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ActivityActivity dependent changes in synaptic vesicle pools 

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. Ultrastructure of resting 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 

100 0 



ActivityActivity dependent changes in synaptic vesicle pools 

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. Depolarization induced changes in the docked pool 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. Depolarization induced changes in the total pool 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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Fig.. 6. Depolarization induced changes in synaptosome 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. Depolarization induced changes in membrane surface area of endosome-like 

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 depolarization induced 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). 

ACKNOWLEDGEMENTS S 

Wee like to thank dr. Judith Klumperman (Department of Cell Biology, Utrecht University) for 

herr comments and critical reading of the manuscript. A.G.M.L. is supported by grant 903-42-

0166 of the Netherlands Organization of Scientific Research. 

111 1 



ChapterChapter 5 

112 2 


