase in the protein expression of the a1B subunit on the 

immunoblots.. Therefore how this enhancement may be realized merits further 

discussion. . 

CCKK release from LDCVs has been proposed to be regulated by a global raise in 

intracellularr [Ca]i (Verhage et al., 1991a) irrespective of subtypes of Ca2+-channels 

involvedd (Leenders et al., 1999). Such an indirect coupling suggests that the 

increasedd contribution of N-type Ca2+-channels simply compensates for the 
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decreasedd Ca2+-influx through Q-type Ca2+-channels. This also implies that normally 

thee number of Ca2+-channels expressed on the terminals exceeds the minimal 

numberr of Ca2+-channels required to reach the threshold for triggering of release 

fromm LDCVs. 

Ann enhanced association of N-type Ca2+-channels to pre-docked readily releasable 

SVss might account for the increased functional coupling of these channels to 

glutamatee release in tg/tg terminals. The observation that 10 nM co-Conotoxin GVIA 

exertedd already a maximal inhibition of about 50% in tg/tg terminals, whereas in 

wildtypee terminals 1 uM was required, would be in agreement with such a functional 

compensation.. Alternatively, a difference in the N-type Ca2+-channel, for instance 

expressionn of a different splice variant of the a1B subunit or interaction with a 

differentt p subunit, could account for the observed difference in inhibition by co-

Conotoxinn GVIA. There is, however, no indication that the affinity for co-Conotoxin 

GVIAA is different between splice variants of the oc1B subunit (Lin et al., 1999). 

Moreover,, notwithstanding the similar total expression level of the a1B subunit, local 

densityy of N-type Ca2+-channels at the release site in the active zone may be 

increasedd in tg/tg terminals. In conclusion, the precise molecular and/or spatial 

factorss that account for the observed functional compensation by the N-type Ca2+-

channelss needs further investigation. 

ImplicationsImplications for the neurological phenotype of tg/tg mice 

Thee cellular basis for the neurological deficits, such as absence epilepsy and ataxia, 

occurringg in tg/tg mice (Noebels and Sidman, 1979) is still not resolved. The (co-) 

expressionn patterns of the different Ca2+-channel subtypes in several brain regions 

mayy be of major importance to circumvent severe impairment of synaptic 

transmission.. Our results showed a large reduction in the expression level of the 

mutatedd tx1 A subunit in forebrain nerve terminals. The fact that we purified terminals 

fromm the whole forebrain does not allow to make a differential analysis of separate 

brainn regions. It is possible, even likely, that nerve terminals differ in their expression 

off Ca2+-channel subtypes, particularly among different brain areas. Nerve terminals 

thatt lack N-type Ca2+-channels would not be able to compensate a decreased 

contributionn of P-, Q-type Ca2+-channels, which then could result in a decrease in 

neurotransmitterr release from these terminals. This might be the case for certain 
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GABAergicc terminals in the hippocampus (Poneer et al., 1997). Whether the same 

phenomenonn occurs in other systems is not well known. In the thalamus of tg/tg mice 

impairedd excitatory, but not inhibitory, neurotransmission was reported (Caddick et 

al.,, 1999) but whether this corresponds to a change in the composition of presynaptic 

Ca2+-channelss is not known. 

Couplingg of depolarization to neurotransmitter release is not the only function of the 

P-,, Q-type Ca2+-channels, since these subtypes are also expressed in cell soma and 

dendritess (Westenbroek et al., 1995). Reduced expression of the oc1A subunit on 

thesee neuronal compartments, similar to what we found in the presynaptic terminals, 

couldd lead to a drastically reduced Ca2+-influx, thereby disturbing the intracellular 

Ca2++ homeostasis and affecting many down-stream cellular processes, such as for 

instancee gene expression and protein translation, which may play an important role in 

progressionn of symptoms in tg/tg mice. 
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Thee two major aims of the research described in this thesis were to characterize 

differentiall regulation of neurotransmitter release from SVs and LDCVs in more 

detail,, and to gain more insight in the activity-dependent mobilization of SVs in 

centrall nerve terminals. In order to address these aims we introduced two new 

approaches.. First, we developed a method to measure endogenous neurotransmitter 

releasee at a sub-second timescale. Second, we used ultrastructural analysis to 

determinee depolarization-induced changes in intrasynaptic SV distribution. By 

combiningg these approaches we derived new insights on the following topics, which 

willl be shortly discussed in the next sections of this chapter. 

I)) Differenc e in sub-second kinetic s of releas e and mobilizatio n betwee n SVs 

andd LDCVs (chapte r 2, 3). 

Alreadyy within 100 msec depolarization not only transmitter release from SVs was 

observed,, but also recruitment and docking of SVs did occur. Release of the LDCV 

transmitterr CCK could not be observed until depolarizations lasting over 100 ms were 

applied.. In agreement with such a delayed release, a decrease in amount of LDCVs 

wass not observed until 1 s depolarization. This implies that the release kinetics of 

LDCVss is, at least, two orders of magnitude slower than that of SVs. 

II)) Differentia l regulatio n of SV and LDCV releas e by differen t Ca2+-channe l 

subtype ss (chapte r 3, 6). 

Thee same set of presynaptic Ca2+-channels, e.g. P-, Q-, N-type Ca2+-channels, is 

involvedd in triggering release from both vesicle types. We found, however, 

differencess in the relative contributions of these Ca2+-channel subtypes to the release 

off amino acids from SVs and CCK from LDCVs. Furthermore, adaptation of Ca2+-

channelss in the regulation of presynaptic release became visible when studying fast 

transmitterr release from central nerve terminals of tottering mice, which have a 

mutationn in the pore-forming subunit of the P- and Q- Ca2+-channels. A dramatic 

decreasee in presynaptic expression of this Ca2+-channel subtype and its contribution 

too transmitter release was accompanied by an enlarged contribution of N-type Ca2+-

channels,, thereby compensating for changes in overall release capacity. 

131 1 



ChapterChapter 7 . 

III)) Rab3A is involve d in SV mobilizatio n (chapte r 4). 

Parallell experiments on fast SV recruitment, docking and amino acid release in 

centrall nerve terminals of rab3A null-mutant mice did unravel a facilitatory role of 

rab3AA in depolarization-induced transport of SVs. 

IV)) Sequentia l change s in SV pool s durin g depolarizatio n (chapte r 5). 

Thee morphometrical analysis of SV distribution upon stimulation with increasing 

depolarizationdepolarization durations, showed dynamical changes in three functionally separate 

SVV pools, a docked pool at the active zone, a recruited pool near the active zone (< 

1500 nm) and a reserve pool at a more distant site (> 150 nm) in the terminal. The 

sub-secondd depolarizations enabled us to discriminate exocytotic steps of the SV 

cycle,, i.e. recruitment, docking and transmitter release, from the presumably slower 

processs of endocytosis. Indeed, depolarizations lasting seconds to minutes were 

requiredd in order to observe decreases in total SV numbers, which were 

accompaniedd by increases in endocytotic structures. 

1.1. Sub-second stimulation of release and vesicle mobilization from purified 

nervenerve terminals 

Synaptosomess are a widely used model system to investigate presynaptic regulation 

andd modulation of neurotransmitter release. In this thesis synaptosome preparations 

off both rats (chapter 2, 3) and mice (chapter 4,5,6) have been used. The latter 

becausee of the availability of genetically altered mice, which enabled studies on 

regulationn of release by distinct presynaptic proteins (rab3A, chapter 4 and mutated 

Ca2+-channels,, chapter 6). Although we purified the mice synaptosomes from whole 

forebrain,, instead of cortex and made some minor adjustments in the stimulation 

protocol,, the release and ultrastructural characteristics in mice and rat synaptosomes 

weree very similar. 

Sincee the small nerve terminals in this preparation do not allow electrophysiological 

approaches,, usually biochemical stimulations lasting seconds to minutes are applied. 

Inn order to analyze release at a more physiologically relevant time scale we 
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developedd a rapid mixing device. In chapter 2 it was shown that the sub-second time 

resolutionn of stimulation enabled the determination of the onset of CCK release from 

LDCVs,, thereby indicating the difference in kinetics of transmitter release from SVs 

andd LDCVs. The rapid mixing device provided the possibility to study regulation and 

modulationn of the initial, fast component of endogenous neurotransmitter release in a 

biochemicall preparation of purified nerve terminals. 

Recentlyy developed techniques, such as membrane capacitance (reviewed by von 

Gersdorfff and Matthews, 1999) and loading of endocytosed vesicles with fluorescent 

dyess (reviewed by Cochilla et al., 1999) have allowed direct measurements of kinetic 

parameterss of exocytosis and endocytosis. Although these techniques have also 

providedd new insights in vesicle recycling, many issues concerning the individual 

stepss in this process remain (still) unresolved by these methods. Our combined 

approachh of short stimulations with ultrastructural analysis allowed the direct analysis 

off SV movement involved mainly in exocytosis and not in endocytosis, a process that 

probablyy takes seconds to minutes (chapter 5, see also section 3.3). This resulted in 

visualizationn and quantification of intrasynaptic changes in SV pools and SV cycling 

inn central nerve terminals (chapter 3, 5). In addition, this approach provides an 

experimentall tool to resolve some of the issues regarding the molecular mechanisms 

off the intrasynaptic steps of SV cycling, such as the role of rab3A in SV transport 

(chapterr 4). 

2.2. Differential regulation ofSVand LDCV release 

2.1.2.1. Sub-second release and vesicle mobilization 

Mainlyy due to their small size, direct determinations of neurotransmitter release from 

centrall nerve terminals are still rather limited. Although the fast mixing technique 

doess not allow measurement of transmitter release upon a depolarization equivalent 

too the duration of one action potential, i.e. within one millisecond, the time resolution 

off 50 ms that can be achieved with this method is a reasonable approximation of the 

physiologicall situation. The sub-second (s 50 ms) stimulations clearly showed the 

differencee between release kinetics of CCK and of glutamate and GABA, indicating 

thatt LDCV exocytosis was at least two orders of magnitude slower than that of SVs 

(chapterr 2). 
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Thee much larger time delay between the Ca2+-influx and the release of LDCVs as 

comparedd to the delay of SV release (chapter 2, 3) is most likely due to differences in 

releasee readiness and in localization of the vesicles within the terminal. A fraction of 

thee SVs is docked and primed at the active zone, whereas non-docked LDCVs reside 

att ectopic sites (chapter 3). Furthermore, SVs at the active zone are presumably 

directlyy coupled to Ca2+-channels, as indicated by interactions between SNARE 

complexx proteins and Ca2+-channel subunits (Sheng et al., 1998). Such a functional 

couplingg allows SV release to be extremely fast, and to be triggered by a low-affinity 

Ca2+-sensor.. Obviously there is a larger distance between the Ca2+-channels and the 

non-dockedd LDCVs (chapter 3) in central nerve terminals. Apparently, diffusion of 

Ca2+-ionss from the plasma membrane to the LDCVs and subsequent mobilization of 

LDCVss towards the plasma membrane accounts greatly for the delay in LDCV 

exocytosiss from the central nerve terminals. 

Activationn of LDCV mobilization is necessary before exocytosis, induced by a single 

stimulus,, can occur in the central nerve terminals. Interestingly, SV mobilization is 

activatedd upon a single short stimulation as well, however, without being coupled to 

immediatee exocytosis (chapter 3). This mobilization probably contributes to the 

maintenancee of maximal capacity of the readily releasable SVs, and prepares the 

terminalss for exocytosis by subsequent stimulations (see also section 3.1). 

2.2.2.2. Differential regulation of SV and LDCV exocytosis by Ca2"-channels 

2.2.12.2.1 Differential contributions of the P-, Q- and N-type Ca2*-channels 

Bothh SV and LDCV mobility and neurotransmitter release depend on Ca2+-influx, 

whichh enters through multiple high voltage activated Ca2+-channels. Studies 

regardingg the contribution of the different Ca2+-channels to release of SVs 

demonstratedd involvement of P-, Q-, IM- and R-subtype Ca2+-channels (reviewed by 

Dunlapp et al., 1995). Although these subtypes also appear to be involved to some 

extentt in triggering release from LDCVs, L-type Ca2+-channels appeared to be the 

majorr contributors to LDCV release in neuroendocrine cells (Mansvelder and Kits, 

2000).. In the central nerve terminals, however, this distinction in Ca2+-channel 

subtypess involved in SV and LDCV release appeared to be somewhat different 

(chapterr 3). P-, Q-type, and N-type Ca2+-channels contributed to regulation of CCK 

release,, whereas no involvement of L-type Ca2+-channels was observed, indicating 

thatt LDCV release appeared to be mediated by the same subtypes of Ca2+-channels 
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responsiblee for SV release. The relative contributions of the Ca2+-channel subtypes to 

SVV and LDCV release, however, was not the same. Whereas SV exocytosis is 

regulatedd mainly by the P-type Ca2+-channels, LDCV exocytosis is primarily 

regulatedd by the Q-type Ca2+-channels. Moreover, N-type Ca2+-channel contribution 

too LDCV exocytosis was observed only indirectly (see section 2.3.2). Ultrastructural 

localizationn of the different Ca2+-channel subtypes on the individual terminals might 

reveall whether these differences in subtype contribution to SV and LDCV release 

mayy be explained by a non-uniform distribution of the Ca2+-channel subtypes on the 

nervee terminals (Reid et al., 1997; Reuter, 1995) and/or by an uneven distribution of 

thee different Ca2+-channel subtypes on single nerve terminals (Wu et al., 1999). A 

preferentiall localization of Q-type Ca2+-channels outside the active zone could 

accountt for their large contribution to LDCV exocytosis, in contrast with P- and N-type 

Ca2+-channelss that are thought to be localized in the active zone (Reuter, 1996). 

2.3.2.2.3.2. Differential coupling of Ca2*-channels to SV and LDCV release 

Thee differences in distance between Ca2+-channels and the two vesicle types (see 

sectionn 2.2.1) might imply differences in coupling of Ca2+-channels to the release 

fromm these vesicles. Indeed, such a differential regulation was shown by application 

off combinations of toxins (chapter 3) and by the regulation of release from nerve 

terminalss of the tottering mice (chapter 6). Tottering mice might represent a model for 

humann ataxia and absence epilepsy (Fletcher et al., 1996; Noebels and Sidman, 

1979).. Although our analysis of regulation of release in the tottering mice did not 

clarifyy how this phenotype is caused (see discussion chapter 6), it did reveal a 

numberr of interesting features regarding the contribution and coupling of Ca2+-

channell subtypes to the release of different neurotransmitters types (as discussed 

above). . 

Inn the active zone, P- and to a lesser extent N- and Q-type Ca2+-channels jointly 

controll neurotransmitter release from SVs (chapter 3, see also Dunlap et al., 1995), 

whereass regulation of LDCV exocytosis by these Ca2+-channels could be explained 

byy cooperativity between the P-, Q- and N-type Ca2+-channels in the elevation of 

globall intracellular Ca2+ above a threshold needed to trigger LDCV exocytosis. In 

totteringg mice terminals, the reduction in the contribution of Q-, (P-) type Ca2+-

channelss to the release of CCK was proportional to the observed reduced expression 

off the mutated a1 A subunit. The quantitative compensation by N-type Ca2+-channels 
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maintainedd CCK release from tottering mice terminals. In line with this observation, 

contributionn of N-type Ca2+-channels to CCK release in rat cortex synaptosomes was 

revealedd only when P-, Q- type Ca2+-channels were sub-maximally blocked. These 

resultss support the concept of a more or less linear coupling between Ca2+-channels 

andd neuropeptide release from LDCVs. Such a coupling would be in agreement with 

thee linear relationship between intrasynaptic Ca2+-rise and CCK release (Verhage et 

al.,, 1991a). This implies that CCK release depends indeed on the total rise in 

intrasynapticc Ca2+ irrespective of Ca2+-channel subtype through which the Ca2+ 

entered,, as proposed in chapter 3. In contrast, the data obtained for SV release, both 

inn normal and tottering mice, are in agreement with the nonlinear power relationship 

betweenn Ca2+-influx and release of fast transmitters from SVs (Dodge and 

Rahamimoff,, 1967; Heidelberger et al., 1994; Heinemann et al., 1994; Katz and 

Miledi,, 1970). This indicates that at the active zone the release from SVs depends on 

thee joint control by multiple Ca2+-channel subtypes (chapter 3, Dunlap et al., 1995). 

2.4.2.4. Differential regulation of SV and LDCV release, In conclusion 

Consideringg the data described in this thesis concerning SV and LDCV release and 

thosee from the literature, the following concept of differential regulation of SV and 

LDCVV release from central nerve terminals can be put forward (fig.7.1). 

AtAt the active zone of the terminal docked and primed SVs can be released extremely 

fastt (< 1 ms) upon localized Ca2+-influx through P- and to a lesser extent Q- and re

typee Ca2+-channels. These different Ca2+-channel subtypes are co-localized and 

jointlyy control release at individual release sites. The concurrent activation, besides 

SVV fusion, of SV mobilization from the reserve pool to the docked SV pool ensured 

maintenancee of a maximal capacity of the readily releasable SV pool. 

Whenn stimulation is maintained long enough (> 100 ms) bulk intracellular Ca2+ can 

bee raised sufficiently to trigger LDCV release by first mobilizing the LDCVs to the 

plasmaa membrane followed by fusion with the membrane. A predominant 

contributionn of Q-type (possibly located at ectopic sites in the terminals), with a lesser 

contributionn by P- and N-type Ca2+-channels is responsible for the total Ca2+-influx 

necessaryy to trigger LDCV release. Coupling of Ca2+-channels to LDCV release 

appearedd to be linear, in agreement with the previously shown linear coupling 

betweenn [Ca2+]iand LDCV release (Verhage et al., 1991a). 
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Figuree 7.1. Differential regulation of release from SVs and LDCVs 

Thee differences in kinetics and regulation by Ca2+-channels most likely arise from 

differentt distances between Ca2+-channels and Ca2+-sensors on the vesicles, which 

mayy reflect the functional demands for rapid and focal release of fast acting 

transmitterss from SVs on the one hand, and a more diffuse release of slower, 

modulatoryy neuropeptides from LDCVs on the other. 

3.3. Intrasynaptic transport of SVs 

3.1.3.1. SV recruitment and docking 

3.1.13.1.1 Sub-second depolarization induced SV recruitment and docking 

Shortt depolarizations induced a shift in the SV distribution indicating the recruitment 

off SVs towards and docking of SVs at the active zone membrane (chapter 3, 5). The 

recruitmentt and docking of SVs, like neurotransmitter release, appeared to be 

regulatedd by Ca2+-influx through high voltage activated Ca2+-channels, although 

thesee processes may be interrelated with each other (chapter 3). Such a Ca2+-

dependentt regulation, however, would be in agreement with recent studies showing 
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facilitationn of refilling of the readily releasable pool of SVs by Ca2+-influx (Pyle et al., 

2000;; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998). Our results 

indicatee that small central synapses have the capability to actively and rapidly 

replenishh releasable SV pools, by recruitment of SVs from the reserve pool. This 

simultaneouss activation of these events, namely fusion, recruitment and docking of 

SVss would be a very efficient mechanism to keep the synapses at their maximal 

releasee capacity. What are the molecular mechanisms that regulate these three 

processes?? The components involved in the SV cycle are largely characterized. Most 

off the SV proteins are cloned, several molecules specifically localized at active zones 

aree known and a large number of cytosolic proteins involved in these processes have 

beenn identified (Fernandez-Chacon and Südhof, 1999; Garner et al., 2000). 

Nevertheless,, except for membrane fusion, little is known about the molecular 

mechanismss of the various other steps of the SV cycle within the presynaptic 

terminal.. The Ca2+-dependence of SV recruitment and docking could reflect 

involvementt of proteins activated by elevated [Ca2+]j, such as synapsin I, which can 

bee phosphorylated by CaM-kinase II (Pieribone et al., 1995; Rosahl et al., 1995) or 

C2-domainn containing Ca2+-binding proteins such as rabphilin, Doc2 and 

synaptotagminn (Goda and Südhof, 1997). 

3.1.23.1.2 Role ofrab3A in SV recruitment and docking 

Anotherr protein implicated in SV transport is rab3A, a member of the large family of 

rabb GTP-binding proteins. Like SNARE proteins, rabs are conserved from yeast to 

humanss and are present in multiple isoforms, each associated to a specific 

membranee compartment. Rabs are thought to act as facilitators of transport steps, 

i.e.,, upstream of SNARE-complexes and fusion (Aridor and Balch, 1996; Gonzalez 

andd Scheller, 1999; Schimmöller et al., 1998). In chapter 4 we showed that rab3A, 

thee major rab protein in brain synapses, indeed has a facilitator/ function in the 

transportt of SVs towards the active zone in central nerve terminals. This phenotype 

off Rab3A null-mutant mice resulted in reduced vesicle availability at the active zone 

afterr a period of prolonged stimulation (chapter 4), which would be in line with 

synapticc transmission being more susceptible to fatigue during high frequency 

stimulationn (Geppert et al., 1994a) and the absence of LTP in CA3 mossy fiber 

terminalss (Castillo et al., 1997). Although we uncovered this function of rab3A in SV 

transport,, our data do not exclude a separate role of rab3A such as a negative 
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regulatorr of release probability acting downstream of SNARE-complex formation 

(Geppertt et al., 1997). Since at least two specific rab3 effectors have been 

characterizedd (Shirataki et al., 1994; Wang et al., 1997) and additional effectors may 

bee discovered, it is conceivable that rab3A exerts multiple functions at distinct steps 

inn the SV cycle (Gonzalez and Scheller, 1999). 

Howw rab3A exerts its role in SV transport still remains to be determined. Interestingly, 

rab3AA appeared to be specifically involved in depolarization induced SV recruitment, 

andd not in SV recruitment induced by hyperosmotic sucrose solutions. This latter 

methodd very effectively releases the readily releasable SV pool, but in a Ca2+-

independentt way (Rosenmund and Stevens, 1996). The sucrose-induced SV 

recruitmentt observed in our experiments did neither depend on extracellular Ca2+ 

(chapterr 4), suggesting that rab3A might exert its function via a Ca2+-dependent 

process.. The rab3A effectors, rabphilin and RIM, contain C2-domains, suggesting 

Ca2+-dependentt regulation of these proteins. The reduced expression of rabphillin in 

rab3AA knock-out mice (Geppert et al., 1994a) would be in agreement with the 

regulationn of SV recruitment by the interaction between rab3A and rabphilin. 

However,, no phenotype has been observed in rabphillin3A knock-out animals 

(Schluterr et al., 1999). The localization of the other rab3A effector, RIM, at the active 

zonee membrane suggests the possibility of the involvement of the rab3A-RIM 

interactionn in docking of SVs at the zone (Wang et al., 1997). Interestingly, recent 

analysiss of RIM-1 null-mutants revealed that these mice exhibit the same phenotype 

inn mossy fibers, a lack of LTP, as observed in rab3A null-mutants (Castillo et al., 

2000). . 

3.2.3.2. SV pools 

SVss are usually divided into two pools: a small pool of docked vesicles, i.e. vesicles 

associatedd with the active zone membrane, and a large reserve pool, in the cytosol of 

thee terminal. In sections of synaptosomes usually 4 SVs docked at the active zone 

membranee were observed (chapter 3; in mice synaptosomes the average number of 

dockedd SVs was 2, chapter 4, 5). This number is compatible with the morphologically 

observedd docked pool of about 10 SVs in a whole bouton of cultured hippocampal 

neuronss (Schikorski and Stevens, 1997). Interestingly, in functional assays a readily 

releasablee pool of about 5 to 10 SVs was observed in these neurons (Rosenmund 

andd Stevens, 1996; Murthy and Stevens, 1999). These observations suggest that this 
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functionall readily releasable pool corresponds to the morphological docked pool of 

vesicles.. Besides the 4 docked SVs, an average amount of 51 SVs (46 in mice 

synaptosomes)) was found in the cytosol of the synaptosomes sections. This number 

alsoo corresponds well with the total amount of about 200 SVs observed in a whole 

boutonn (Schikorski and Stevens, 1997). Usually this cytosolic pool is referred to as 

thee reserve pool. However, our analysis of depolarization-induced changes in SV 

distributionss revealed that this cytosolic pool could be divided in two functionally 

distinctt pools. Recruitment of SVs from the reserve pool resulted not only in an 

increasedd docked pool of SVs, but also in an increased fraction of SVs located in the 

immediatee vicinity of the active zone membrane, i.e. within 150 nm distance (chapter 

3,, 5). Apparently, these SVs represent an intermediate vesicle pool, located between 

thee docked and reserve pools, acting as a highly dynamic reservoir from which SVs 

cann be recruited to enter the docked pool and which itself is replenished by SVs from 

thee reserve pool. Based on this observation, two distinct cytosolic vesicle pools can 

bee discriminated, the pool of recruited SVs near the active zone and the reserve pool 

locatedd at more distant sites in central nerve terminals. Several independent studies 

alsoo indicate the existence of functionally distinct cytosolic SV pools (Kuromi and 

Kidokoro,, 1998; Murthy and Stevens, 1999; Pieribone et al., 1995; Richards et al., 

2000).. The two cytosolic pools appear to be differentially involved in sustaining 

neurotransmitterr release. Whereas the more proximal pool is readily available to 

sustainn normal release, the reserve pool appeared to be recruited only during high 

frequencyy stimulations. A recent study by Pyle et al. (2000) even suggested that 

eachh pool retained its identity during activity by using distinct recycling pathways. Our 

results,, however, showed that trafficking of SVs in a one-way direction from the 

reserve,, via recruited, to the docked pool was activated upon short stimulations. 

Indicatingg that in small central synapses movement of SVs between pools can take 

placee during activity. 

3.3.3.3. SV recycling 

Afterr fusion of the SVs with the plasma membrane the excess of membrane is 

retrievedd by endocytosis. However, the mechanisms and location of endocytosis are 

stilll a matter of debate, and several recycling pathways appear to exist. 

Ultrastructurall studies in neuromuscular junctions provided evidence for the 

"classical"" endosomal recycling pathway (Heuser and Reese, 1973). Later 
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morphologicall observations also identified endosome intermediates in central nerve 

terminalss (De Camilli and Takei, 1996; Fried and Blaustein, 1978). Over the past 

decadee most of the proteins involved in the clathrin mediated endocytosis and 

severall endosome related proteins have been identified in these terminals as well 

(Brodinn et al., 2000). The membrane quantifications that we made during and after 

depolarizationss in purified nerve terminals are in agreement with this "classical" form 

off recycling (chapter 5). In addition, our study showed that this form of endocytosis 

doess occur near the active zone, unlike earlier studies (Fried and Blaustein, 1978; 

Heuserr and Reese, 1973), that suggested that recycling via endosome intermediates 

occurss mainly in terminal regions away from the active zone (Heuser and Reese, 

1973). . 

Studiess using fluorescent dyes indicate, however, that SVs can be recycled much 

fasterr than was previously thought, in the order of several seconds (Betz and Bewick, 

1992;; Ryan et al., 1993; Thomas et al., 1994), and that the vesicles can be recycled 

withoutt passing through an endosomal compartment (Klingauf et al., 1998; Murthy 

andd Stevens, 1998). Based on their morphological data DeCamilli and colleagues 

(1996)) also proposed a model of recycling, where SVs are directly reformed from the 

endocytosedd vesicles after shedding their clathrin-coat. Besides this rapid 

endocytosis,, in neuroendocrine cells an even shorter pathway, referred to as "kiss 

andd run", was observed (Alvarez de Toledo et al., 1993; Monck and Fernandez, 

1994).. In "kiss and run", a fusion pore has been proposed to form between vesicle 

andd plasma membrane that allows transmitter release without full fusion of the 

vesicle,, and the vesicle is retrieved intact (Ceccarelli et al., 1973; Fesce et al., 1994). 

Veryy recent quantitative fluorescence measurements indicated that this "kiss and 

run"-likee mechanism also exists in hippocampal synapses (Pyle et al., 2000; Stevens 

andd Williams, 2000). This fast "kiss and run" preferentially refills the readily 

releasablee pool of SVs, whereas the reserve pool of SVs is restored via classical 

endocytosis,, consistent with similar data obtained at the neuromuscular junction 

(Richardss et al., 2000). Our observation that after 100 ms depolarization the total 

amountt of SVs was not decreased, while fusion of several SVs must have occurred 

(seee chapter 3, 5), could be explained by means of this rapid "kiss and run" 

mechanism.. However, since we cannot discriminate in our electron microscopical 

picturess whether a SV, filled with transmitter, is awaiting fusion or if it is just retrieved 

fromm the membrane and devoid of transmitter, detection of this form of rapid 
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endocytosiss was not possible in our study. Labeling of endocytosed membranes 

uponn short depolarizations by endocytic markers such as HRP or by FM-dyes, which 

cann be visualized by photoconversion (Henkei et al., 1996), could be helpful tools to 

uncoverr the existence of rapid endocytosis at the ultrastructural level in these small 

terminals. . 

3.4.3.4. Intrasynaptic SV transport, In conclusion 

Thee ultrastructural analysis of depolarization induced changes in SV distributions 

revealedd three distinct SV pools in the small presynaptic terminals: I) the docked 

pool,, II) the recruited pool and III) the reserve pool (see fig. 7.2). Short 

depolarizationss (100 ms) induced trafficking of SVs, in a one-way direction, with 

recruitmentt (1, fig. 7.2) from the reserve to the recruited pool and docking (2, fig. 7.2) 

off recruited pool SVs at the active zone membrane, thereby increasing the docked 

pool.. The small GTP-binding protein rab3A has a facilitatory role in the regulation of 

Figur ee 7.2. The SV cycle . 

Vesiclee pools: I. Docked, II. Recruited and III. Reserve, steps: 1. Recruitment and 
2.. Docking. Recycling pathways: 3. Endosome recycling, 4. Rapid endocytosis and 5. "Kiss 
andd Run". 
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thesee steps, which probably are, like fusion, mediated by Ca2+-dependent processes. 

Severall distinct recycling pathways appear to co-exist in the small nerve terminals, 

whichh are proposed to be used by different SV pools and under different stimulation 

conditionss (Südhof, 2000). Under mild stimulation conditions, SVs from the readily 

releasablee pool release their transmitter content via a fusion-pore through the plasma 

membrane,, i.e. "kiss and run" mode (5, fig.7.2). The empty SVs remain at or near the 

activee zone and can be rapidly re-used after refilling with neurotransmitter. Under 

strongerr stimulation, the readily releasable pool is depleted and SVs have to be 

mobilizedd from the reserve pool in order to maintain neurotransmitter release. 

However,, these newly recruited SVs from the reserve pool release their content by 

fulll fusion with the plasma membrane. The vesicle membrane is thereafter retrieved 

viaa clathrin and dynamin mediated endocytosis, and recycled back to the reserve 

pool,, either directly (4, fig.7.2) or via endosome intermediates (3, fig.7.2). 

Severall distinct pathways appear to be nested within the SV cycle. However, 

traffickingg of SVs between pools also occurs (chapter 3, 5), indicating inter-relations 

betweenn the pathways. Altogether these pathways enable the synapses to respond 

adequatelyy to a wide range of stimuli, and thus display considerable plasticity. How 

thee pathways are related, and which pathways are activated, and to what extent 

whenn different stimulation protocols are applied requires further investigations. 

Furthermore,, the molecular mechanisms defining these different pathways are 

largelyy unknown. For example, it is unclear whether clathrin and dynamin are only 

involvedd in endocytosis of SV membranes fully collapsed into the plasma membrane 

orr if they are also involved in the fast "kiss and run" pathway. 

4.4. Perspectives 

Presynapticc terminals are highly specialized neuronal compartments designed for 

rapidd and efficient neurotransmission by SV exocytosis. The co-localized LDCVs in 

thesee terminals allow multiple signaling by releasing different neurotransmitter types. 

Differencess between neurotransmitter release from the two vesicle types concern the 

localizationn of vesicles within the terminal, the kinetics of release and mobilization of 

thee vesicles, the Ca2+-sensitivity and the coupling between Ca2+-channels and 

vesicles.. These differences are most likely determined by distinct components 
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dependingg on the secretory pathways involved. However, as already mentioned 

above,, although most of the proteins that regulate SV release have been 

characterized,, we are only beginning to understand their function in the entire SV 

cycle.. And even less is known about the protein machinery that mediates the LDCV 

release.. It is likely that the exocytosis of LDCVs proceeds through docking/fusion 

stepss similar to those of SVs, involving the same core complex of proteins. However, 

specificityy might be generated by expression of vesicle type specific isoforms or by 

thee exclusive presence of accessory proteins, such as for instance CAPS (Ca2+-

activatorr protein for secretion). This protein is selectively localized to LDCVs and 

implicatedd in LDCV release (Berwin et al., 1998; Tandon et al., 1998). Therefore the 

greatestt challenge in the next years will be to couple distinct molecular protein-

proteinn interactions to specific trafficking steps of both SVs and LDCVs. The ungoing 

developmentt of sophisticated techniques to visualize vesicles in different phases of 

thee cycle in living cells and in real time, combined with gene-technology will provide 

powerfulll experimental tools to unravel the exact sequence of steps and the exact 

roless of all the proteins involved. 
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Inleiding Inleiding 

Dee hersenen bestaan uit miljarden zenuwcellen. Deze cellen, neuronen, staan niet 

opp zichzelf, maar vormen tezamen complexe netwerken. In deze netwerken kan een 

enkell neuron in verbinding staan met wel honderduizend andere neuronen. De 

neuronenn communiceren met elkaar op gespecialiseerde plaatsen: de synapsen. 

Zo'nn synaps (figuur 1) vormt een contact punt tussen twee neuronen waar 

communicatiee plaatsvindt door middel van chemische boodschappers, 

(neuro)transmitters.. Deze transmitters worden door het eerste neuron uitgescheiden 

inn de active zone van het zenuwuiteinde en activeren het tweede neuron doordat ze 

daarr specifieke receptoren binden die geclusterd zijn in een gespecialiseerde zone, 

dee post synaptische dichtheid. De transmitters zijn opgeslagen in blaasjes, vesicles. 

Inn de zenuwuiteinden komen twee typen vesicles voor: kleine en grote. De kleine 

vesicless bevatten de zogenaamde klassieke snelle transmitters, zoals de 

aminozurenn glutamaat en GABA. De grote vesicles, large dense-cored vesicles, 

bevattenn voornamelijk neuropeptiden, deze transmitters hebben een langzamere en 

meerr modulerende werking. De afgifte van transmitters vindt plaats door fusie van 

hett vesicle met de plasma membraan na een verhoging van de calcium concentratie 

inn de zenuwuiteinden. Calcium ionen kunnen naar binnen bij activatie van de 

zenuwuiteindenn door opening van calcium kanalen in de plasma membraan. 

T*»J»» wQ Figuur 1. A. Schematische tekening van een synaps. 
VV • B. Electronen microscopische door-snede van een 

^ t aa ^ ^ ^ ^ ^ ^ synaptosoom (schaal 100 nm). SV: kleine vesicles; 
__ ^ ^ ^ ^ ™ * LDCV: grote vesicles; AZ: active zone; PSD: post 
I ** synaptische dichtheid; 77 transmitter; C: calcium kanaal; 

R:R: receptor. M: mitochondria. 

165 5 



NederlandseNederlandse samenvatting 

Naastt de fusie doorlopen de vesicles verschillende andere stappen die het vesicle 

voorbereidenn op de fusie en bij de kleine vesicles zijn er ook stappen die zorgen voor 

heropnamee en het opnieuw vormen van vesicles. Al deze stappen tesamen vormen 

dee vesicle cycle (zie figuur 1.2, hoofdstuk 1, p19), die uitgevoerd en gereguleerd 

wordenn door een moleculaire machinerie bestaande uit vele tientallen eiwitten. De 

tweee vesicle typen in de zenuwuiteinden geven verschillende typen transmitters af 

diee verschillende functies uitoefenen op verschillende plaatsen en tijdstippen. De 

moleculairee mechanismen die mogelijk zouden kunnen bijdragen aan de 

verschillendee regulatie van transmitter afgifte uit de twee typen vesicles zijn 

onderwerpp van het onderzoek beschreven in dit proefschrift. 

DitDit Proefschrift 

Hett modelsysteem dat we gebruikt hebben is dat van synaptosomen. Dit zijn intacte 

zenuwuiteindenn die worden opgezuiverd uit de voorhersenen van ratten of muizen. 

Doorr middel van chemische stimulatie kan in dit preparaat depolarisatie 

geinduceerdee afgifte van de natuurlijk voorkomende transmitters uit beide typen 

vesicless worden bepaald. Na stimulatie hebben we enerzijds met behulp van 

biochemischee analyse de hoeveelheid vrijgekomen transmitter bepaald, en 

anderzijdss zijn de aantallen en verdeling van de vesicles in de synaptosomen 

morfologischh bepaald met behulp van electronen microscopie. 

Doorr gebruik te maken van een snel meng apparaat, de rapid mixer, werd het 

mogelijkk om zeer korte stimulaties toe te dienen aan de synaptosomen. Hierdoor 

wordtt de fysiologische tijdschaal van afgifte benaderd, transmitter afgifte uit de kleine 

vesicless vindt al plaats binnen één milliseconde. In hoofdstuk twee wordt deze 

methodee beschreven en laten we met de sub-seconden stimulaties zien dat afgifte 

vann het neuropeptide cholecystokinine (CCK) uit grote vesicles pas optreedt na zo'n 

2500 ms stimulatie, dit is twee orden van grootte langzamer dan de afgifte van de 

klassiekee (glutamaat en GABA) transmitters uit de kleine vesicles. Dit verschil in 

afgiftee snelheid wordt bevestigd in de ultrastructurele experimenten waarin de 

veranderingenn in vesicle aantal en verdeling in de synaptosomen zijn geanalyseerd. 

Uitt deze morfologische analyse blijkt dat de transport snelheid van de vesicles ook 

verschiltt (hoofdstuk 3). Al na 100 milliseconden stimulatie was het aantal kleine 

vesicless aan en dichtbij de active zone toegenomen, terwijl op verder gelegen 
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plaatsenn minder vesicles zichtbaar waren. Daar de totale hoeveelheid vesicles niet 

wass veranderd, duidt deze observatie op transport van vesicles naar en verankering, 

docking,docking, aan hun plaats van afgifte. Deze stappen worden al geïnduceerd door een 

kortee stimulatie puls van 100 milliseconden. In overeenstemming met de afgifte data, 

vertonenn de grote vesicles, die in veel mindere mate voorkomen, een afname in 

aantall na een stimulatie van één seconde, maar niet bij 100 milliseconden. 

Afgiftee van de transmitters, uit beide typen vesicles, wordt gestimuleerd door een 

verhoogdee concentratie aan calcium in de synaps. Calcium komt de synaps binnen 

doorr voltage gevoelige calcium kanalen die openen bij depolarisatie van de 

membraan.. Synapsen bevattten verschillende typen van deze calcium kanalen. 

Studiess met behulp van specifieke blokkers voor die kanalen tonen aan dat de afgifte 

uitt de kleine vesicles voornamelijk wordt gemedieerd door P-type kanalen, maar de 

afgiftee uit grote vesicles door Q-type kanalen. Naast deze P- en Q-typen, zijn er ook 

nogg N-type kanalen die een bijdrage leveren. Alhoewel de bijdrage aan de afgifte 

vann transmitters uit de kleine vesicles direct zichtbaar is, wordt de bijdrage aan 

neuropeptidenn afgifte uit de grote vesicles pas zichtbaar bij een gelijktijdige 

gedeeltelijkee blokkade van de P- en Q-type kanalen. Dit laatste toont aan dat de 

afgiftee uit grote vesicles op een synergistische wijze wordt gereguleerd door de Q-, 

P-- en N-type calcium kanalen, terwijl deze kanalen op een niet additieve manier de 

afgiftee van transmitters uit de kleine vesicles reguleren. Deze resultaten duiden op 

eenn verschillend concept van betrokkenheid van de calcium kanaal subtypen in de 

afgiftee van transmitters uit de kleine en grote vesicles. Deze verschillen zijn 

vervolgenss ook bestudeerd in synapsen van muizen met een spontane mutatie in de 

porie-vormendee a-subunit van de P-, Q- typen calcium kanalen. Deze tottering 

muizenn vertonen ataxie en symptonen van absence epilepsie. De expressie van de 

gemuteerdee a-subunit is drastisch (+ 85%) verlaagd in de synapsen, terwijl de 

expressiee van de a-subunit van het N-type calcium kanaal niet veranderd is. De 

totalee afgifte van transmitters uit zowel de kleine als grote vesicles is niet veranderd 

inn de synaptosomen van de tottering muizen in vergelijking met die van normale, 

wild-type,, muizen. Nader onderzoek met behulp van de specifieke calcium kanaal 

blokkerss suggereerd dat een verlaagde bijdrage van de P-, Q- type kanalen aan de 

afgiftee van glutamaat en CCK, wordt gecompenseerd door een verhoogde bijdrage 

vann de N-type kanalen. 
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Dee gecombineerde analyse van transmitter afgifte en vesicle transport zijn 

vervolgenss gebruikt om de rol van rab3A te onderzoeken. Rab3A is een GTP-

bindendd eiwit dat op kleine vesicles voorkomt. In synaptosomen van muizen die dit 

eiwitt door genetische manipulatie niet tot expressie brengen blijkt de door korte 

stimulatiee geïnduceerde recrutering en docking van kleine vesicles niet op te treden. 

Daarentegenn was de transmitter afgifte door eenzelfde stimulatie normaal. Maar bij 

herhaaldee stimulatie was de afgifte uit de synaptosomen zonder rab3A expressie 

zo'nn 50% minder dan uit de synaptosomen van normale muizen. Ook was de 

hoeveelheidd vesicles dat gedockt lag aan de active zone bij dit stimulatie protocol 

verlaagdd in de synaptosomen zonder rab3A. Verder blijken deze effecten alleen te 

zienn bij stimulatie van afgifte middels calcium-afhankelijke depolarisatie en niet 

wanneerr afgifte op een calcium-onafhankelijke manier wordt gestimuleerd door een 

hypertonee sucrose oplossing. Deze resultaten laten zien dat rab3A betrokken is bij 

hett door depolarisatie geïnduceerde transport van de kleine vesicles naar de active 

zone.. En dit proces van recrutering is nodig om de hoeveelheid vesicles bij de active 

zonee aan te vullen, teneinde transmitter afgifte bij herhaalde of langdurige stimulatie 

tee waarborgen. 

Naastt transport, docking en fusie ondergaan de vesicles ook nog enkele andere 

stappenn in het zenuwuiteinde die tezamen een cyclus vormen. Hierdoor kunnen de 

vesicless vele malen opnieuw gebruikt worden voor transmitter afgifte, zodat er altijd 

voldoendee vesicles aanwezig blijven in de zenuwuiteinden. Ten einde meer inzicht te 

krijgenn in de door depolarisatie geinduceerde veranderingen in de hele vesicle cycle, 

hebbenn we een uitgebreidde ultrastructurele studie gedaan. Na verschillende 

depolarisaties,, variërend van 100 milliseconden tot 3 minuten, zijn synaptosomen 

geanalyseerdd op aantal en verdeling van de kleine vesicles en op endosoom-achtige 

structurenn en membranen. Grofweg gezien blijkt dat transport en docking 

voornamelijkk optreedt na korte stimulatie, terwijl bij langere stimulatie enerzijds een 

afnamee van de totale hoeveelheid kleine vesicles optreedt en anderzijds een 

toenamee in de ensosoom-achtige structuren is te zien. Een periode van 10 minuten 

rustt na stimulatie herstelt deze verschillen weer naar de oorspronkelijke, niet 

gestimuleerde,, situatie. Deze resultaten suggeren een snelle activatie van de afgifte 

gerelateerdee stappen (fusie, docking, transport), en pas wanneer de hoeveelheid 

vesicless afneemt door langdurige stimulatie worden ook de stappen geactiveerd die 

zorgenn voor de heropname en vorming van nieuwe vesicles. 
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Conclusie Conclusie 

Hett in dit proefschrift beschreven onderzoek heeft geleid tot een aantal nieuwe 

inzichtenn in regulatie van transmitter afgifte uit grote en kleine vesicles. Ten eerste is 

err het verschil in snelheid van afgifte en van vesicle transport. Ten tweede zijn er 

duidelijkee verschillen in de bijdrage van de verschillende typen calcium kanalen aan 

dee afgifte van transmitters uit de kleine en grote vesicles. En ten aanzien van de 

cyclee van de kleine vesicles hebben we laten zien dat stappen gerelateerd aan 

afgifte,, dus transport, docking en fusie, al na korte stimulatie pulsen (100 ms) 

wordenn geactiveerd. De heropname en vorming van nieuwe vesicles treedt pas op bij 

langdurigee stimulaties (15 seconden - 3 minuten). Verder blijkt het vesicle eiwit 

rab3AA een rol te spelen in het door depolarsatie geinduceerde transport van de 

kleinee vesicles naar de active zone. Al deze resultaten laten zien dat het preparaat 

vann gezuiverde zenuwuiteinden, in combinatie met de snelle mixer methode zeer 

geschiktt blijkt te zijn voor zowel biochemische als electronen microscopische analyse 

vann presynaptische regulatie mechanismen. En kan dus ook in de toekomst zeker 

bijdragenn aan verdere opheldering van de moleculaire mechanismen van transmitter 

afgiftee uit de kleine en grote vesicles in de centrale zenuwuiteinden. 
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