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aan het opperhoofd:
Geen dokter maar doctor, dat telt toch ook?
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1.0 The synaptic and large dense core vesicle cycle
Synaptic vesicles in the presynaptic terminal are continuously reused, undergoing 

multiple exocytosis and endocytosis cycles (Fig. 1A, (Südhof, 1995; Südhof, 2004)). 

These vesicles are re-fi lled with neurotransmitter by specifi c transporters that take up 

the neurotransmitters from the cytosol. These transporters are driven by the proton 

gradient over the vesicular membrane; the vesicle lumen is kept at pH 5.5 by the 

vesicular ATPase (Miesenbock et al., 1998). 

Before a synaptic vesicle fuses, it has to be transported from the vesicle cluster to the 

location of fusion on the plasma membrane, the active zone, where it is recognized by 

multiple tethers. The vesicle is brought in close proximity of the plasma membrane, 

a process we call vesicle docking. The docked vesicle has to be primed to gain fusion 

competence. Upon depolarization of the nerve terminal followed by calcium infl ux, the 

synaptic vesicle can fuse with the plasma membrane to release its content. The vesicle 

is retrieved from the membrane and re-fi lled with neurotransmitter to participate in a 

new secretion round. 

Different modes of synaptic vesicle fusion and retrieval have been suggested and their 

relative importance is still a matter of hot debate (Balaji and Ryan, 2007; Wu et al., 2007; 

Granseth et al., 2006). The synaptic vesicle can fuse by full collapse and emerge in the 

plasma membrane. The vesicle components then are retrieved by clathrin-mediated 

endocytosis and recycle through endosomal compartments to form new synaptic 

vesicles (Heuser and Reese, 1973; Granseth et al., 2006). Alternatively, synaptic vesicles 

can release neurotransmitter in the so-called “kiss-and-run” mode. This involves 

secretion through a small fusion pore without membrane mixing. This fusion pore can 

open and close multiple times (fusion pore fl ickering) and the vesicle is re-fi lled with 

neurotransmitter at the active zone or in the cytosol (Ceccarelli et al., 1973; Aravanis et 

al., 2003; Harata et al., 2006).

Nerve terminals also contain large dense core vesicles (LDCVs) that store 

catecholamines like dopamine and serotonin as well as a diverse spectrum of 

neuro-peptides (Winkler and Westhead, 1980; Unsicker, 1993). The dense core 

matrix is required to concentrate neuropeptide cargo in the vesicle by reducing 

osmotic pressure and stabilizing the electrostatic charge of these peptides by its 

proteoglycan content (Rahamimoff and Fernandez, 1997). Only a few LDCVs are found 

in the presynapse, but these LDCVs can fuse outside the active zone to affect multiple 

neurons (Verhage et al., 1991). Like synaptic vesicles, LDCVs also undergo transport, 

docking and priming steps before they fuse with the plasma membrane (Fig. 1B). 

Catecholamines can be secreted and refi lled through by LDCVs in “kiss-and-run” mode, 

but the dense core (containing the neuro-peptides) is only secreted by full collapse 

fusion allowing differential release of these neurotransmitters from a single vesicle 

(Ales et al., 1999; Fulop et al., 2005; de Wit and Verhage). 

11
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FIGURE 1:  The synaptic- and large dense core vesicle cycle

Cartoons of the (A) synaptic- and (B) large dense core vesicle cycle. Both cycles are highly similar, with excep-
tion of cargo loading: synaptic vesicles accumulate neurotransmitter by specifi c take-up from the cytosol, 
while large dense core vesicles can only load their dense core components in the trans-Golgi network (TGN) 
(for more details, see text). 
Different steps are defi ned in the vesicle cycle: 1) budding to form the secretory vesicle, 2) loading with neu-
rotransmitter, 3) transport to the plasma membrane, 4) docking to the release site, 5) priming to gain fusion 
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Since the characteristic dense core is lost after full collapse fusion, it is thought that 

LDCVs do not recycle like synaptic vesicles. However, many parallels exist between 

the fate of the vesicular membrane of the synaptic vesicle and LDCV after secretion. 

As described above, both types of vesicles can recycle through the “kiss-and-run” 

pathway by which the neurotransmitters are refi lled through vesicular transporters 

(Erickson et al., 1996). After full collapse fusion, which involves membrane mixing, 

the vesicular components are retrieved through the early endosomal network 

(Partoens et al., 1998). At this stage the recycling pathway of the vesicular membrane 

of synaptic vesicles and LDCVs differs: synaptic vesicle components are sorted to 

buds that form new synaptic vesicles (Heuser and Reese, 1973; Partoens et al., 1998), 

while LDCV components are sorted to the trans-Golgi network (TGN) (Patzak and 

Winkler, 1986). In the TGN, the components for the new dense core are concentrated 

by sorting receptors in the immature secretory vesicle bud (“sorting by entry”). The 

large immature secretory vesicle enriches its cargo further during maturation, which is 

associated with reduction in vesicle size and concentration of the dense core (“sorting 

by retention”)(Tooze, 1998; Grabner et al., 2006). 

Similar proteins regulate the cycling of synaptic vesicles and LDCVs (Morgan and 

Burgoyne, 1997), therefore LDCV-containing neuroendocrine cells like chromaffi n 

cells and PC-12 cells are widely used as models for neurosecretion (see Box 1: 

neuroendocrine cells as model for neurotransmission). 

2.0 Some molecular components of the 
secretory vesicle cycle
2.1 SNARE-driven vesicle fusion

Vesicle fusion is the best-characterized event in the vesicle cycle, which is mediated 

by the SNARE (for soluble N-ethylmaleimide sensitive factor [NSF] attachment protein 

[SNAP] receptor)-complex. The SNARE-complex consists of one vesicular protein, 

vesicle-associated membrane protein (VAMP) also known as Synaptobrevin, and two 

plasma-membrane localized proteins: synaptosomal-associated protein of 25 kDa 

(SNAP-25) and Syntaxin. These three proteins associate with their coiled-coil domain 

to form a super-coil that brings the trans-membrane domain of VAMP and Syntaxin in 

close proximity to facilitate vesicle and plasma membrane mixing (Sollner et al., 1993). 

The formation of this complex is regulated by Munc13s and Munc18-1, which are both 

13
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competence, 6) fusion pore opening upon calcium infl ux, 7) full-collapse vesicle fusion,  8) vesicle retrieval 
by “kiss-and-run”, 9) vesicle retrieval by clathrin-dependent endocytosis, 10) re-acidifi cation, 11) membrane 
recycling though early endosomal (EE) compartments. Synaptic vesicle specifi c short-cut: 12) direct recy-
cling to the vesicle cluster. B) Dense core vesicle cycle specifi c steps: 1’) vesicle maturation 2’) dense core 
components loading, 2’’) catecholamine loading and 12) membrane recycling through the TGN. (synaptic 
vesicle cycle adapted from (Südhof, 1995))
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BOX 1: Neuroendocrine cells as model for neurosecretion

Origin

Chromaffi n cells and their cell line counterpart pheochromocytoma (PC-12) cells are 

established models to study neurosecretion. Chromaffi n cells are neuroendocrine cells 

located in the medulla of the adrenal gland and are part of the sympathetic nerve sys-

tem to participate in the fl ight-fright-fi ght-response to danger. They receive cholinergic 

input from sympathetic pre-ganglion nerves in the spinal cord and release adrenalin 

and nor-adrenalin in the bloodstream to elicit a rapid increase of awareness and re-

sponsiveness of the body by accelerating blood circulation, redirecting blood to the 

skeletal muscles and the liver and stimulating glycogen to sugar conversion.

Chromaffi n cells are derived from neural crest cells during development and function 

as ganglion neurons in the two-neuron sympathetic chain, including the characteristic 

use of catecholamines as transmitter (Unsicker, 1993). Possibly due to this shared origin 

and function, chromaffi n cells and neurons express many identical proteins that play 

a role in the vesicle cycle (Morgan and Burgoyne, 1997), including “neuron-specifi c” 

proteins like Rab3A and Rabphilin-3A (Darchen et al., 1990; Chung et al., 1995). As a 

result, the modulation and calcium-dependency of vesicle release is highly similar in 

both systems (Neher, 2006). Like neurons, chromaffi n cells to types of secretory vesicles: 

large dense core vesicles (LDCVs) and synaptic-like microvesicles (SLMVs). The major 

secretory response of chromaffi n cells is mediated through exocytosis of LDCVs, while 

the role of SLMV is still unclear to date.

Since chromaffi n cells are relatively easily accessible compared to neurons, these cells 

became popular models for neurotransmitter secretion since the mid-1960s (Banks, 

1965; Douglas et al., 1967; Neher and Marty, 1982). Today, chromaffi n cells are still fre-

quently studied by combination of techniques that are diffi cult to apply in neurons, for 

instance combined capacitance/amperometry recordings, fl ash calcium stimulation 

and total internal refl ection microscopy (Becherer et al., 2007; Toonen et al., 2006a). 

The chromaffi n cell-line, PC-12, was established from transplantable rat pheochromo-

cytoma (Greene and Tischler, 1976). PC-12 cells are used in many different labs to study 

regulated secretion and many different PC-12 clones exist today of which some lack 

evoked secretion (Eaton and Duplan, 2004; Grundschober et al., 2002). This indicates 

that there is substantial molecular diversity between PC-12 clones. Some of this diver-

sity is caused by unintended selection of a subpopulation of cells, for example by their 

adherence to the culture dishes (Eaton and Duplan, 2004).

Vesicle pools

On basis of their stage in the vesicle cycle, secretory vesicles are split in several vesicle 

pools (Südhof, 2000; Sørensen, 2004). Many parallel vesicle pools can be defi ned in 
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the synaptic vesicle cluster in nerve terminals and the LDCV population in chromaffi n 

cells.

All secretory vesicles located directly at the plasma membrane form the morphologi-

cally docked pool. The undocked vesicles in chromaffi n cells are called the depot pool, 

while in neurons the undocked vesicles are separated in the resting and recycling pool, 

depending on their participation in the vesicle cycle (Südhof, 2000; Sørensen, 2004). 

Both in neurons and chromaffi n cells, the docked pool is regulated by Munc18-1 (Vo-

ets et al., 2001; Toonen et al., 2006b). A subset of this docked pool is fusion competent: 

the primed pool. The priming reaction is not exactly known, except that Munc-13 is 

required in both neurons and chromaffi n cells (Augustin et al., 1999; Ashery et al., 2000). 

In synapses, the primed vesicles form the readily releasable pool (RRP), which is defi ned 

as the vesicles that are released upon the application of hypertonic sucrose (Rosen-

mund and Stevens, 1996). The primed LDCVs in chromaffi n cells are split in two pools 

on basis of their release kinetics after calcium uncaging: the RRP is secreted in the fast 

burst while the slowly releasable pool (SRP) is released during the slow burst phase 

(Sørensen, 2004). These vesicles use a different calcium sensor. For both neurons and 

chromaffi n cells, the major calcium sensor for the RRP is Synaptotagmin-1 (Geppert et 

al., 1994b; Voets et al., 2001), while the calcium sensor for the LDCV-specifi c SRP is not 

known. 

Within the RRP, different vesicle subsets are defi ned on the basis of their release prob-

ability upon calcium infl ux. Synapses from rab3 quadruple null mutant mice lack a sub-

set of vesicles with very high release probability, called the superprimed pool (Schlüter 

et al., 2006). Possibly, this pool might correspond to the immediately releasable pool 

(IRP) in chromaffi n cells, which are LDCVs in close proximity of the calcium channels 

and are triggered fi rst for release (Voets et al., 1999). Since Rab3 effector RIM has been 

shown to directly bind to calcium channels (Kiyonaka et al., 2007), the Rab3-RIM inter-

action might be responsible for superpriming in central synapses.

Differences

Although neurons and chromaffi n cells show many similarities in their molecular com-

ponents of secretory vesicle cycling and release some differences should also be taken 

into account. The most important difference is the different use of vesicles types. Neu-

rons mainly use synaptic vesicles for neurotransmission that probably fuse only at the 

active zone in the presynapse while LDCVs can fuse outside the active zone and even 

outside the synaptic terminal (de Wit and Verhage). Chromaffi n cells mainly use LDCVs 

and do not contain active zones or active zone-specifi c proteins like RIMs, but contain 

calcium microdomains as secretory hot-spots (Becherer et al., 2003). Although the basic 

release machinery is similar in neurons and chromaffi n cells, the kinetics of release are 

~10 fold slower in chromaffi n cells (Neher, 2006). Finally, the average hippocampal nerve 
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essential for vesicle fusion by mediating vesicle priming and docking (Augustin et al., 

1999; Verhage et al., 2000; Ashery et al., 2000; Toonen and Verhage, 2007).

2.2 The Rab3A cycle within the synaptic vesicle cycle

Rab proteins are small GTPase molecules, conserved throughout evolution to govern 

transport vesicle traffi cking (Box 2: evolutionary conservation of Rabs in regulated 

secretion). Over 60 Rab genes are identifi ed in the mammalian genome. Of the many 

Rabs that may associate to the synaptic vesicles, Rab3A is the most abundant with an 

estimated number of 10 copies per vesicle (Takamori et al., 2006). Rab3A is part of the 

Rab3-subfamily of Rab proteins, which consists of 4 isoforms (Rab3A-D) that all are 

involved in regulated secretion (see Box 2 for details).  

Rab3A cycles within the vesicle cycle by switching between an active GTP-bound 

state and an inactive GDP-bound conformation (Fig. 2 and (Südhof, 1997)). GTP-

Rab3A associates with the synaptic vesicle membrane by geranylgeranyl moieties at 

the C-terminus of the protein (Chou and Jahn, 2000). With Rab3A, the vesicle travels 

to the plasma membrane where it docks. Upon the moment of vesicle fusion, Rab3A 

hydrolyses GTP to GDP (Fischer von Mollard et al., 1991; Star et al., 2005) and gains 

high affi nity for GDP dissociation inhibitor (GDI). This protein interferes with the 

Rab3A-membrane interaction and retrieves GDP-Rab3A to the cytosol (Sasaki et al., 

1990). GDP-Rab3A is released from GDI by displacement factor PRA1 (Hutt et al., 2000) 

to allow GDP-Rab3A to associate with a new target membrane and be reactivated by 

Rab3-Guanine Exchange Protein (GEP) (Burstein et al., 1993). How Rab3s are selectively 

targeted to secretory vesicles is not known. Several conserved domains have been 

identifi ed in different Rab subfamilies that determine their sub-cellular localization 

(Pereira-Leal and Seabra, 2000; Ali et al., 2004). Possibly, these conserved domains 

might be important for selective GDI displacement and guanidine exchange at the 

proper target membrane. 

Rab3A recruits different proteins in the GTP- and GDP-bound conformation. Proteins 

that selectively interact with Rab3A in the vesicle-associated GTP-conformation are 

known as effector proteins through which Rab3A might affect the vesicle cycle. These 

include members of two protein subfamilies: Exophilins and RIMs.

16
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terminal contains ~200 synaptic vesicles, while the total vesicle pool of an average E18 

mouse chromaffi n cell consists of ~4000 LDCVs (Schikorski and Stevens, 1997; Plattner 

et al., 1997). These differences fi t the different requirements for both cell types: neurons 

are specialized in one-to-one contact with other cells, which requires extremely well 

timed vesicle fusion at the correct location. Chromaffi n cells secrete their transmitters 

into the bloodstream. Therefore, timing and localization of vesicle fusion are less strict 

but this type of volume transmission requires a large amount of neurotransmitter mol-

ecules to raise the concentration of transmitter in the blood to detectable levels.
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3.0 Rab3A interactors
3.1 Exophilins: Rabphilin-3A, Granuphilin and Noc2

Exophilins (exocytosis-associated rabphilin-3/granuphilin-like proteins), also known 

as Slp (Synaptotagmin-like proteins)/Slac2 (Slp homologues lacking C2 domains), all 

contain an N-terminal Rab binding domain and are involved in regulated secretion 

(Izumi et al., 2003).

Rabphilin-3A is present in neurons and chromaffi n cells and contains an N-terminal 

Zn2+-fi nger domain that interacts with Rab3A, Rab27A and Rab8A in the GTP-bound 

conformation (Chung et al., 1997; Ostermeier and Brunger, 1999; Fukuda et al., 2004). 

This region also interacts with actin-binding protein α-actinin (Kato et al., 1996; Baldini 

et al., 2005) and Rabaptin-5 (Coppola et al., 2001), a protein involved in the early steps 

of vesicle endocytosis. The C-terminus contains two Ca2+-binding C2 domains (C2A 

and C2B) that bind to PI(4,5)P2 and PI(3,4,5)P3 in a Ca2+ dependent manner (Shirataki 

et al., 1993; Chung et al., 1998). The C2B domain of Rabphilin-3A also interacts with 

SNARE-protein SNAP-25 (Tsuboi and Fukuda, 2005; Tsuboi et al., 2007).

Rabphilin-3A is located on secretory vesicles, most likely through its interaction with 

Rab3s and Rab27s complimented by interactions mediated through the C2 domains 

(Shirataki et al., 1994; Li et al., 1994; Senbonmatsu et al., 1996; Stahl et al., 1996; Fukuda 

et al., 2004). Overexpression studies in chromaffi n cells and PC-12 cells suggest that 

Rabphilin-3A stimulates vesicle docking and secretion through its C2B domain while 

the Rab3A binding domain is largely expendable (Chung et al., 1995; Chung et al., 

1997; Tsuboi and Fukuda, 2005). However, cellular Rabphilin-3A protein levels are 

reduced in rab3A null mutant mice suggesting that this interaction is important for 

Rabphilin-3A stability (Geppert et al., 1994a). Surprisingly, C. elegans and mice lacking 

Rabphilin-3A show no apparent synaptic phenotype (Staunton et al., 2001; Schlüter et 

al., 1999), in contrast to animals lacking Rab3A (Nonet et al., 1997; Geppert et al., 1994a; 
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FIGURE 2: Rab3A cycling
Cartoon of the GDP/GTP-switching behaviour 
of Rab3A. Rab3A-GTP is bound to secretory 
vesicles by its geranylgeranyl moieties. Upon 
depolarization and calcium infl ux, GTPase 
Activating Protein (GAP) stimulates Rab3A to 
hydrolyse GTP to GDP. In its GDP-bound con-
formation, Rab3A has high affi nity for GDP-
Dissociation Inhibitor (GDI), which removes 
Rab3A from the membrane by covering the 
geranylgeranyl moieties. Rab3A is released 
from GDI by PRA-1 (for Prenylated Rab Ac-
ceptor-1) at a new vesicle. GDP-Rab3A is now 
available for the Guanine Exchange Protein 
(GEP) that replaces GTP for GDP and GTP-
Rab3A associates with the vesicle. For more 
details, see text.
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Castillo et al., 1997). When both Rabphilin-3A- and Rab3A-orthologues are defective in 

nematodes, an additive impairment of neurotransmitter release is observed while this 

is not found in rab-27;rbf (Rabphilin homologue) double null mutants (Mahoney et al., 

2006). These data suggest that Rab3 and Rabphilin-Rab27 pathways regulate synaptic 

vesicle release in parallel in C. elegans. In mice, Rabphilin-3A/VAMP-2 double null 

mutants show a partial rescue of the impaired evoked secretion observed in VAMP-2 

single null mutant mice, which might be explained as a negative effect of Rabphilin-

3A on calcium-triggered secretion through its interaction with SNAP-25 (Deak et al., 

2006). However, such negative role of Rabphilin-3A is not in line with the observed 

effects in overexpression studies and the C. elegans data, making the role of Rabphilin-

3A in vesicle secretion an unresolved issue to date (Deak et al., 2006; Chung et al., 1995; 

Chung et al., 1997; Tsuboi and Fukuda, 2005; Tsuboi et al., 2007). 

In the endocrine system, a Rabphilin-3A-like Rab3 effector is found lacking both C2 

domains, called Noc2 (for No C2 (Kotake et al., 1997)). Noc2 is expressed in many 

endocrine tissues including chromaffi n cells, but is not detectable in brain (Kotake et 

al., 1997; Teramae et al., 2007). Like Rabphilin-3A, Noc2 associates with Rab3s, Rab8 and 

Rab27 (Fukuda, 2003) and is located on secretory vesicles (Teramae et al., 2007). The 

role of Noc2 in vesicle secretion is unclear since overexpression studies report both 

positive (Fukuda et al., 2004; Kotake et al., 1997) and negative (Haynes et al., 2001) 

effects on vesicle secretion in PC-12 cells. In pancreas beta cells, inhibition is described 

for both overexpression and knockdown of Noc2 (Cheviet et al., 2004). Noc2 null 

mutant mice are viable and fertile but show impaired insulin and amylase secretion in 

pancreas cells, indicating that it has a role in regulated secretion in vivo (Matsumoto et 

al., 2004). 

Granuphilin is another Rabphilin-like Rab3 effector expressed in the pancreas and 

pituitary, but not in the forebrain or adrenal gland (Wang et al., 1999). Granuphilin 

contains the N-terminal Rab3-binding domain and two C2 domains (Wang et al., 1999) 

and associates with Rab3A, Rab27A, Syntaxin-1 and Munc18-1 (Coppola et al., 2002; Yi 

et al., 2002; Torii et al., 2002). Through these interactions Granuphilin provides a direct 

coupling between Rabs and SNARE proteins, which is discussed in more detail below 

(4.0 Links between Rabs and SNAREs).

3.2 Rab3-Interacting Molecules (RIMs)

The family of RIM (for Rab-Interacting Molecule) proteins contain a N-terminal Rab3- 

and Munc13-binding domain, a PDZ domain and two C2 domains (Wang et al., 

1997). Three subclasses of RIM molecules are known: RIM1α/2α contain all domains, 

RIMβ lacks the Rab3-Munc13 binding domain and four RIMγ isoforms contain only 

the C2B domain (Wang and Südhof, 2003). Through these domains, RIMs interact 

with many proteins in the active zone of the presynapse and are not expressed 

in chromaffi n cells that do not contain such a region. RIM1α is suggested to play a 
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BOX 2: Evolutionary conservation of Rabs in regulated secretion

Rab proteins are small GTPase molecules, conserved throughout evolution to govern 

transport vesicle traffi cking (Zerial and McBride, 2001). In yeast, 11 GTPases of the Rab 

family are known of which the majority are found in a membrane transport screen and 

are called Yeast Protein Transport (Ypt): Ypt1, Ypt6, Ypt7, Ypt10, Ypt11, Ypt31, Ypt32, 

Ytp51, Ypt52, Ypt53 and Sec4 (Lazar et al., 1997). Sec4 is found in a screen for essen-

tial proteins for regulated exocytosis, deletion of this gene results in complete block of 

secretion and accumulation of secretory vesicles (Salminen and Novick, 1987). In this 

screen several other important proteins of the vesicle cycle are found, for instance Sec1 

(homologue to Munc18-1), Sec2 (homologue to Rab3GEF) and Sec9 (homologue to 

SNAP-25) (Novick and Schekman, 1979).

The genome of Drosophila melanogaster and Caenorhabditis elegans contains approxi-

mately 30 Rab genes. These animals have a single Rab3 isoform, which is the dominant 

Rab protein involved in synaptic vesicle transport and secretion. Drosophila rab3 null 

mutants exist but have not been analysed to date (http://www.fl ybase.org). C. elegans 

rab3 null mutants show reduced evoked release to ~50% of wild type and impaired 

transport of synaptic vesicles to the active zone of the synapse (Nonet et al., 1997). Ad-

ditional deletion of another Rab protein called aex-6 (homologue to the mammalian 

Rab27) reduces evoked secretion to ~25% of wild type, showing that these two Rabs 

function in parallel (Mahoney et al., 2006).

In mammals, over 60 Rab genes are found including four Rab3 isoforms (Rab3A-D) that 

are all expressed in cells that require regulated vesicle secretion. Rab3A is dominantly 

expressed in brain and the adrenal. Rab3C is also present in these tissues but in smaller 

amounts. Rab3B is the dominant Rab3 isoform in the pituitary while Rab3D is domi-

nantly expressed in exocrine glands and adipose tissue (Schlüter et al., 2002). Further-

more, the mammalian genome contains two Rab27 genes (Rab27A and B), which share 

the highest homology with the Rab3 subfamily of all Rab proteins (Fukuda et al., 2004). 

Rab27A is expressed in many cell types using regulated secretion including melano-

cytes, lymphocytes, chromaffi n cells and is also found in low levels in the brain, while 

Rab27B expression is more restricted to platelets, stomach, large intestine, pancreas, 

pituitary and bladder (Barral et al., 2002; Tolmachova et al., 2004; Desnos et al., 2003).

This multitude of Rab isoforms involved in vesicle secretion results in different redun-

dant pathways. Mice lacking one of the Rab3 genes are all viable and fertile (Schlüter 

et al., 2004). Rab3A null mutant mice show no clear phenotype on basic neurotransmit-

ter secretion in the brain (Geppert et al., 1994a; Geppert et al., 1997) and NMJ (Sons 

and Plomp, 2006; Hirsh et al., 2002; Coleman et al., 2007). Rab3A deletion results in a 

general impairment of protein-kinase-A-dependent synaptic plasticity, both long-term 

potentiation in specifi c synapses and BDNF (for brain-derived growth factor)-induced 
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crucial role in tethering and docking of the synaptic vesicles to presynaptic calcium 

channels (Kiyonaka et al., 2007). RIM1α and 2α show functional redundancy as null 

mutation of both genes in mice results in neonatal lethality and a severe impairment 

of neurotransmitter secretion, while single null mutants have normal lifespan (Schoch 

et al., 2006). C. elegans contains only one RIM gene called unc-10. Unc-10 defi cient 

nematodes show reduced neurotransmitter secretion while docking and calcium-

sensitivity of secretion was not changed, indicating that a priming step is impaired 
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plasticity (Castillo et al., 1997; Alder et al., 2005; Thakker-Varia et al., 2001; Huang et al., 

2005). This essential role of Rab3A is not depending on its GTPase activity, since Rab-

3GAP defi cient mice show normal mossy fi bre LTP (Sakane et al., 2006). Ultrastructural 

analysis revealed that rab3A null mutant neurons are impaired in stimulus-dependent 

vesicle recruitment in central nerve terminals and show a decrease in vesicles near the 

membrane in the NMJ (Leenders et al., 2001; Coleman et al., 2007). Rabphilin-3A pro-

tein levels were reduced in Rab3A defi cient mouse brain, indicating that the Rab3A-

Rabphilin-3A interaction is essential for proper Rabphilin-3A function (Geppert et al., 

1994a). Rab3D knockout mice show no clear abnormalities on LDCV secretion, but the 

vesicles appear to be larger in parotid and pancreas cells (Riedel et al., 2002). Mice de-

fi cient for all four Rab3s die at birth due to respiratory failure (Schlüter et al., 2004). 

However, evoked neurotransmitter secretion was only reduced by 30% in these mice 

due to impaired superpriming of vesicles, a subset of docked and primed vesicles with 

high calcium sensitivity for release (see Box 1 and  (Schlüter et al., 2006)).

Spontaneous mutations in mice called dilute (Myosin-Va) (Mercer et al., 1991), leaden 

(Melanophilin) (Matesic et al., 2001) and ashen (Rab27A) (Wilson et al., 2000) all resulted 

in a light fur colour and revealed a genetic cascade essential for melanosome distri-

bution. Rab27A/B double knockout mice are viable and fertile. Apart from the defect 

in melanosome transport, mast cell de-granulation is impaired and platelets show re-

duced serotonin secretion due to reduced amount of LDCVs (Tolmachova et al., 2007; 

Mizuno et al., 2007). Ashen pancreas cells show decreased LDCV recruitment and fusion 

upon stimulation, probably due to impaired granuphilin function (Kasai et al., 2005). 

Mutations in Rab27A in humans are associated with Griscelli syndrome, a disease char-

acterized by pigment dilution, accumulation of melanosomes in melanocytes and un-

controlled T-lymphocyte activity (Menasche et al., 2000). 

Rab3A and Rab27A share many effector proteins like Rabphilin-3A, granuphilin and 

Noc2. siRNA studies in PC-12 cells show that they function partly in parallel, in line with 

the C. elegans data (Tsuboi and Fukuda, 2006; Mahoney et al., 2006). 

The number of Rabs involved in regulated secretion increases with evolutionary com-

plexity of the organisms, resulting in several redundant pathways in regulated secre-

tion. However, in specialized cells like melanocytes or specialized synapses like the 

mossy fi bre synapse, single Rab isoforms fulfi l a unique role in regulated secretion.
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in these animals (Koushika et al., 2001). Like Rab3A null mutant mice, rim1α knockout 

mice are impaired in Protein-Kinase-A-dependent long term plasticity (Castillo 

et al., 2002; Castillo et al., 1997; Huang et al., 2005). However, the RIM1α null mutant 

shows also synaptic plasticity defects that are absent in the Rab3A null mutant mice 

indicating that RIM1α functions partially independent of Rab3A (Schoch et al., 2002). 

RIM1α/2α double knockout mice show strong impairment of neurotransmitter 

secretion although docking of vesicles is normal in the neuromuscular junction (NMJ), 

indicating that vesicle priming and/or fusion is impaired (Schoch et al., 2006). Possibly, 

RIM1-Rab3 association might be involved in recruiting synaptic vesicles to presynaptic 

calcium channels, thereby ‘superpriming’ a subset of vesicles of the readily releasable 

pool (see Box 1).

3.3 Modulators of the Rab3A cycle: Rab3GAP, Rab3GEF and GDI

As described above, Rab3A cycling is regulated by several proteins including GDP 

Dissociation Inhibitor (GDI), GTPase Activating Protein (GAP) and Guanine Exchange 

Protein (GEP). 

Rab3GEP exchanges GTP for GDP of Rab3 and Rab27 isoforms and is essential for 

Rab3A activation. Like mice lacking all Rab3 isoforms, rab3GEP null mutant mice 

die at birth, indicating that this protein is essential for survival (Schlüter et al., 2004; 

Tanaka et al., 2001). In the NMJ of these mice, neurotransmission is almost completely 

abolished due to the absence of synaptic vesicles in the presynaptic terminal (Tanaka 

et al., 2001). This effect can explain the neonatal lethality since the respiratory muscles 

are not stimulated to contract in these mice. Surprisingly, the nerve terminals of 

hippocampal neurons of these mice contain a normal amount of synaptic vesicles, 

including docked vesicles at the active zone (Yamaguchi et al., 2002), suggesting 

that traffi cking of synaptic vesicles is regulated differently in central synapses. 

Hippocampal synapses show a severely reduced evoked response amplitude but a 

normal readily releasable pool size, suggesting that release probability is lowered in 

these neurons. Multiple stimulations result in an increased response, which is similar 

to the responses found in rab3 quadruple null mutant mice (Yamaguchi et al., 2002; 

Schlüter et al., 2006), suggesting that the superpriming of synaptic vesicles is impaired 

in rab3GEP null mutant mice. Furthermore, the protein level of Rab3A in these mice is 

increased 2.5 times over wild type level, while Rabphilin-3A levels are reduced to 25% 

of normal amounts (like in rab3A null mutant mice (Geppert et al., 1994a)), suggesting 

that Rabphilin-3A requires GTP-Rab3A for proper function.

Rab3s are GTPases with a very slow intrinsic GTPase activity (Scheffzek et al., 1998), 

which allows them to remain in the GTP-bound conformation until the GTPase 

activity is boosted by association with Rab3GAP (Burstein and Macara, 1992). Unlike 

Rab3GEP, Rab3GAP is not essential for neonatal survival since mice lacking the p130 
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catalytic subunit of this protein are viable and fertile (Sakane et al., 2006). Possibly, the 

slow intrinsic GTPase activity of Rab3 is suffi cient to maintain basic Rab3 function or 

other Rab3 effector proteins like Rabphilin-3A compensate for the lack of Rab3GAP 

since these proteins also are able to stimulate the GTPase activity (Kishida et al., 

1993). Neurotransmitter secretion in hippocampal neurons of p130 null mutant mice 

is normal, however multiple stimulations show an increased response, in line with 

the effects found in the rab3GEP null mutant mice (Sakane et al., 2006). Rab3A and 

Rabphilin-3A protein levels are normal in these mice, although GTP-bound fraction 

of Rab3A is profoundly increased in these mice, indicating that Rab3GAP is important 

for GTP hydrolysis by Rab3A in vivo (Sakane et al., 2006). In humans, Rab3GAP 

polymorphisms are associated with Warburg Micro syndrome, a disease characterized 

by eye and brain defects (Aligianis et al., 2005). Surprisingly, no such symptoms are 

observed in p130 null mutant mice (Sakane et al., 2006).

GDI binds to Rab3A-GDP and recycles it to the cytosol by covering the geranylgeranyl 

moieties (Sasaki et al., 1990). The mammalian genome contains three GDI isoforms 

(α, β and γ), which show no apparent specifi city for specifi c Rab proteins (Ullrich et 

al., 1993; Wu et al., 1998). Mutations in GDIα gene are associated with X-linked mental 

retardation in humans (D’Adamo et al., 1998). However, GDIα defi cient mice are 

viable and fertile and show no clear defects in neurotransmitter secretion (Ishizaki 

et al., 2000). Like in Rab3GEP and Rab3GAP defi cient mice, paired pulse stimulation is 

enhanced in GDIα defi cient neurons, suggesting that the release probability in these 

neurons is lowered.

4.0 Links between Rabs and SNAREs
Although Rabs and SNAREs are evolutionary conserved components for the regulated 

secretion machinery, a direct interaction has not been described. However, Rabs have 

been shown to interact with SNAREs indirectly through other proteins, including Sec1/

Munc18-like (S/M) proteins.

In yeast, interactions between Rabs and SNAREs have been described on several 

membrane traffi cking routes. Rab protein Ypt1 interacts directly with S/M protein Sly1 

to mediate protein transport from endoplasmatic reticulum to the cis-Golgi complex 

(Ossig et al., 1991). Protein traffi c to the vacuole in yeast is mediated through Rab-

protein Vps21. Vps21 recruits effector protein Vac1 in its GTP-bound conformation, 

which associates the S/M protein Vps45 (Tall et al., 1999). Vps45 binds to Pep12 

(homologue to SNARE-protein Syntaxin) to mediate fusion of the transport vesicle 

with the vacuole. A similar process is uncovered in mammalian cells in homotypic 

fusion of endosomes in vitro, which is controlled by Rab5. GTP-Rab5 recruits 

Rabenosyn-5 that interacts with S/M protein mVps45 (Nielsen et al., 2000). mVps45 

22

Chapter 1

Proefschrift_Jan.indd   Sec1:22Proefschrift_Jan.indd   Sec1:22 2/10/08   11:46:352/10/08   11:46:35



mediates homotypic endosome fusion through its interaction with Syntaxin-6 (Tellam 

et al., 1997). In the regulated secretion pathway in yeast, genetic interactions have 

been shown between Rab protein Sec4 and Munc18-1 homologue Sec1, which are 

both essential for regulated exocytosis (Salminen and Novick, 1987; Finger and Novick, 

2000). Exocytosis of insulin-containing granules from pancreas cells is mediated by 

granuphilin, a Rab3/Rab27 effector protein (see above 3.1). Granuphilin has been 

shown to mediate docking and fusion of these granules through its direct interaction 

with Rab3 and Munc18-1 (Coppola et al., 2002; Tsuboi and Fukuda, 2006). Recently, a 

direct interaction between Rab3A and mutant-Munc18-1 has been reported (Graham 

et al., 2008). We were, however, not able to reproduce this fi nding using the same 

mutant (I. Saarloos & R. Toonen, unpublished data). 

Not all Rab3-SNARE interactions are mediated through S/M proteins. For example, 

Rabphilin-3A directly associates with SNARE-protein SNAP-25 in PC-12 cells (Tsuboi 

and Fukuda, 2005; Tsuboi et al., 2007) and Granuphilin directly associates with 

Syntaxin-1 (Torii et al., 2002). Furthermore, the proposed GDI displacement factor for 

Rab3 called PRA-1 (for Prenylated Rab Acceptor-1) associates directly with VAMP-2 and 

might help to target Rab3A to immature VAMP-2 positive secretory vesicles (Martincic 

et al., 1997; Gougeon et al., 2002). Rabphilin-3A, Munc18-1 and PRA-1 are all expressed 

in the brain, but whether these proteins form functional links between Rabs and 

SNAREs in the synapse is not known.

Taken together, Rabs and SNAREs are conserved regulators of the vesicle cycle that 

are linked through different effector proteins. The role of the SNARE proteins as core 

component of the fusion step in secretory vesicle cycle has been fi rmly established 

over the past years. The role of the Rabs however, remains undefi ned to this date.
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5.0 Aim and outline of this thesis
The research described in this thesis aims to uncover the function of Rab3A in the 

secretory vesicle cycle. To this end, several approaches have been taken to shed light 

on this unresolved question.

Chapter 2•  aims to study the function of the GDP-/GTP-switching behaviour 

of Rab3A in docking of large dense core vesicles in adrenal chromaffi n cells. To 

this end, I expressed Rab3A GDP- and GTP-locked mutants in primary cultured 

chromaffi n cells and investigated the vesicle distribution by electron microscopy. 

Furthermore, the genetic interaction between Rab3A and Munc18-1 in LDCVs is 

investigated. 

Chapter 3 describes the effects of null mutation of all four Rab3 isoforms on LDCV • 

secretion, docking and biogenesis in adrenal chromaffi n cells.

In chapter 4, redundancy between different Rab isoforms is further investigated • 

by the characterization of Rab3A/Rab27A double null mutant mice. A combination 

of different techniques is used to investigate both the effects on the LDCV and 

synaptic vesicle cycle in cultured cells as well as the behavioural consequence of 

the double null mutation in vivo. 

Chapter 5 focuses on the role of Rabphilin-3A in LDCV distribution and docking in • 

chromaffi n cells.

In chapter 6, the development of software to automatically analyze LDCVs in • 

electron micrographs is described. 

Chapter 7 discusses the implications of the main fi ndings of the previous chapters • 

and suggests future directions.
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ABSTRACT

Rab3A is a small GTPase that binds selectively to secretory vesicles and switches be-

tween active, GTP-bound and inactive, GDP-bound conformations. In yeast, Rab and 

S/M-genes interact genetically to promote vesicle targeting/fusion. We tested differ-

ent Rab3A conformations and genetic interactions with the S/M-gene munc18-1 on 

the docking function of Rab3A in mammalian chromaffi n cells. We expressed Rab3A 

mutants locked in the GTP- or GDP-bound form in wild-type and munc18-1 null mutant 

cells and analyzed secretory vesicle distribution. We confi rmed that wild-type Rab3A 

promotes vesicle docking in wild-type cells. Unexpectedly, both GTP- and GDP-locked 

Rab3A mutants did not promote docking. Furthermore, wild-type Rab3A did not pro-

mote docking in munc18-1 null cells and GTP- and GDP-Rab3A both decreased the 

amount of docked vesicles. The results show that GTP- and GDP-locked conformations 

do not support a Munc18-1 dependent role of Rab3A in docking. This suggests that 

nucleotide cycling is required to support docking and that this action of Rab3A is up-

stream of Munc18-1.
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INTRODUCTION

Over 60 different Rab proteins are described in mammalian cells as key modulators 

of transport vesicles in the exocytotic and endocytotic pathway (Zerial and McBride, 

2001). The subfamily of Rab3 proteins consists of four isoforms which are all expressed 

in secretory cells (Schlüter et al., 2002) and that bind specifi cally to synaptic and other 

secretory vesicles in the active, GTP-bound state (Darchen et al., 1990; Matteoli et al., 

1991). GTP-Rab3 isoforms interact with several proteins involved in vesicle secretion 

like Rabphilin-3a and RIM (Shirataki et al., 1993; Wang et al., 1997) and dissociate from 

these proteins and the vesicle upon GTP hydrolysis (Burstein et al., 1993; Star et al., 2005). 

In the GDP-bound state, Rab3 isoforms are retrieved to the cytosol by GDP Dissociation 

Inhibitor (GDI) to be able to associate again to secretory vesicles (Ullrich et al., 1993). 

Rab3 isoforms have been implicated in several steps of regulated secretory pathways 

(Darchen and Goud, 2000). In general, both overexpression as well as null mutation of 

Rab3 isoforms appears to inhibit vesicle secretion: overexpression of Rab3 isoforms 

reduce secretion in PC-12 and chromaffi n cells (Chung et al., 1999; Thiagarajan et al., 

2004), but null mutation of all four Rab3 genes also reduces secretion in cultured neu-

rons, probably of a subpopulation of synaptic vesicles (Schlüter et al., 2004; Schlüter 

et al., 2006). However, this effect on the fi nal secretion step may (in part) be explained 

by action of Rab3 in more upstream steps. In yeast and in endosome fusion, Rab pro-

teins regulate vesicle docking in conjunction with Sec1/Munc18 (S/M) proteins (Tall et 

al., 1999; Nielsen et al., 2000) and in PC-12 cells, Rab3A overexpression increases dock-

ing while knock-down leads to fewer vesicles near the membrane (Martelli et al., 2000; 

Tsuboi and Fukuda, 2006). Even further upstream, Rab3 appears to regulate synaptic 

vesicle targeting in C. elegans (Nonet et al., 1997) and mammalian nerve terminals 

(Leenders et al., 2001).

To specifi cally address the cascade of events upstream of secretion, we examined, in 

analogy with yeast and endosomes, the actions of Rab3A in munc18-1 null mutant cells. 

In addition to the wild-type Rab3A protein, also two mutants were expressed that are 

locked in the GTP and GDP bound form and that are expected to block Rab3A’s actions 

at the target and donor side, respectively.

RESULTS AND DISCUSSION

Rab3A cycling stimulates docking of large dense core vesicles (LDCVs)

We overexpressed Rab3A using Semliki Forest viral particles containing Rab3A and 

EGFP separated by an internal ribosomal entry site (IRES) in mouse chromaffi n cells. 

Like endogenous Rab3A, all Rab3A constructs produced a punctate staining pattern, 

The role of Rab3a in secretory vesicle docking requires 
association/dissociation of guanidine phosphates and Munc18-1
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FIGURE 1: Switching between active and inactive Rab3A stimulates large dense core vesicle docking.

Typical example micrographs of wild-type chromaffi n cells expressing (A, C) IRES-EGFP control construct, (B, 
D) Rab3A wild-type-IRES-EGFP, (E, G) Rab3A GDP-IRES-EGFP and (F, H) Rab3A GTP-IRES-EGFP. (A, B, E, F) Ex-
amples of the total cell. Magnifi cation 8,000x. Scale bar: 1 µm. (C, D, G, H) Detailed micrographs of the plasma 
membrane region. Arrowheads indicate the morphological docked large dense core vesicles contacting 
the plasma membrane. Magnifi cation 20,000x. Scale bar: 200 nm. (I) Distribution profi le of LDCVs in the cell         
section as percentage of the total number LDCVs present (EGFP n = 19 cells N = 4 animals, Rab3A WT n = 14  N 
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indicating that exogenous Rab3A is correctly translated and localized (Fig. S1A-D). The 

expression level did not differ signifi cantly between Rab3A constructs (10 to 14 fold 

over endogenous Rab3A level) allowing direct comparison of their effects on the LDCV 

distribution (Fig. S1E). 

Overexpression of wild-type Rab3A or the Rab3A mutants in wild-type chromaffi n cells 

did not alter the cell morphology, the total amount of LDCVs or the vesicle size (Typical 

examples Fig. 1A, B, E, F; quantifi cation in Fig. 1J-M). The general distribution profi le of 

the LDCVs was not altered except for the region within 100 nm distance to the plasma 

membrane (Fig. 1I). Wild-type Rab3A overexpression increased the amount of LDCVs in 

direct contact with the membrane (morphologically docked LDCVs: arrows in Fig. 1C, D; 

Fig. 1N), as observed before in a PC-12 cell line (Martelli et al., 2000). Surprisingly, Rab3A 

locked in the GDP- or GTP-bound conformation did not affect the number of docked 

LDCVs, indicating that the active conformation is not suffi cient to promote docking (ar-

rows in Fig.1G, H; Fig. 1N). Since all Rab3A proteins are expressed to similar levels (Fig. 

S1E), enhanced breakdown or mistargeting of GTP- and GDP-Rab3A cannot explain the 

absence of effect on LDCV docking. Hence, it can be concluded that the ability to asso-

ciate/dissociate GTP and GDP is essential for the function of Rab3A in docking.

Rab3A effects on vesicle docking depend on Munc18-1.

In other systems, Rab proteins regulate docking in conjunction with S/M proteins (Tall 

et al., 1999; Nielsen et al., 2000). Therefore, we tested the docking effect of Rab3A in 

munc18-1 null mutant cells that are impaired in LDCV docking (Voets et al., 2001). In 

contrast to wild-type chromaffi n cells, Rab3A did not alter the number of docked LDCVs 

in the munc18-1 null mutant cells (Fig. 2C, D; Fig. 2J). This indicates that Rab3A’s action 

on LDCV docking depends on Munc18-1. Surprisingly, both GDP- and GTP-Rab3A re-

duced the number of docked LDCVs (Fig. 2G, H; Fig. 2J). The total number of LDCVs or 

the cell morphology of munc18-1 null mutant chromaffi n cells was not altered by either 

wild-type Rab3A or the two mutants (Typical examples Fig. 2A, B, E, F; Quantifi cation 

Fig. 2I, K and L). This result suggests that locking Rab3A in GTP- or GDP-conformation 

reduces LDCV docking but this negative effect can be compensated in the wild-type 

cells by a Munc18-1 dependent process.

= 4, Rab3A GDP n = 20 N = 8, Rab3A GTP n = 19 N = 5). Asterisk indicate signifi cant difference between Rab3A 
wild-type and EGFP control as determined by t-test (p < 0.05). ANOVA on all groups p = 0.002. Other quanti-
fi ed parameters are shown in (J) the total number of LDCV present per cell section, (K) the average diameter 
of the LDCVs, (L) the length of the plasma membrane in the cell section, (M) the surface area of the cell section 
in which the LDCV were quantifi ed and (N) the size of the docked pool in the cell section as percentage of 
EGFP control. Asterisks indicate signifi cant difference as tested by t-test (p < 0.05). ANOVA on all groups p = 
0.023. All error bars represent SEM.
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We conclude that switching between an active GTP-bound and inactive GDP-bound 

conformation of Rab3A promotes LDCV docking in a Munc18-1 dependent process. 

Switching between GDP- and GTP-bound conformations allows Rab3A to bind to sev-

eral proteins and subsequently dissociate from them. In yeast, Rab protein Vps21 and 

S/M protein Vps45 interact via Vac1 to mediate vesicle fusion and Rab5 mediates ho-

motypic fusion of endosomes via Rabenosyn-5 that associates with hVps45 (Tall et al., 

1999; Nielsen et al., 2000). In LDCV secretion, Granuphilin/Slp4-a interacts with both 

Munc18-1 and Rab3A in pancreatic β-cells (Coppola et al., 2002). However, endogenous 

Granuphilin/Slp4-a is only detected in pancreas and pituitary suggesting a specifi c 

function in those tissues rather than a general role in vesicle secretion (Wang et al., 

FIGURE 2: Rab3A depends on Munc18-1 to potentiate LDCV docking.

Example micrographs of munc18-1 knockout chromaffi n cells expressing (A, C) the contol IRES-EGFP con-
struct, (B, D) Rab3A wild-type-IRES-EGFP, (E, G) Rab3A GDP-IRES-EGFP and (F, H) Rab3A GTP-IRES-EGFP. (A, B, 
E, F) Examples of the total cell. Magnifi cation 8,000x. Scale bar: 1 µm. (C, D, G, H) Detailed micrographs of the 
plasma membrane region. Magnifi cation 20,000x. Scale bar: 200 nm. Quantifi ed parameters are shown in (I) 
the total number of LDCV present per cell section, (J) the amount of the docked LDCVs in the cell section as 
percentage of EGFP control (EGFP n = 25 cells N = 4 animals, Rab3A WT n = 21 N = 6, Rab3A GDP n = 17 N = 
4, Rab3A GTP n = 19 N = 5). Asterisk indicate signifi cant difference as tested by t-test (p < 0.05); ANOVA on all 
groups p = 0.037. (K) The surface area of the cell section in which the LDCV were quantifi ed. (L) The plasma 
membrane length in the cell section. All error bars represent SEM.
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1999). Our results suggest that both the association and the dissociation of a protein 

complex containing Rab3A and a functional homologue of Vac1, Rabenosyn-5 or Gran-

uphilin/Slp4-a are important for LDCV docking.
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MATERIALS & METHODS

Preparation of the Rab3A plasmids and Semliki Forest Virus production

Rab3A was cloned from mouse brain cDNA. Rab3A T36N (GDP-bound form) and Rab3A 

Q81L (GTP bound conformation) (Brondyk et al., 1993) were created by using Quick-

ChangeTM (Stratagene Cloning Systems, USA). All constructs were sequence verifi ed. 

Rab3A constructs were cloned into pIRES2-EGFP vector (Clontech, USA) and Rab3A-

IRES-EGFP was subsequently cloned into Semliki Forest Virus vector. Semliki Forest vi-

rus was produced as previously described (Ashery et al., 1999).

Cell culture 

Adrenal chromaffi n cells from E18 munc18-1 null mutant mice and wild-type littermates 

were obtained as previously described (de Wit et al., 2006). The cells were infected with 

Semliki Forest virus at 2 DIV for 8 to 10 hours. The virus stocks are coded to perform the 

experiments blind. 

Immunocytochemistry

Cells were fi xed in paraformaldehyde in PBS and stained with monoclonal Rab3A spe-

cifi c antibody (Cl42.2; Synaptic Systems, Germany) and secondary antibody goat-anti-

mouse Alexa 543 (Molecular Probes, USA). Fluorescent signal was imaged on a Zeiss 510 

microscope with a 63x objective using fi xed laser settings and exposure time to allow 

quantative comparison. Average fl uorescence intensity of EGFP and the Rab3 antibody 

staining were quantifi ed using ImageJ (National Institute of Health, USA). All experi-

ments were blinded for the type of virus used.

Flat Embedding and Electron Microscopy

The location of infected cells on gridded coverslips (Bellco Glass Inc., USA) was photo-

graphed before fi xing in 2.5% glutaraldehyde in 0.1 M cacodylate buffer. The cells were 
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prepared for electron microscopy as previously described (de Wit et al., 2006). Infected 

cells were identifi ed at low magnifi cation in a JEOL 1010 electron microscope using 

the light microscope pictures and by the presence of virus-particles on the plasma 

membrane of the cell. The distribution of LDCVs was examined at 20,000x magnifi ca-

tion. Measurements were performed using analySIS (Soft Imaging Systems, Germany). 

LDCVs were recognized by their round dense core surrounded by a membrane and a 

diameter of approximately 100 nm. All experiments were performed blind for the type 

of virus used.
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SUPPLEMENTORY INFORMATION

FIGURE S1: All Rab3A constructs are overexpressed approximately tenfold and immunostaining re-

veals a punctuated distribution.

Normal chromaffi n cells were infected with Semliki Forest viral particles containing Rab3A-IRES-EGFP se-
quence. Localization and expression level of Rab3A was determined by monoclonal Rab3A specifi c antibody 
Cl 42.2 and secondary antibody goat-anti-mouse Alexa 543. We used fi xed laser settings for quantitative com-
parison between cells. Typical examples are shown of chromaffi n cell expressing (A) the control IRES-EGFP 
construct, (B) Rab3A wild-type-IRES-EGFP, (C) Rab3A GDP-IRES-EGFP and (D) Rab3A GTP-IRES-EGFP. Scale bar: 
2 µm. (E) Quantifi cation of the average Rab3 signal in the cell. Asterisk indicates signifi cant difference as 
tested by t-test (p < 0.05), All from 1 animal: EGFP n = 15 cells, Rab3A WT n = 13, Rab3A GDP n = 10, Rab3A GTP 
n = 9. ANOVA on all groups p = 1.02 x 10-7. Error bars represent SEM.
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ABSTRACT

Rab proteins are conserved throughout evolution to govern vesicle transport.

Mice lacking all four Rab3 genes, the dominant Rab protein in neurotransmitter se-

cretion, die at birth. Surprisingly, synaptic vesicle secretion was only mildly reduced in 

these mice, suggesting that other processes might be impaired that result in neonatal 

lethality.

We addressed the effects of the quadruple rab3 null mutation on large dense core ves-

icle (LDCV) localization and secretion in mouse chromaffi n cells using capacitance and 

amperometric recordings after calcium uncaging and electron microscopy.

Rab3ABCD defi cient cells showed a 50% reduction of burst secretion while sustained 

vesicle release and the release kinetics were not affected, indicating a smaller num-

ber of readily releasable LDCVs. The number of docked LDCVs was not altered by Rab3 

deletion, suggesting that the smaller readily releasable pool resulted from a decrease 

in vesicular release probability. Furthermore, Rab3ABCD defi cient cells showed a 50% 

decrease in the total number of LDCVs and a small increase in LDCV size. 

These data suggest that Rab3 proteins control the number of LDCVs and the size of the 

releasable pool by modulating vesicular release probability and LDCV biogenesis.
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INTRODUCTION

Rab proteins are small GTPase molecules, conserved throughout evolution to govern 

vesicle traffi cking (Zerial and McBride, 2001). Deletion of a single Rab gene in yeast, Sec4, 

results in a complete block of regulated secretion and the accumulation of secretory 

vesicles (Salminen and Novick, 1987). In higher organisms, Rab3 is the dominant Rab 

protein involved in synaptic vesicle transport and secretion. Deletion of the rab3 gene 

in C. elegans reduces evoked release to 55% of wild type and shows impaired transport 

of synaptic vesicles to the active zone of the synapse (Nonet et al., 1997; Mahoney et al., 

2006). In mammals, the subfamily of Rab3 proteins consists of four isoforms (Rab3A-D) 

that are all expressed in cells that require regulated vesicle secretion (Schlüter et al., 

2002). Overexpression of all Rab3 isoforms reduce large dense core vesicle (LDCV) se-

cretion in chromaffi n cells and PC-12 cells and increase the number of docked LDCVs 

to the plasma membrane (Chung et al., 1999; Martelli et al., 2000; Schlüter et al., 2002; 

Thiagarajan et al., 2004; van Weering et al., 2007). Null mutant mice of a single rab3 gene 

are viable and show little to no effects on basic neurotransmitter secretion, most likely 

due to redundancy of Rab3 isoforms (Geppert et al., 1994; Riedel et al., 2002; Schlüt-

er et al., 2004). Mice lacking all four rab3 genes die at birth due to respiratory failure 

(Schlüter et al., 2004). Surprisingly, evoked neurotransmitter secretion was only reduced 

by 30% in these mice due to impaired “superpriming” of vesicles (Schlüter et al., 2006). 

Superprimed vesicles are a subset of readily releasable vesicles with high calcium sen-

sitivity for release. However, this defect in itself cannot explain the neonatal lethality of 

Rab3ABCD defi cient mice. Changes in LDCV secretion may contribute to lethality of the 

quadruple null mutant mice.

Here we study role of the Rab3 proteins in LDCV distribution, docking and secretion in 

chromaffi n cells of the rab3 null mutant mice. Cells lacking all four Rab3 genes showed 

a 50% reduction of burst secretion, which corresponds to the readily releasable pool 

without affecting the sustained vesicle release, which requires priming and fusion. The 

kinetics and calcium-sensitivity of secretion are not changed, indicating a decrease in 

number of readily releasable LDCVs by Rab3 deletion. The number of docked LDCVs is 

not affected by Rab3 deletion, suggesting the vesicular release probability of the read-

ily releasable pool is decreased. Rab3ABCD defi cient cells show a 50% decrease in the 

total number of LDCVs and a small increase in LDCV size. These data suggest that Rab3 

proteins control the number of LDCVs and the size of the readily releasable pool by 

modulating vesicular release probability and LDCV biogenesis.
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RESULTS

Rab3 controls the burst phase of LDCV secretion

To address the role of Rab3 in LDCV secretion, we recorded capacitance and ampero-

metric responses of Rab3ABCD defi cient mouse chromaffi n cells upon fl ash photolysis 

of caged calcium. 

Chromaffi n cells of Rab3A+/+BCD-/- and Rab3A+/-BCD-/- mutant mice showed a nor-

mal secretory response upon calcium uncaging and were used as controls (unpub-

lished data by JS Schonn). Fig.1A shows a typical example response and the average 

trace of the secretory response of Rab3ABCD defi cient chromaffi n cells and controls 

FIGURE 1: Rab3 deletion impairs the fast burst phase of secretion without affecting the sustained 

component.

Example trace of capacitance (A, middle panel) and amperometric (A, bottom panel) response of control cells 
(Rab3A+/+BCD-/- or Rab3A+/-BCD-/-) and Rab3ABCD-/- cells following Ca2+ uncaging. A, top panel shows the 
average internal calcium level. The inset shows the average response of both groups. (B) Quantifi cation of the 
burst phase, the fi rst second of the response corresponding to the readily releasable pool. Asterisk indicates 
signifi cant difference as tested by ANOVA p = 0.0011. Control: n = 49 cells N = 14 animals, and quadruple 
null mutant: n = 64, N = 14. (C) Quantifi cation of the sustained phase. ANOVA p = 0.86. (D) Delay in response 
after Ca2+ uncaging. (E) Scaled burst phase of secretion. Time constants of the (F) fast burst and (G) slow burst 
secretion of fi tted capacitance traces according to (Sørensen et al., 2003).
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after calcium uncaging. The burst phase of secretion, corresponding to the releasable 

pool of LDCVs during the fi rst second after the calcium uncaging (Nagy et al., 2002), 

was reduced by 50% in the quadruple null cells in both amperometric and capacitance 

response (Fig. 1A, B). During the recording we measured the internal calcium levels, 

which were not different between groups (Fig. 1A). In contrast to the burst, the sus-

tained phase of secretion was not affected (Fig. 1A, C). 

The reduction in burst secretion can be caused by either less releasable vesicles or slow-

er kinetics of vesicle release. The response delay after the stimulus was not changed 

by Rab3ABCD deletion, suggesting that the calcium sensitivity of the LDCVs release is 

normal (Fig. 1D). Scaled traces of the burst phase showed good overlap between qua-

druple null mutants and controls, indicating no major shift in the kinetics of LDCV se-

cretion (Fig.1E). Within the burst phase two vesicle pools can be distinguished on basis 

of the release kinetics, the fast burst representing the readily releasable pool (RRP) and 

the slow burst representing the slowly releasable pool (SRP) (Sørensen et al., 2003). The 

fast and slow burst time constants were not affected in Rab3ABCD defi cient cells (Fig. 

1F, G) as obtained by a double exponential fi t of the capacitance traces (Sørensen et 

al., 2003). These data suggest that size of both the RRP and SRP is reduced, but that the 

release kinetics of both vesicle pools is not affected.

Taken together, the results show that the size the exocytotic burst was decreased in 

Rab3ABCD-/- chromaffi n cells while the calcium response and release kinetics were not 

affected. The sustained phase of secretion was not altered by the quadruple deletion, 

indicating that replenishment of the releasable pool of vesicles is not affected.

Rab3ABCD deletion does not affect vesicle docking

The smaller number of releasable vesicles in Rab3ABCD null mutant cells can be ex-

plained by a reduced vesicular release probability and/or a decreased number of LDCVs 

present at the plasma membrane. To test the last possibility, we studied the distribution 

of LDCVs in adrenal slices of these mice by electron microscopy.

The morphology of the Rab3ABCD-/- cells was normal (Fig. 2 A-F show typical example 

micrographs, cell section surface and membrane length were quantifi ed in Fig. 2K-L). 

The number of LDCVs contacting the plasma membrane (the morphological docked 

LDCVs) was not signifi cantly different between genotypes (Fig. 2J). Also the overall 

vesicle distribution of LDCVs was similar (Fig. 2G), but the number of LDCVs present in 

Rab3ABCD-/- cells was reduced by 50% (Fig. 2H). The Rab3A+/-BCD-/- cells contain an 

intermediate number of LDCVs, indicating a gene-doses effect. In addition, the size of 

the LDCV was mildly increased in Rab3A+/-BCD-/- and Rab3ABCD-/- cells (Fig. 2I) com-

pared to Rab3BCD-/- chromaffi n cells.
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FIGURE 2: Rab3 deletion reduces total number of LDCVs but does not affect vesicle docking.

Typical example micrographs of (A, D) Rab3A+/+BCD-/-, (B, E) Rab3A+/-BCD-/- cells, (C, F) Rab3ABCD-/- mouse 
chromaffi n cells. (A-C) Example micrographs of the total cell, magnifi cation 8,000x, bar represents 1 µm. (D-E) 
Detail micrographs of the membrane area, magnifi cation 20,000x, arrowheads indicate the morphologically 
docked vesicles. Bar represents 500 nm. (G) Distribution profi le of the LDCVs as distance to the plasma mem-
brane. (H) Total number of LDCVs present in the cell section. Asterisks indicate signifi cant difference as tested 
by t-test (p < 0.01). ANOVA on all groups p = 0.0008. Rab3A+/+BCD-/- n = 40 cells, N = 4 animals; Rab3A+/-
BCD-/- n = 40, N = 4; Rab3ABCD-/- n = 70, N = 6. (I) Cumulative plot of the LDCV diameter. (J) The number of 
docked LDCVs. ANOVA on all groups p = 0.182. (K) Membrane length in the cell section (L) Cell surface in the 
cell section. All error bars represent SEM.
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The results show that the docked pool of LDCVs is normal in Rab3ABCD defi cient mice. 

The reduction of the readily releasable pool was therefore not caused by a lack of ves-

icles present at the plasma membrane but likely due to a reduced vesicular release 

probability. Additionally, Rab3 appears to regulate the total number of LDCVs. The data 

suggest that Rab3 proteins control both vesicular release probability and the size of the 

total vesicle pool.

DISCUSSION

Rab3 deletion resulted in decreased LDCV secretion in the burst phase without affect-

ing the sustained phase or the release kinetics, indicating that Rab3 proteins regulate 

the size of the releasable pool. Normal amounts of docked LDCVs were observed, indi-

cating that effects on vesicular release probability restrict the number of vesicles in the 

readily releasable pool. Furthermore, Rab3ABCD defi cient cells showed a 50% decrease 

in total vesicle number, suggesting a role of Rab3 proteins in vesicle biogenesis.

Chromaffi n cells versus neurons

Both in neurons and chromaffi n cells, Rab3 deletion affects the release probability 

of secretory vesicles. Here we show a 50% decrease of the burst secretion that corre-

sponds to the RRP and SRP of LDCVs (Voets et al., 1999) while in neurons only a subset 

of the RRP, the superprimed pool, is affected (Schlüter et al., 2006). The total RRP of syn-

aptic vesicles as measured by hypertonic sucrose application is not altered (Schlüter et 

al., 2004). Possibly, delicate processes like superpriming are not been observed using 

calcium fl ash photolysis due to the instant high calcium level (Voets et al., 1999). Still, 

we observed a 50% reduction of releasable LDCVs that might represent a superprimed 

fraction of vesicles with a high, Rab3-dependent release probability.

Although the size of the exocytotic burst is impaired, the sustained phase of secretion 

is not affected by Rab3 quadruple deletion (Fig. 1B, C). These data indicate that Rab3 

proteins are essential for maintenance of the RRP and SRP in resting state but not for 

priming and release of LDCVs during stimulation, suggesting that in absence of Rab3 

there is enhanced de-priming of LDCVs in rest. This phenotype is similar to the LDCV 

secretion of chromaffi n cells lacking the SNARE protein VAMP-2 (also called Synapto-

brevin-2) and is associated with reduced formation of SNARE complexes, which are es-

sential for LDCV secretion (Sørensen et al., 2003; Borisovska et al., 2005). Possibly, Rab3 

proteins might play a role in the formation and/or stabilization of SNARE complexes. In 

contrast to the VAMP-2 null mutant phenotype, we also observed a decrease in total 

number of LDCVs, suggesting that Rab3 proteins fulfi l multiple roles in LDCV secretion 

pathway.

Proefschrift_Jan.indd   Sec1:47Proefschrift_Jan.indd   Sec1:47 2/10/08   11:47:132/10/08   11:47:13



Effects of Rab3 on LDCV biogenesis

We found that Rab3 deletion reduces the total number of vesicles present in chromaffi n 

cells while no such effect is observed on synaptic vesicles of Rab3ABCD-/- mice (Schlüt-

er et al., 2004). Why does Rab3 deletion specifi cally affect LDCV biogenesis? LDCV are 

produced in the trans-Golgi complex as large immature secretory vesicles that con-

centrate the intravesicular cargo during maturation, which is associated with a reduc-

tion in vesicle size (Tooze, 1998; Grabner et al., 2006). Rab3ABCD quadruple null mutant 

chromaffi n cells show a 50% reduction in LDCV number and they are on average larger 

(Fig. 2H, I), suggesting that the biogenesis and maturation of LDCVs is affected. Synaptic 

vesicles on the other hand load their cargo from the cytoplasm via transporters, which 

allows them to refi ll and fuse without visiting the trans-Golgi compartment (Südhof, 

2004). Rab3 proteins might be involved in the budding of secretory vesicles from the 

trans-Golgi stack, which could only be observed on LDCVs since they require the trans-

Golgi compartment for cargo loading. In line with this, Rab3D is shown to be involved in 

controlling LDCV size and maturation in pancreas and parotid cells (Riedel et al., 2002). 

An alternative explanation of the reduction in vesicle number is increased homoty-

pic fusion of LDCVs, which is reported in cell free systems and cultured pituitary cells 

(Urbe et al., 1998; Cochilla et al., 2000). This explanation is however unlikely since only 

a 12-14% increase in diameter is observed which corresponds to a 27-37% increase in 

vesicle volume rather than a doubling of vesicle volume which is expected in the case 

of homotypic fusion. 

Docked and secreted LDCVs

Although the total number of LDCVs is reduced by 50% in Rab3ABCD defi cient mice, 

the sustained secretion is not affected. We estimate that ~330 (~170 in burst, ~160 in 4 

sec. sustained release) LDCVs in control and ~276 (~92 in burst, ~184 in 4 sec. sustained 

release) LDCVs in the quadruple null cells are released after calcium uncaging during 

the recording, using 1.3 fF per vesicle conversion factor (Moser and Neher, 1997). The 

number of docked LDCVs in the total cell exceeds these numbers by a factor 2 (~685 

and ~544 docked LDCVs in control and quadruple null cells, respectively; estimate ac-

cording to Plattner et al., 1997), indicating that recruitment of LDCVs from the cytosol to 

the docked pool is not necessary to maintain sustained secretion on this timescale. 

LDCV secretion and survival

Rab3ABCD defi cient mice die at birth due to respiratory failure, which is hard to explain 

by a 30% reduction in evoked synaptic vesicle release (Schlüter et al., 2004). In this study 

we show that LDCV secretion of the readily releasable pool is reduced to 50%, which in 

itself also cannot explain the neonatal lethality. Possibly, neonatal lethality is caused by 

an additive effect of impaired neuronal and endocrine release causing the respiratory 
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failure. The absence of the superprimed pool of synaptic vesicles and impaired secre-

tion of modulators like neuropeptides from large dense core vesicles might disrupt 

rhythmic fi re patterns of neurons that are involved in regular breathing (Schlüter et al., 

2006). 

MATERIALS & METHODS

Chromaffi n cell culture

Mouse embryos of Rab3A+/-BCD-/- x Rab3A+/-BCD-/- crossings were obtained at em-

bryonic day 18 (E18) by caesarean section. Primary mouse chromaffi n cells were cul-

tured as previously described (Sørensen et al., 2003). 

Electrophysiological Recordings

Whole-cell patch-clamp capacitance recordings, calcium measurements and fl ash pho-

tolysis of caged calcium were performed as described in Nagy et al., 2002. Amperometric 

recordings were performed according to Sørensen et al., 2003. In short, whole-cell volt-

age-clamp (V
m

 = -70 mV) recordings were performed on DIV2-4. Cells were fi lled with a 

solution containing (in mM): glutamic acid 103, HEPES 33, NaCl 8.25, Nitrophenyl-EGTA 

(NPE) 5, CaCl2 4, Mg-ATP 2, Fura-4F 0.4, Furaptra 0.4, GTP 0.3, pH 7.2 with CsOH; osmolar-

ity ~300 mOsm. For Ca2+-uncaging, UV light was delivered by a fl ash lamp (JML-C2, Rapp 

Optoelektronik, Hamburg, Germany) on a Zeiss Axiovert 100 microscope equipped with 

a 40x FLUAR oil immersion objective (NA 1.3, Zeiss). Intracellular [Ca2+] measurements 

were performed by dual-wavelenghts ratiometric fl uorimetry. The signal (ratio of fl uo-

rescence excited at 350 and 380 nm) was fi rst calibrated by fi lling cells with solutions of 

known [Ca2+]. Basal free Ca2+ concentration was ~300-600 nM and adjusted if needed 

to the desired pre-fl ash level by photo-releasing small amounts of Ca2+ by brief mono-

chromator (Polychrome I, TILL Photonics) illuminations. Amperometric were made by 

freshly cut insulated carbon fi bers (10 µm diameter, P-100S, Amoco Corp., Greenville, 

SC) that were gently pressed against the cell and held at +800 mV versus the Ag/AgCl 

bath electrode. Amperometric current was amplifi ed and fi ltered at 3 kHz by an EPC7 

amplifi er (HEKA Elektronik). All recordings were performed at room temperature. 

Ultrastructural analysis

Adrenal glands of E18 Rab3A+/+BCD-/-, Rab3A+/-BCD-/- and Rab3ABCD-/- mutant lit-

termates were isolated and fi xed in 2.5% glutaraldehyde and 2% formaldehyde in ca-

codylate buffer. Glands were post-fi xed for 2 hours with 1% OsO4 in cacodylate buffer 

and dehydrated through a series of increasing ethanol concentrations. The dehydrated 

glands were washed in propylene oxide and embedded in Spurr low-viscosity resin. Ul-
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trathin sections were collected on formvar-coated copper grids and stained with Reyn-

olds lead citrate and uranyl acetate. The distribution of LDCVs was analyzed in the JEOL 

1010 electron microscope at 20,000x magnifi cation. The perimeter and surface area of 

the cell-section was analyzed at 8,000x magnifi cation. All quantifi cation was performed 

with analySIS software (Soft Imaging Systems, Germany). LDCVs were identifi ed by their 

electron dense core surrounded by a vesicular membrane of approximately 100 nm in 

diameter. Experiments were performed blind for the genotype.
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ABSTRACT

Rab3 and Rab27 proteins are involved in transport and secretion of secretory vesicles 

in many different cell-types. In C. elegans Rab3-Rab27 double null mutants, redundancy 

between Rab3 and Rab27 has been shown. 

Here we investigate potential redundancy between Rab3A and Rab27A, the dominant 

isoforms of both families in mammals, by creating Rab3A/Rab27A double null mutant 

mice. We studied Rab3A/27A function in synaptic vesicle and large dense core vesicle 

(LDCV) distribution, secretion and endocytosis and emotional behaviour.

We found that both synaptic vesicle and LDCV endocytosis is reduced in Rab3A/27A 

null mutant neurons while secretion is not affected. In neuroendocrine cells, distribu-

tion and biogenesis of LDCVs was not affected by the double null mutation. We ob-

served an anxiolytic-like phenotype of the Rab3A null mutation in the elevated plus 

maze, both in Rab3A single null mutant and Rab3A/27A double null mutant mice. The 

Rab27A single null mutant mice showed no behavioural abnormalities. Furthermore, 

we did not detect altered emotional learning by Rab3A and Rab27A null mutant mice.

Taken together, Rab3A/27A double null mutant mice show mild defects in endocytosis 

of synaptic vesicles and large dense core vesicles, suggesting a role of Rab3A and/or 

Rab27A in secretory vesicle endocytosis.
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INTRODUCTION

Rab proteins are small GTPase molecules that regulate vesicle traffi c and fusion (Zerial 

and McBride, 2001). The Rab3 subfamily consists of four isoforms (Rab3A-D) of which 

Rab3A is dominantly expressed in neurons and neuroendocrine cells (Schlüter et al., 

2002). In these cells, Rab3 isoforms have been shown to regulate neurotransmitter ves-

icle traffi c from the cytosol to the plasma membrane (Nonet et al., 1997; Martelli et al., 

2000; Leenders et al., 2001; van Weering et al., 2007) as well as fusion of synaptic vesicles 

and large dense core vesicles (LDCVs) with the plasma membrane (Chung et al., 1999; 

Thiagarajan et al., 2004; Schlüter et al., 2006). The four Rab3 isoforms are not the only 

Rab proteins involved in regulated vesicle secretion. The highest amino acid sequence 

homology with Rab3s if found in the Rab27 subfamily (Fukuda et al., 2004). This sub-

family consists of two isoforms (Rab27A and B) of which Rab27A is expressed in a wide 

variety of mammalian cell types that all require regulated exocytosis (Tolmachova et al., 

2004). Rab27A is essential for proper melanosome distribution in spontaneous Rab27A 

null mutant mouse ashen (Wilson et al., 2000). In ashen pancreatic β-cells, insulin se-

cretion and vesicle recruitment are impaired indicating that these processes depend 

on Rab27A (Kasai et al., 2005). Human Griscelli patients are albino and show impaired 

degranulation of T-lymphocytes due to a mutation in the RAB27A gene, showing that 

Rab27A is essential for secretion of these vesicles (Ménasché et al., 2000). The ashen 

mouse phenotype can be compensated by Rab27B expression, indicating functional 

redundancy of the two Rab27 isoforms (Barral et al., 2002). Functional redundancy is 

also observed in the Rab3 subfamily (Schlüter et al., 2004) and has been suggested even 

to occur between Rab subfamilies, like the Rab3s and Rab27s. Combined knockdown 

of both Rab3A and Rab27A in PC-12 cells shows an additive reduction of vesicles near 

the membrane and fusion events compared to Rab3A or Rab27A knockdown alone, 

indicating that Rab3A and Rab27A both regulate the same process (Tsuboi and Fukuda, 

2006). C. elegans Rab3 and Rab27 double null mutants show a clear additive effect on 

neurotransmission. Both evoked and spontaneous synaptic vesicle secretion is reduced 

in these double null mutant nematodes compared to the single null mutants (Mahoney 

et al., 2006). 

We set out to investigate the redundancy between the dominantly expressed isoforms 

Rab3A and Rab27A in mammals. To this end we crossbred Rab3A null mutant mice 

(Geppert et al., 1994) with ashen mice to create Rab3A/Rab27A double null mutant 

mice and analyzed neurotransmitter secretion, vesicle distribution and emotional be-

haviour of these mice.
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RESULTS

Rab3A/27A double null mutant mice are viable and fertile

We crossed C3H/HeSnash/ash mice with C57BL/6J-Rab3A-/- mice to obtain Rab3A/Rab27A 

double null mutant mice. The Rab3A-/-Rab27Aash/ash mice were viable and fertile. Rab3A-/-

Rab27Aash/ash mice were lacking Rab27A as indicated by the lack of fur pigment (Wilson 

et al., 2000). Rab3A protein in neurons of Rab3A-/-Rab27Aash/ash mice was not detect-

able over background staining (Fig. 1). For the experiments, we performed Rab3A+/-Ra-

b27Aash/ash x Rab3A-/-Rab27A+/ash crossings that yielded Mendelian distributed offspring 

(18 crosses, 139 animals): double null mutant mice (Rab3A-/-Rab27Aash/ash; 20.94% ± 3.4, 

mean ± SEM), double heterozygous mice (Rab3A+/-Rab27A+/ash; 28.57% ± 2.7) and both 

single null mutants: Rab3A-/-Rab27A+/ash (Rab3A-/-; 21.27% ± 3.15) and Rab3A+/-Rab27Aash/

ash (Rab27Aash/ash; 29.12% ± 3.3).

Rab3A/27A double null mutant neurons show reduced synaptic vesicle endocy-

tosis

We characterized the effect of the Rab3A/27A double null mutation on synaptic vesicle 

secretion using electrophysiology and live cell imaging of synaptophysin-pHluorin (Sy-

pHy) (Granseth et al., 2006). 

Patch-camp recordings of autaptic hippocampal neurons showed no differences in 

EPSC amplitude or decay time between Rab3A+/-Rab27A+/ash and Rab3A-/-Rab27Aash/ash 

A B

C D

FIGURE 1: Rab3A protein is ab-

sent in Rab3A/27A double null 

mutant neurons
Typical examples of low density 
cultured hippocampal neurons of 
E18 (A, B) Rab3A+/-Rab27A+/ash and 
(C, D) Rab3A-/-Rab27Aash/ash mice. 
(A, C) show cell morphology and 
(B, D) show Rab3A immunostain-
ing by Rab3 polyclonal antibody 
T947 and secondary antibody 
goat-anti-rabbit Alexa 543. Scale 
bar represents 2 µm.
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neurons (Fig. 2A shows typical example traces; Fig. 2B, C). In addition, spontaneous EPSC 

amplitude and frequency also were not affected by Rab3A/27A deletion (Fig. 2D, E) in-

dicating that quantal content and release probability of synaptic vesicles is not affected 

by the deletion of Rab3A and Rab27A.

To test whether Rab3A and Rab27A regulate vesicle secretion during prolonged activity, 

we applied 5, 10, 20 and 40 Hz trains of 100 action potentials (APs). No differences were 

detected between double null mutant and double heterozygous neurons on all fre-

quency trains (Fig. 2F shows 20 Hz train stimulation, other frequencies are not shown), 

indicating that release from and refi lling of the releasable vesicles pool is not altered. 

Also the paired pulse depression observed in autaptic neurons was not affected by 

Rab3A/27A deletion (Fig. 2G).

These data were largely confi rmed using SypHy, an optic reporter of vesicle exo- and 

endocytosis consisting of Synaptophysin containing pH-sensitive GFP (super ecliptic 

pHluorin) in the vesicle lumenal domain (Miesenbock et al., 1998; Granseth et al., 2006). 

The acidic environment inside the synaptic vesicle quenches this reporter. Upon vesicle 

fusion, the pH of the vesicle lumen rapidly rises to neutral level and the SypHy fl uores-

cence can be detected. This signal decays due to endocytosis of SypHy by vesicles that 
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FIGURE 2: Autaptic responses are not affected in the double Rab3A/27A null mutant neurons
(A) Example evoked excitatory postsynaptic current (EPSC) of a double heterozygous and double null mutant 
autaptic hippocampal neuron. The shape of the response is described by (B) amplitude and (C) decay time. 
Without stimulation, spontaneous miniature EPSCs (mEPSC) (D) amplitude and (E) frequency are recorded. 
(F) EPSC rundown during 20 Hz train stimulation. (G) Paired pulse response, the second EPSC amplitude is 
shown as percentage of the fi rst EPSC. Rab3A+/-Rab27A+/ash n = 14 cells N = 2; Rab3A-/-Rab27Aash/ash  n = 13 cells 
N = 2. Error bars represent SEM.
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rapidly re-acidify (Granseth et al., 2006). Hippocampal neurons were stimulated by two 

trains of 40 and 400 APs at 20 Hz separated by 30 sec rest (Fig. 3A, B, E). Total internal and 

external amount of SypHy, as quantifi ed by NH
4
 and acid wash (Granseth et al., 2006), 

was not different between genotypes (examples in Fig. 3C, D and F; quantifi cation in 

Fig. 3Q and R). Peak fl uorescence during stimulation was calculated as percentage of 
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total internal SypHy per cell and showed no differences between Rab3A+/-Rab27A+/ash 

and Rab3A-/-Rab27Aash/ash cells on SypHy response to both 40 and 400 AP trains (Fig. 3G-

J). Due to depletion of releasable vesicles during the fi rst 400 AP train, the second train 

showed a smaller response in both groups (Fig. 3I, J). This depletion was signifi cantly 

larger in Rab3A-/-Rab27Aash/ash neurons as shown by the second to fi rst response ratio 

(Fig 3L). The 40 AP train did not show this effect (Fig. 3K). This result shows that the 

amount of releasable vesicles was signifi cantly smaller in double null mutant cells after 

strong stimulation. 

Vesicle endocytosis can be studied by measuring the decay kinetics of SypHy (Granseth 

et al., 2006). We fi tted the SypHy responses with mono-exponential curves and found 

that the decay after 40 APs was signifi cantly slower in Rab3A/27A null mutant neurons 

(Fig. 3M, N), indicating that SypHy endocytosis is reduced. However, this effect was not 

observed after 400 AP trains (Fig. 3O, P) but the decay showed a trend to reach a plateau 

at higher external SypHy level, suggesting that SypHy endocytosis may not be com-

pleted in the double null mutant cells (y
0
 in mono-exponential fi t: Rab3A+/-Rab27A+/ash 

2.3% ±2.8; Rab3A-/-Rab27Aash/ash 8.2% ±2.9; p = 0.053 ; Table S1). 

Taken together, we observed that Rab3A/27A deletion does not affect the number of 

vesicles secreted upon stimulation, quantal content, release probability, refi lling of the 

releasable pool and paired pulse depression. The endocytosis rate is slower in Rab3A-/-

Rab27Aash/ash neurons after a short depolarization train. During prolonged stimulation, 

vesicles endocytosis rate is normal but the second response is signifi cantly smaller 

compared to the fi rst train in absence of Rab3A and Rab27A. The data suggest that 

Rab3A/27A double deletion mildly impairs vesicle endocytosis, thereby decreasing the 

response amplitude after robust stimulation.

FIGURE 3: SypHy imaging suggests an endocytosis defect Rab3A/27A double null hippocampal neu-

rons
Example planes taken from the time-lapse movie of a Rab3A+/-Rab27A+/ash hippocampal neuron express-
ing SynaptophysinpHluorin (SypHy) in (A) rest and (B) after 400 action potentials (APs) at 20 Hz. Total internal 
SypHy expression is measured during (C) NH4 exposure and external SypHy by (D) acid wash. Scale bar rep-
resents 10 µm. (E) Average SypHy response traces of double heterozygous and double null mutant neurons 
to two trains of 40 APs and two trains of 400 APs separated by 30 sec rest. Bars indicate train duration (F) Ex-
ample SypHy response to combined NH

4
 and acid wash. (G) Average maximal SypHy response to NH4 wash. 

(G-J) Average maximal SypHy response as percentage of total internal SypHy level and (M-P) decay kinetics 
as determined by mono-exponential fi t (y

0
 + A(-(x-x

0
)/τ)) to the (G, M) fi rst and (H, N) second train of 40 APs 

and the (I, O) fi rst and (J, P) second train of 400 APs at 20 Hz. Ratio between the maximal SypHy response to 
the two trains of (K) 40 and (L) 400 APs at 20 Hz of as percentage of the fi rst response. Average maximal SypHy 
response to (Q) NH4 and (R) acid wash. Asterisks indicate signifi cant difference as tested by t-test (p < 0.05). 
Rab3A+/-Rab27A+/ash n = 16 cells, N = 4 animals; Rab3A-/-Rab27Aash/ash n = 22, N = 4. Error bars represent SEM. 
For all data see table S1.
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Rab3A/27A deletion results in more externally expressed SemapHluorin and 

shifts the large dense core vesicle secretion event to more persistent type

Since both Rab27A and Rab3A are involved in large dense core vesicle (LDCV) release 

(Desnos et al., 2003; Thiagarajan et al., 2004; Shibasaki and Seino, 2005), we assessed 

this type of vesicle secretion in double null mutant neurons by live cell imaging of the 

LDCV reporter Semaphorin-3a fused to ecliptic pHluorin (SemapHluorin, (de Wit and 

Verhage)).

We have previously shown that LDCV secretion of SemapHluorin occurs in two differ-

ent modes: persistent and transient secretion events that can be discriminated on ba-

sis of the decay characteristics of the SemapHluorin response (Fig. 4A, B ,(de Wit and 

Verhage)). Transient events have a short (τ < 10 sec) half-life and comprise of fusion 

events of either complete cargo release or fast endocytosis and re-acidifi cation, while 

persistent events are present during the whole recording period (180 sec) and consist 

of vesicles in prolonged contact with the extracellular space without releasing their 

cargo completely (de Wit and Verhage). We observed both types of events in Rab3A+/-

Rab27A+/ash and Rab3A-/-Rab27Aash/ash neurons, but the prevalence of the two modes was 

shifted in favour of the persistent event type in Rab3A-/-Rab27Aash/ash cells (Fig. 4C). This 

shift towards more persistent events in the double null background suggests a reduc-

tion in endocytosis of previously fused vesicles. In line with this, more externally local-

ized SemapHluorin was observed in double null mutant neurons compared to double 

heterozygous neurons, while total internal SemapHluorin expression level was not dif-

ferent (Fig. 4D, E). The amount of SemapHluorin secreted per event was not affected by 

the double null mutation as shown by unchanged amplitude and number of events per 

cell (Fig. 4F, G). Also the distribution of transient and persistent events over time was not 

altered by Rab3A/27A deletion (Fig. 4H, I). 

Thus, the Rab3A/27A deletion shifted LDCV secretion in favour of the persistent type 

and increased the amount of external SemapHluorin, which suggests that LDCV endo-

cytosis is affected by the deletion of Rab3A and Rab27A.

Rab3A and Rab27A are not essential for LDCV biogenesis, distribution and dock-

ing

Rab3A and Rab27A are both described to be involved in LDCV biogenesis, traffi cking 

and docking in endocrine cells (Kasai et al., 2005; Tsuboi and Fukuda, 2006; Chapter 2 

and 3). We analyzed the distribution of LDCVs in adrenal chromaffi n cells of double 

heterozygous and double null mutant mice. Typical example micrographs are shown 

in Fig. 5A-D. The LDCV size, total number and the amount of docked LDCVs were not 

affected by Rab3A/27A deletion (Fig. 5F-H). The overall distribution of LDCVs was also 

not different, although there was a trend for an increased percentage of LDCVs in the 

region within 100 nm from the plasma membrane in double null mutant cells (Fig. 5E; 
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FIGURE 4: Rab3A/27A double null mutant neurons show more persistent SemapHluorin events and 

more external SemapHluorin
Typical example (A) plane and (B) traces segments of a persistent and transient type of Semaphorin-3a-pHlu-
orin (SemapHluorin) event following 16 times 50 APs at 50 Hz. Time in sec is shown in the plane segments. 
(C) Percentage transient and persistent SemapHluorin events of Rab3A+/-Rab27A+/ash and Rab3A-/-Rab27Aash/

ash low density hippocampal neurons. (D) The average external SemapHluorin level by acid wash, (E) average 
internal SemapHluorin as measured by NH4 wash (F) maximal SemapHluorin response per spot and (G) the 
number of SemapHluorin responses per cell. Cumulative histogram of the peak SemapHluorin response time 
for (H) transient and (I) persistent type events. Asterisks indicate signifi cant difference as tested by t-test (p 
< 0.05). Rab3A+/-Rab27A+/ash n = 36 cells N = 7 animals; Rab3A-/-Rab27Aash/ash n= 26 N = 4. Error bars represent 
SEM.
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Rab3A+/-Rab27A+/ash 31.8% ± 3.5, Rab3A-/-Rab27Aash/ash 39.7% ± 3.1; ANOVA p = 0.10).  The 

deletion of both Rab3A and Rab27A did not reveal an essential role of these proteins in 

LDCV biogenesis, distribution or docking.
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FIGURE 5: Rab3A-/-Rab27Aash/ash chromaffi n cells show normal LDCV distribution and docking.
Typical example of a (A, C) double heterozygous and (B, D) double null mutant chromaffi n cell micrograph: (A, 
B) Example micrographs of the total cell, magnifi cation 8,000x, bar represents 1 µm. (C, D) Detail micrographs 
of the membrane area, magnifi cation 20,000x, arrowheads indicate the morphological docked vesicles. Bar 
represents 500 nm. (E) Distribution profi le of the LDCVs in 100 nm bins as distance to the plasma membrane. 
(F) Cumulative plot of the LDCV diameter. (G) Total number of LDCVs present in the cell section, (H) the num-
ber of docked LDCVs. ANOVA on all groups p = 0.215. Rab3A+/-Rab27A+/ash n = 21 cells N = 4 animals; Rab3A-/-

Rab27Aash/ash n = 32 N = 3. Error bars represent SEM.
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Rab3A/27A double null mutant mouse behaviour

To investigate the potential consequence of the Rab3A/27A double null mutation for 

emotional behaviour in adult mice, we performed a series of experiments assessing 

anxiety-like behaviour and emotional learning. To study the contribution of the indi-

vidual genes to the possible phenotype, we tested the Rab3A+/-Rab27A+/ash and Rab3A-

/-Rab27Aash/ash mice together with both the Rab3A-/- and Rab27Aash/ash single null litter-

mates. Body weight did not differ as a function of genotype at the end of testing at 20 

weeks of age (grand mean ± SEM: 32.0 ± 0.57 g; F
3,73

 = 2.02, p = 0.12; data not shown).

Anxiety-like behaviour

First, we aimed at anxiety-like behaviour since it involves hippocampal function 

(Bannerman et al., 2004), which is described to be compromised in Rab3A null mice 

(D’Adamo et al., 2004). Anxiety-like behaviour was assessed in the elevated plus maze 

and the dark-light box test.

On the elevated plus maze, Rab3A-/- and Rab3A-/-Rab27Ash/ash mice entered the open arms 

more frequently than Rab27Ash/ash mice and controls (F
3,73

 = 5.26, p = 0.0024; Fig. 6A). The 

total number of entries of compartments of the maze was not different between the 

genotypes (F
3,73

 = 0.74, p = 0.53; Fig. 6C), indicating similar levels of exploratory behav-

iour. Rab3A-/-Rab27Ash/ash mice spent more time on the open arms of the maze compared 

to Rab27Ash/ash mice and controls (F
3,73

 = 3.38, p = 0.023; Fig. 6B). The overall activity of 

the mice, represented by the total distance moved, was not different between geno-

types (F
3,73

 = 0.58, p = 0.63; Fig. 6D). In the dark-light box, analysis of the latency to leave 

the dark compartment and enter the bright compartment indicated no signifi cant dif-

ference between the four genotypes (F
3,36

 = 0.83, p = 0.49; data not shown). Also the 

number of visits to the bright compartment was not affected (F
3,36

 = 1.53, p = 0.22; data 

not shown). Additional parameters such as time spent in the bright compartment and 

number of faecal boli did not indicate signifi cant differences (data not shown).

Taken together, Rab3A-/- and Rab3A-/-Rab27Ash/ash mice showed indications of anxiolytic-

like responses on the elevated plus maze, but not in the dark-light box test.

Rab3A/27A double null mutants show no emotional learning defi cits

We then investigated emotional learning in two fear learning paradigms with differ-

ent levels of shock reinforcement. Passive avoidance uses a mild, whereas fear condi-

tioning uses a substantially higher shock exposure during training. Passive avoidance 

(Baarendse et al., 2008) and contextual fear conditioning involve hippocampal function, 

whereas tone-dependent fear conditioning in the delay mode does not (Stiedl et al., 

2000).

In the passive avoidance experiments no differences were observed as a function of 

genotype. Similar latencies to enter the dark compartment were measured during 
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training (H = 0.089, p = 0.99; Fig. 7A) and in the retention test 24 hr later (H = 2.69, p = 

0.44; Fig. 7B). Also additional measures such as number of dark compartment entries, 

total time spent in the dark compartment and number of faecal boli during the reten-

tion test were not affected (data not shown). All genotypes of the Rab3A/27A strain 

showed a clear increase in latency to transfer to the dark compartment from training to 

retention indicative of fear association.

During the initial 180-sec phase during training of fear conditioning, mice of all geno-

types showed similar activity levels (F
3,36

 = 1.17, p = 0.33; Fig. 7C) and clear shock re-

sponse expressed by a profound increase in activity during the 2-sec shock period (F
3,36

 

= 0.10, p = 0.96; Fig. 7D). When re-exposed to the conditioning chamber 24 hr after 

training, all groups displayed similar levels of freezing behaviour (F
3,36

 = 0.81, p = 0.50; 

Fig. 7E), indicating that conditioned context-dependent fear had been acquired. No dif-

ference in freezing levels were detected in a new environment before tone exposure 

(F
3,36

 = 1.2, p = 0.32; Fig. 7F). Thereafter, freezing levels were recorded during the tone 

presentation in this new environment which did not differ between genotypes (F
3,36 

= 

0.54, p = 0.67; Fig. 7G), indicating similar cue-dependent learning. The freezing scores 

were confi rmed by automated behavioural measures (data not shown) as previously 

reported (Stiedl et al., 1999; Stiedl et al., 2000).

In summary, these results indicate that Rab3A/Rab27A deletion did not affect emotion-

al learning and memory in these paradigms.

DISCUSSION

Redundancy between Rab3A and Rab27A

Rab3A and Rab27A are highly related proteins that share effector molecules and can 

perform similar actions (Fukuda et al., 2004; Tsuboi and Fukuda, 2006). We created Ra-

b3A/Rab27A double null mutant mice to investigate the potential redundancy between 

the dominant isoforms of the Rab3 and Rab27 subfamily. Synaptic vesicle endocytosis 

was mildly impaired by Rab3A/27A deletion and after robust stimulation these neurons 

showed decreased vesicle secretion. In addition, a shift in LDCV secretion mode was 

found towards the persistent type in Rab3A/27A double null mutants without affecting 

the number of events, suggesting that also LDCV endocytosis is impaired. LDCV distri-

bution, docking and biogenesis in adrenal chromaffi n cells of the Rab3A-/-Rab27Aash/ash 

mice were not affected. Rab3A-/- and Rab3A-/-Rab27Aash/ash mice showed a relative anxi-

olytic phenotype in the elevated plus maze test. 

Taken together, we observed no large effects on vesicle docking and secretion or emo-

tional behaviour by the Rab3A/Rab27A double null mutation, indicating that Rab3A 

and Rab27A are not essential for these processes. The remaining Rab3 and Rab27 iso-

forms might compensate for the removal of the two dominant isoforms, acting like re-
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dundant isoforms as previously suggested to occur within and between the Rab3 and 

Rab27 families (Barral et al., 2002; Schlüter et al., 2004). The C. elegans genome contains 

only one RAB3 and RAB27 gene. Double null mutation of these genes results in a clear 

additive impairment of vesicle release, almost completely blocking evoked neurotrans-

mission in the neuromuscular junction (Mahoney et al., 2006). Such magnitude of effect 

is not observed in Rab3ABCD quadruple null mutant mice (30% decrease of the EPSP 

(Schlüter et al., 2004)), which suggests that Rab27 isoforms partially compensate for the 

lack of the four Rab3 genes. Generating a mouse that lacks all rab3 and rab27 genes 

could test this hypothesis, but this is practically very diffi cult to achieve since Rab3A+/-

BCD null mice are already very diffi cult to breed (JS Schonn, personal communication). 
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FIGURE 6: Rab3A single null mutant mice show indications of anxiolytic-like behaviour
Performance of the four genotypes (double null mutants, double heterozygous controls and both Rab3A 
and Rab27A single null mutants) in the elevated plus maze. (A) open arm entries relative to total arm entries, 
(B), open arm time (% of time), (C) total number of entries and (D) total distance moved on the elevated plus 
maze as a function of genotype (Rab3A+/-Rab27A+/ash N = 23, Rab3A-/-Rab27Aash/ash N = 18, Rab3A-/- N = 17, Ra-
b27Aash/ash N = 21). Asterisks indicate signifi cant differences as determined by post-hoc Fisher’s PLSD: ** 0.05 
> p > 0.01, *** p < 0.01. Error bars represent SEM.
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The use of siRNAs to knock down Rab3 and Rab27 isoforms in the already existing null 

backgrounds would be the preferred approach to test redundancy between these pro-

teins.

Rab3A/Rab27A defi cient neurons show defi cits in vesicle endocytosis

Optic synaptic vesicle- and LDCV-reporters indicated an endocytosis phenotype in    

Rab3A-/-Rab27Aash/ash neurons. The decay of SypHy and SemapHluorin responses de-

pends on endocytosis of the reporter and re-acidifi cation of the vesicle. For SemapHlu-

orin, the shift to more persistent events is in the same order of magnitude as described 

for bafi lomycin exposure, which prevents re-acidifi cation of vesicles (de Wit and Ver-

hage). Re-acidifi cation of vesicles is probably not impaired in double null mutant neu-

rons, since we observed normal amounts of quenched SemapHluorin and SypHy in 

these neurons by neutralizing the internal pH using NH
4
-wash (Fig. 3R, 4F). Therefore, 

upstream events of re-acidifi cation like endocytosis and/or closing of the fusion pore 

appear to be affected by the Rab3A/27A deletion. The observed increase in external lo-

calized SemapHluorin (Fig. 4D) adds to the suggestion that SemapHluorin endocytosis 

is impaired.

A slower endocytosis kinetic of SypHy was observed in absence of Rab3A and Rab27A 

after 40 AP trains, but not after prolonged stimulation (Fig. 3M-P). Prolonged stimu-

lation causes more vesicle fusion and higher intracellular calcium levels, which may 

activate other processes that obscure the small effect of Rab3A and Rab27A on en-

docytosis. We did observe a smaller secretion ratio of the second 400 AP train in the 

Rab3A-/-Rab27Aash/ash mice (Fig. 3L). This might be caused by a lack of releasable vesicles 

due to slower endocytosis or a decrease in stimulus-dependent recruitment of vesicles 

as described for Rab3A single null mutant mice (Leenders et al., 2001).

Rab3A and Rab27A modulate endocytosis of both synaptic vesicles and LDCV suggest-

ing that this process is regulated by a similar mechanism in both types of vesicles. One 

component of this mechanism might be Rabphilin-3A, which is a calcium-sensing ef-

fector protein of both Rab3A and Rab27A that has been described to be involved in 

early steps of vesicle endocytosis (Burns et al., 1998; Coppola et al., 2001).

FIGURE 7: Rab3A/27A double null mutants show no emotional memory defi cits
Performance of the four genotypes in passive avoidance and fear conditioning experiments. (A) Training la-
tency and (B) retention latency in passive avoidance tests as a function of genotype with a maximum transfer 
time of 600 sec (Rab3A+/-Rab27A+/ash N = 11, Rab3A-/-Rab27Aash/ash N = 10, Rab3A-/- N = 9, Rab27Aash/ash N = 9). (C) 
Baseline activity during the habituation period of the fear conditioning paradigm and (D) activity during the 
2-sec shock (US) exposure as a function of genotype (Rab3A+/-Rab27A+/ash N = 12, Rab3A-/-Rab27Aash/ash N = 8, 
Rab3A-/- N = 8, Rab27Aash/ash N = 12). (E) Freezing in the conditioned context, (F) freezing in the new context, (G) 
freezing during the tone presentation in the new context as a function of genotype. Box plots denote data 
analyzed by nonparametric analysis (A, B), whereas other values show means, error bars represent SEM.
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Rab3A-/-Rab27Aash/ash mouse behaviour 

Behaviour of the ashen mouse has not been investigated to date. Here we show that 

Rab27A deletion in itself did not affect anxiety-like behaviour or emotional learning. 

Although Rab3A deletion impairs mossy fi bre LTP (Castillo et al., 1997; Hensbroek et al., 

2003), Rab3A single null mutants and Rab3A-/-Rab27Aash/ash mice showed normal mem-

ory in fear conditioning (in line with earlier studies (Hensbroek et al., 2003; D’Adamo 

et al., 2004)) and passive avoidance test (Fig. 7A-G). We did not observe impaired tone 

fear learning in Rab3A null mutant mice as recently reported (Yang et al., 2006). Irre-

spective of genotype, all mice showed similar levels of locomotor activity and uncon-

ditioned stimulus (US) responses suggesting unimpaired motor performance and pain 

perception in these experimental settings. In the elevated plus maze the Rab3A-/- and 

Rab3A-/-Rab27Aash/ash mice entered the open arms more often while the total number of 

entries or distance moved was not affected (Fig. 6A, C and D). This fi nding suggests that 

Rab3A defi ciency results in anxiolytic-like behaviour of mice in the elevated plus maze. 

In contrast to Rab3A and Rab27A single null mutants, Rab3A-/-Rab27Aash/ash mice spent 

more time on the open arms (Fig. 6B). This result suggests that Rab3A and Rab27A show 

redundancy on this parameter. However, Rab3A-/-Rab27Aash/ash mice and both single null 

mutants show normal performance in most behaviour tests. These data suggest that 

the impairments on secretory vesicle endocytosis have no clear negative consequenc-

es on at least these types of behavioural functions in vivo. The deletion of the Rab3A 

gene results in anxiolytic-like behaviour on the elevated plus maze. Since the hormones 

involved in the stress response are stored in LDCVs, this behavioural phenotype might 

be associated with impairment in this hormonal signalling. Further research is required 

to resolve this issue.
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MATERIALS & METHODS

Animals

C57BL/6J Rab3A-/- mice were crossbred with C3H/HeSnash/ash mice. Timed breeding for 

the experiments were performed by Rab3A+/-Rab27Aash/ash x Rab3A-/-Rab27A+/ash cross-

es, generating an offspring of double heterozygous (Rab3A+/-Rab27A+/ash), double null 

(Rab3A-/-Rab27Aash/ash), Rab3A single null (Rab3A-/-Rab27A+/ash) and Rab27A single null 

(Rab3A+/-Rab27Aash/ash) mice with Mendelian distribution.

Cell culture and transfection

Hippocampi were dissected from embryonic day 18 (E18) Rab3A+/-Rab27A+/ash and 

Rab3A-/-Rab27Aash/ash littermates and collected in Hanks Buffered Salts Solution (HBSS; 

Sigma), buffered with 7 mM HEPES. After removal of the meninges, hippocampi were 

minced and incubated for 20 min in 0.25% trypsine in HBSS at 37° C. After washing, 

the neurons were triturated with fi re-polished Pasteur pipettes, counted, and plated 

in Neurobasal medium (Invitrogen, Carlsbad, USA) supplemented with 2% B-27 (In-

vitrogen), 1.8% HEPES, 1% glutamax (Invitrogen), 1% Pen/Strep (Invitrogen), and 0.2% 

-mercaptoethanol. Neurons were plated at 25,000/cm2 on a rat glia monolayer. 50% of 

the medium was refreshed every week.

Cells expressing SynaptophysinpHluorin (SypHy) were infected by lenti virus at DIV5. 

For SemapHluorin experiments, calcium/phosphate transfection of 3 µg of SemapHlu-

orin, 1 µg Synaptophysin-Red and 1 µg Cyan cell fi ll was used at DIV10. All cells were 

imaged on DIV14-17. 

Immunocytochemistry

Cells were fi xed for 30 min in 4% paraformaldehyde in PBS and stained with polyclonal 

anti-Rab3 antibody T947 and secondary antibody goat-anti-rabbit Alexa 543 (Molecu-

lar Probes). After several washes, coverslips were mounted in Mowiol and examined on 

a Zeiss LSM 510 confocal laser-scanning microscope using a 63x objective. Cell mor-

phology was imaged in the 488 nm channel with low threshold settings. Fixed laser 

settings and exposure time were use to allow comparison between genotypes. 

Live cell imaging

Low-density hippocampal neurons were imaged on an Axiovert II microscope (40x ob-

jective; Zeiss, Germany) at room temperature using a Cascade camera (Photometrics, 

USA) and a Polychrome IV illumination unit (TILL Photonics, Germany). The chamber is 

continuously perfused with Tyrode’s solution (2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 

2 mM MgCl2, 30 mM glucose, 25 mM Hepes, pH 7.4) supplemented with 50 µM 2-ami-

no-5-phosphonovaleric acid (AP-5) and 10 µM 6-cyano-7-nitroquinoxaline-2,3-dione 
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(CNQX) to suppress network activity. Action potentials were delivered by fi eld stimula-

tion through parallel platinum electrodes immersed into the perfusion chamber, de-

livering 30 mA, 1 msec pulses, using a Master8 stimulator (AMPI, Israel) and a Stimulus 

Isolator A385 (World Precision Instruments, USA). Intracellular pH was neutralized with 

normal Tyrode’s containing 50 mM NH4Cl, which replaced NaCl on an equimolar basis 

in the solution. Low pH Tyrode’s (pH 5.5) used for acid wash experiments was identical 

to normal Tyrode’s except that Hepes was replaced with the membrane-impermeable 

buffer MES. Solutions were applied by a double-barrelled pipette placed near the im-

aged neuron. Images were acquired at 3 Hz using 100 ms exposure time and analyzed 

using a 4x4 pixel region of interest per fusion event in MetaMorph 6.2 software (Univer-

sal Imaging, USA). Traces were fi tted in Igor Pro (WaveMetrics Inc., USA).

Electrophysiology

Hippocampal neurons were obtained like described above. Neurons were plated at 

6,000/cm2 on micro-islands of rat glia. Glia islands were obtained by spraying a 0.25 

mg/ml rat-tail collagen solution (BD Biosciences, USA) on glass coverslips. After drying 

and UV sterilization, glia cells were plated at 600/cm2. 50% of the medium was refreshed 

every week. Whole-cell voltage-clamp (V
m

 = -70 mV) recordings were performed on DIV 

14–16. The patch-pipette solution contained (in mM): 125 K+-gluconic acid, 10 NaCl, 4.6 

MgCl2, 4 K2-ATP, 15 creatine phosphate, 1 EGTA, and 20 U/ml phospocreatine kinase 

(pH 7.30). The external medium used contained the following components (in mM): 140 

NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 HEPES, 10 glucose (pH 7.30). The Axopatch 200A am-

plifi er (Axon CNS Molecular Devices, USA) was used for whole-cell recordings. Signals 

were acquired using Digidata 1322A (Axon CNS Molecular Devices, USA) and Clampex 

8.19.2 (Axon CNS Molecular Devices, USA). Clampfi t 8.09.2 (Axon CNS Molecular De-

vices, USA) and Mini Analysis (Synaptosoft Inc., USA) was used for offl ine analysis.

Flat embedding and electron microscopy

Chromaffi n cells of Rab3A+/-Rab27A+/ash and Rab3A-/-Rab27Aash/ash E18 littermates were 

obtained and prepared for electron microscopy as described before (de Wit et al., 2006). 

In brief, the adrenals were dissected out and cleaned from adipose tissue before 30-min 

digestion by Papain (Sigma) in D-MEM containing L-Cysteine (Sigma), 0.5 mM CaCl2 

and 250 µM EDTA. The triturated cells were plated on gridded coverslips (Bellco Glass 

Inc., USA). On DIV3, the cells were fi xed in 2.5 % glutaraldehyde in 0.1M cacodylate buf-

fer and post-fi xed in 1% OsO4 (EMS, USA). The cells were stained en-bloc by 1% urany-

lacetate (Polyscience, USA). The cells were embedded in EPON resin after dehydration 

by increasing ethanol concentrations. 50 nm sections were captured on formfar-coated 

grids and stained with 7% uranylacetate and Reynolds lead. The sections were imaged 

in a JEOL 1010 electron microscope on 60 kV. Parameters were quantifi ed in a custom-

written program running in Matlab (MathWorks, USA) environment.
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Behaviour experiments

All experiments were performed by one cohort of adult littermate male animals: 23 

Rab3A+/-Rab27A+/ash, 17 Rab3A-/-Rab27Aash/ash, 18 Rab3A-/- and 21 Rab27Aash/ash. All experi-

ments were approved by the animal research committee and complied with the Eu-

ropean Council Directive (86/609/EEC). The behaviour paradigms were performed in 

the following order: (1) elevated plus maze (all mice), (2a) dark-light preference and 

fear conditioning (50% of the mice) and (2b) passive avoidance (remaining 50% of the 

mice). Behaviour tests were performed consecutively at intervals of 14 days until mice 

were 20 weeks of age.

Dark-light box test

Mice were placed in the dark compartment of a computerized double compartment 

box with analysis software (Model 256000, TSE-Systems, Bad Homburg, Germany; com-

partment size (30 × 25 × 30 cm, width × length × height). An initially closed 5 x 5 cm 

door connected both dark (10 lx) and bright compartment (500 lx). After 15 sec the 

door to the bright compartment was opened and mice were allowed to freely explore 

the box for 5 min. Before each session the set-up was cleaned with 70% ethanol. Pa-

rameters scored were latency to enter the bright compartment, number of visits to the 

bright compartment, total time spent in the bright compartment and number of faecal 

boli dropped in the box.

Elevated plus maze

Mice were placed in the centre of the elevated plus maze facing an open arm (arm di-

mensions: 30 × 5 cm; closed arm wall height: 14.5 cm; open arm framing height: 0.3 cm; 

maze elevation: 40 cm). Mice were allowed to freely explore the maze for 5 min. Time 

spent on each arm, number of arm visits and total distance moved were tracked by 

EthoVision (Noldus, Wageningen, The Netherlands).

Fear conditioning

The fear conditioning experiments were carried out as previously described (Stiedl et 

al., 1999) employing a computer-controlled fear conditioning system (Model 303410, 

TSE-Systems, Bad Homburg, Germany). Mice trained for fear conditioning were subject-

ed to a paired (delay) presentation of a 30-sec tone (10 kHz, pulsed 5 Hz, 70 dB SPL) fol-

lowed by shock (unconditioned stimulus: US; 2 sec, 0.7 mA, constant current) delivered 

at tone offset through a stainless steel fl oor grid (bar diameter 4 mm, distance 9 mm) in 

the fear-conditioning box. Mice were returned to their home cages from the fear con-

ditioning box 30 sec after US termination. Training (acquisition) occurred in a Plexiglas 

cage (36 × 21 × 20 cm, length x width x height) within a constantly illuminated (120-

500 lx) fear-conditioning box (conditioning context) made of dark-grey acrylic plastic. 
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The fear-conditioning chamber was thoroughly cleaned with 70% ethanol before each 

experiment. In the conditioning box a high-frequency loudspeaker (Conrad, KT-25-DT, 

Hirschau, Germany) provided a constant auditory background noise (white noise, 68 

dB SPL).

Context-dependent memory was tested 24 hr after training by re-exposure to the con-

ditioning box for 180 sec without any phasic stimulation such as tone and shock. Tone-

dependent memory tests were performed 2 hr after the contextual memory test in a 

novel context. The novel context was a similarly sized Plexiglas cage that was cleaned 

with 1% acetic acid before each experiment. The light intensity was reduced to 40-120 

lx. There was a plain fl oor (without shock grid) in the cage and the background colour 

was white. Initially behaviour was monitored for 180 sec without tone presentation 

(pre-CS phase) before the tone-CS was replayed for 180 sec (CS phase). Freezing de-

fi ned as the lack of any movement besides respiration and heartbeat was assessed by a 

time-sampling procedure. Every 10 sec the behaviour of a mouse was instantly judged 

as either freezing or not by an observer unaware of the genotype.

Passive avoidance

Mice were trained by placement in the bright compartment (1000 lx) of a computerized 

passive avoidance system (Model 256000, TSE-Systems, Bad Homburg, Germany) as 

used for the dark-light tests (see above). After 60 sec the door to the dark compartment 

(10 lx) opened and closed again upon transfer of the animal. In the dark compartment 

the animal received a foot shock (1 sec, 0.3 mA, constant current) and thereafter re-

mained in the dark compartment for 60 sec before being returned to the home cage.

For the retention test session the animal was returned the bright compartment and 

after 15 sec had 600 sec of free access to the dark compartment. The latency until an 

animal transferred into in the dark compartment was measured. Mice not entering the 

dark compartment at all were assigned a latency of 600 sec.

Statistical analyses of the behaviour data

The overall genotype effects were examined using either analysis of variance (ANOVA) 

or Kruskal-Wallis nonparametric ANOVA as appropriate. Fisher’s protected least signifi -

cant difference test served as post hoc test to analyze the statistical difference between 

appropriate multiple comparisons. The Mann-Whitney U-test was used as post hoc test 

for pair-wise comparisons between groups following Kruskal-Wallis nonparametric 

ANOVA. Nonparametric data are presented as box plots with the ends of the box de-

noting the 25% and 75% interquartile range and the whiskers providing the upper and 

lower quartile ± 1.5 times the interquartile range, respectively, while the line in the box 

denotes the median. An error probability level of p < 0.05 was accepted as statistically 

signifi cant throughout the study. Analyses were performed using StatView 5.0.1 (SAS 

Institute, Cary, NC, USA).
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Rab3A+/-Rab27A+/ash Rab3A-/-Rab27Aash/ash T-TEST

average SEM n (cells) average SEM n (cells) p value

Amplitude ( F/F0) 1st 40 AP 0.0090 0.0020 13 0.0060 0.0006 18 0.083

2nd 40 AP 0.0093 0.0023 12 0.0061 0.0008 15 0.106

Amplitude (% of total 
internal SypHy)

1st  40 AP 8.0874 0.9220 13 6.5171 0.6643 18 0.090

2nd 40 AP 7.9672 0.9973 12 6.4245 1.0613 15 0.150

2e Amplitude % of first 2nd 40 AP 94.0792 3.7570 11 101.0023 8.0757 14 0.224

2nd 400 AP * 80.7724 3.6105 16 65.4572 4.7345 21 0.007

rise tau (sec) 1st  40 AP 2.0478 0.0743 13 1.8456 0.1297 18 0.094

2nd 40 AP 1.9246 0.1221 12 1.9408 0.1012 15 0.460

decay tau (sec) 1st  40 AP * 10.4449 0.9296 12 13.5036 1.4746 17 0.046

2nd 40 AP * 10.1957 0.7059 12 12.3469 0.8805 15 0.034

decay Y
0
 ( F/F0) 1st  40 AP N.D. N.D.

2nd 40 AP N.D. N.D.

1st  400 AP 0.0460 0.0071 16 0.0453 0.0082 21 0.473

2nd 400 AP 0.0372 0.0060 16 0.0310 0.0073 22 0.257

1st 400 AP 44.6446 4.9471 16 47.3112 5.7581 21 0.364

2nd 400 AP 34.6963 3.3310 16 28.5758 3.0371 22 0.092

1st  400 AP * 10.4226 1.0278 16 12.9060 0.8685 21 0.037

2nd 400 AP 9.6709 0.8492 16 11.6432 0.9290 22 0.063

1st  400 AP 20.4908 2.1668 9 21.3127 2.1881 17 0.396

2nd 400 AP 17.0643 1.3085 12 16.0368 1.3827 15 0.297

1st  400 AP -0.1030 4.0885 9 10.8556 5.0711 17 0.053

2nd 400 AP 4.1127 3.9011 12 5.1971 2.2574 15 0.406

Internal/external ( F/F0) NH
4

0.1093 0.0223 16 0.1039 0.0237 22 0.435

Acid -0.0208 0.0142 4 -0.0254 0.0048 5 0.389

SypHy Data

SUPPLEMENTORY INFORMATION

TABLE S1: SypHy data and fi t parameters
Overview of the SypHy data (average, SEM and n) in Rab3A+/-Rab27A+/ash and Rab3A-/-Rab27Aash/ash hippocam-
pal neurons: Average maximum amplitude as ΔF/F0 and percentage of internal SypHy expression level, aver-
age maximum amplitude of the second AP train as percentage of the fi rst train. Rise and decay time constants 
(tau) and plateau level of the decay (y

0
) as derived from the mono-exponential fi t (y

0
 + A(-(x-x

0
)/tau)). P-values 

of one-tailed t-test for unequal variance are shown. Asterisks indicate signifi cant difference (p < 0.05).
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ABSTRACT

Rabphilin-3A is a Rab3A effector protein known to stimulate large dense core vesicle 

(LDCV) secretion and vesicle transport. Rabphilin-3A binds to GTP-Rab3A and contains 

two C-terminal Ca2+-binding C2 domains that bind PIP2 and SNAP-25. Furthermore, 

Rabphilin-3A can cross-link actin fi laments through its interaction with -actinin and 

cluster LDCVs in vitro. 

We previously found that Rab3A stimulates LDCV docking depending on its ability to 

switch between GDP- and GTP- conformations. Here, we examined whether this effect 

is mediated through the Rab3A-GTP/Rabphilin-3A interaction by overexpressing full-

length Rabphilin-3A in chromaffi n cells. Surprisingly, we observed a decrease in docked 

vesicles and vesicles in the vicinity of the cell membrane. Instead, Rabphilin-3A overex-

pression clustered the LDCVs in the cytosol. These clusters were also observed when 

Rabphilin-3A lacking the C2B domain was expressed or when the actin cytoskeleton 

was disrupted. We expressed the full-length Rabphilin-3A in chromaffi n cells of mice 

defi cient for Rab3A/Rab27A and Munc18-1. In both conditions clusters were observed, 

indicating that these proteins are not essential for this effect of Rabphilin-3A.

We conclude that Rabphilin-3A overexpression clusters LDCVs in intact chromaffi n cells. 

This action of Rabphilin-3A is independent of actin fi lament cross-linking, presence of 

its C2B domain, Rab3A/27A or an active vesicle cycle.
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INTRODUCTION

Docking and fusion of synaptic vesicles and large dense core vesicles (LDCVs) is medi-

ated by a conserved set of SNARE and Rab proteins (Jahn and Scheller, 2006; Zerial 

and McBride, 2001). GTP-bound Rab3 proteins are localized on secretory vesicles and 

bind their two major interacting proteins in this conformation: RIM (Wang et al., 1997) 

and Rabphilin-3A (Shirataki et al., 1993). Rabphilin-3A is part of a large protein family 

containing the Synaptotagmin-like proteins (Slps), exophilins and the Doc2 proteins 

(Verhage et al., 1997; Izumi et al., 2003; ). These proteins are characterized by two C-

terminal Ca2+-binding C2 domains (C2A and C2B) (Izumi et al., 2003). The C2 domains 

of Rabphilin-3A associate with phosphatidylinositol-4,5,-biphosphate (PI(4,5)P2) in a 

Ca2+-dependent manner (Chung et al., 1998). Furthermore, the C2B domain provides 

the interaction between Rabphilin-3A and SNAP-25, a SNARE protein essential for 

vesicle exocytosis (Sørensen et al., 2003; Tsuboi and Fukuda, 2005; Deák et al., 2006). 

The N-terminus of Rabphilin-3A contains the Rab-binding domain that interacts with 

Rab3A, Rab27A and Rab8A in the GTP-bound conformation (Ostermeier, Chung et al., 

1997; Ostermeier and Brunger, 1999; Fukuda et al., 2004). Rabphilin-3A protein is un-

stable in rab3A null mutant mice indicating that this interaction is important for proper 

Rabphilin-3A function (Geppert et al., 1994). The N-terminal domain also interacts with 

Rabaptin-5, involved in endocytosis, and -actinin that cross-links actin fi laments (Kato 

et al., 1996; Coppola et al., 2001; Baldini et al., 2005). 

The exact role of Rabphilin-3A in the secretory pathway is not clear. Rabphilin-3A over-

expression in PC-12 and chromaffi n cells increases secretion (Chung et al., 1995; Tsuboi 

and Fukuda, 2005). Expressing Rabphilin-3A lacking the C2B domain or the Rab-binding 

domain alone both inhibit secretion, suggesting that both domains are important for 

the role of Rabphilin-3A in vesicle secretion (Chung et al., 1995; Chung et al., 1997; Fuku-

da et al., 2004; Tsuboi and Fukuda, 2005). However, C. elegans rbf (Rabphilin homologue) 

null mutants show no clear synaptic phenotype in contrast to rab3 or snap-25 null ani-

mals (Staunton et al., 2001; Nonet et al., 1997; Delgado-Martinez et al., 2007). Rabphilin-

Rab3 defi cient nematodes show a strong decrease in aldicarb sensitivity compared to 

rab-3 nulls, while this is not observed in aex-6 (homologue to Rab27A)-rbf double null 

mutants (Staunton et al., 2001; Mahoney et al., 2006). These results suggest that Rab-

philin fulfi ls a role in neurotransmission in parallel to Rab3 function through Rab27 

(Mahoney et al., 2006). Like in C. elegans, Rabphilin-3A null mutant mice show no clear 

phenotype apart from faster recovery of the synaptic response after high-frequency 

stimulation (Schlüter et al., 1999; Deák et al., 2006). Neurons of Rabphilin-3A/Synapto-

brevin-2 double null mutant mice show a partial rescue of the decreased neurotrans-

mitter release observed in Synaptobrevin-2 single null mutant neurons, suggesting 

that Rabphilin-3A lowers the vesicle release probability in vivo (Deák et al., 2006). This is, 
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however, not in line with the overexpression studies, leaving the role of Rabphilin-3A in 

vesicle secretion unresolved to date.

Rabphilin-3A overexpression is described to increase the number of LDCVs in vicinity 

of the cell membrane by interacting with SNAP-25 on the cell membrane (Tsuboi and 

Fukuda, 2005; Tsuboi et al., 2007). We found that Rab3A increases the number of docked 

LDCVs to the cell membrane, depending on the ability of Rab3A to switch between 

GTP- and GDP-bound conformations (van Weering et al., 2007). The ability of Rab3A 

to promote vesicle docking is also depending on Munc18-1, a protein that binds to 

Syntaxin-1 and regulates LDCV docking (Voets et al., 2001; van Weering et al., 2007). 

Since Rabphilin-3A associated with Rab3A depending on its GTP-bound state, we in-

vestigated if Rab3A infl uences vesicle docking via Rabphilin-3A. 

To study the role of Rabphilin-3A in LDCV docking, we expressed full length Rabphilin-

3A in mouse chromaffi n cells and analyzed the LDCV distribution by electron micros-

copy.

RESULTS

Rabphilin-3A reduces the number of docked LDCVs by clustering vesicles in the 

cytosol

We expressed wild-type Rabphilin-3A in mouse adrenal chromaffi n cells harvested on 

embryonic day 18 and analyzed the distribution of the LDCVs by electron microscopy. 

The cells showed normal morphology and total number of LDCVs (Fig 1A, B show typi-

cal examples; quantifi cation in Fig 1C, F). Surprisingly, a smaller proportion of vesicles 

were found in the vicinity of the cell membrane in Rabphilin-3A expressing cells in-

stead of the expected increase of vesicles in this region (Fig 1F and (Tsuboi and Fukuda, 

2005)). The amount of morphologically docked LDCVs, the vesicles directly contacting 

the cell membrane, was reduced to 50 percent of control (Fig 1D, E show typical ex-

amples; quantifi cation in Fig 1H). Instead, Rabphilin-3A expressing cells showed clusters 

of LDCVs in the cytosol (Fig 1E). 

We quantifi ed the clustering of LDCVs by custom written software described in Chapter 

6. We set the maximal distance between LDCV locations (centre of vesicle) to 125 nm, as 

we determined empirically (Chapter 6). The vesicle clusters are shown in similar colours 

in a graphical representation (Fig 2A, B; same cells as shown in Fig 1A, B). Rabphilin-3A 

expression increased the number of clusters of 5 or more vesicles, the percentage of 

vesicles in these clusters and the average number of vesicles per cluster (Fig 2C-E). The 

vesicle density is not affected by Rabphilin-3A in clusters of 5 or more vesicles (Fig 2F).

Taken together, Rabphilin-3A overexpression decreased the number of vesicles in vicin-

ity of the plasma membrane and clustered LDCV in chromaffi n cells.
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Figure 1: Rabphilin-3A overexpression caused clusters of LDCVs
Typical example micrographs of mouse chromaffi n cells expressing (A, D) IRES-EGFP control or (B, E) Rabphilin-
3A-IRES-EGFP construct. (A, B) Examples of the total cell; Magnifi cation 8,000x, scale bare indicates 2 µm. (D, E) 
detail micrographs; Magnifi cation 20,000x, scale bar represents 500 nm. Arrowheads indicate docked LDCVs. 
Average (C) total number of LDCVs, (F) cell section surface and (H) number of docked LDCVs are shown (EGFP 
control n = 7 cells N = 3 animals, Rabphilin-3A n = 22 N = 5). (G) Distribution profi le of the LDCVs to the cell 
membrane as percentage of total number of LDCVs. Asterisks indicates signifi cant difference as determined 
by t-test (p < 0.05). All error bars represent SEM. 
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Rabphilin-3A does not cluster LDCVs by polymerization of actin

Rabphilin-3A has been described to cluster LDCVs in vitro by cross-linking actin fi la-

ments via α-actinin and associating LDCVs to the fi lamentous actin (F-actin) (Kato et 

al., 1996; Baldini et al., 2005). However, Rabphilin-3A expressing cells showed a normal 

F-actin network as shown by phalloidin-rhodamine staining (Fig 3C, D). We tested the 

role of F-actin in LDCV clustering by destabilizing the actin fi laments in Rabphilin-3A-

expressing cells using Latrunculin-A (Lat-A). Lat-A application disrupted the actin cy-

toskeleton (Fig 3E, F), but vesicle clusters remained in Rabphilin-3A expressing cells (Fig 

3A, B). The data show that Rabphillin-3A does not cluster LDCVs by linking the vesicles 

to polymerized actin.
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Figure 2: Rabphilin-3A clusters LDCVs
Typical graphic representations of LDCV clusters in chromaffi n cells expressing (A) IRES-EGFP control (n = 7) 
and (B) Rabphilin-3A-IRES-EGFP construct (n = 21). Maximal distance between clustered LDCV-coordinates 
is set to 125 nm. Quantifi ed parameters are: (C) average number of clusters per cell containing over 5 LDCVs, 
(D) average number of LDCVs per cluster, (E) percentage of total number of vesicles and (F) LDCV density in 
clusters containing 5 or more vesicles. 
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LDCV clustering is not mediated by the C2B domain of Rabphilin-3A and does not 

require the presence of Rab3A/Rab27A or an active vesicle cycle

Since Rabphilin-3A does not cluster LDCVs by polymerizing actin through α-actinin, 

we tested several other scenarios by which Rabphilin-3A expression could evoke this 

effect. First, we tested if the C-terminal C2B domain is involved in clustering LDCVs. This 

domain interacts with SNAP-25 and PIP2 in the membrane and removal of this domain 

results in a reversal of effect on vesicle secretion. Due to poor transfection effi ciency 

of the produced virus we obtained only a few infected cells, allowing only qualitative 

analysis by which we consider a cell with a LDCV/cluster ratio over 2.5 to show appar-

ent clustering. We expressed Rabphilin-3A lacking the C2B domain in normal chromaf-

fi n cells, 4 out of 6 cells showed vesicle clustering (Fig 4A, D). Second, we studied the 

involvement of the two main Rab GTPase proteins interacting with Rabphilin-3: Rab3A 

and Rab27A (Fukuda et al., 2004). We expressed wild type Rabphilin-3A in chromaffi n 

cells of Rab3A-/-Rab27Aash/ash mutant mice (Chapter 4) and observed clustering of LDCVs 

in all 3 Rabphilin-3A expressing cells (Fig. 4B, E). Finally, we expressed wild type Rabphi-

C D E F

A B

Figure 3: LDCVs are not clustered by polymerized actin
(A) Example micrograph of a chromaffi n cell expressing Rabphilin-3A-IRES-EGFP after Latrunculin A expo-
sure, scale bare represents 1 µm; insert shows EGFP-signal of these cells prior to the fi xation. (B) Graphical rep-
resentation of the LDCV clusters in the same cell. 4 out of 9 Rabphilin-3A-IRES-EGFP expressing cells showed 
vesicle clustering. Confocal pictures of chromaffi n cells expressing Rabphilin-3A-IRES-EGFP, (C, E) EGFP chan-
nel and (D, F) phalloidin-rhodamine staining, fi xed directly after 6 minutes (C, D) vehicle or (E, F) Latrunculin-A 
exposure. All scale bars represent 2 µm. 
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lin-3A in cells lacking Munc18-1 in which vesicle cycling is impaired, since this protein 

is essential for docking and fusion of LDCVs (Toonen et al., 2006). Again, we observed 

clustering of vesicles in 1 out of 4 Rabphilin-3A-expressing cells (Fig 4C, F). Although the 

number of observations is too low to do quantative analysis, we observed vesicle clus-

tering in all conditions. Therefore, the data indicate that an active vesicle cycle, Rab3A/

Rab27A and the C2B domain of Rabphilin-3A are not essential for the vesicle clustering 

phenotype of Rabphilin-3A.

DISCUSSION

Rabphilin-3A is a calcium-binding protein that interacts with Rab3A, Rab27A, SNAP-25 

and -actinin that has been described to promote LDCV docking (Tsuboi and Fukuda, 

2005). Surprisingly, we found that overexpression of Rabphilin-3A resulted in a de-

crease of docked LDCVs and vesicles near the membrane by clustering them together 

in the cytosol. Rabphilin-3A lacking the C2B domain was also able to form clusters upon 

overexpression, suggesting that the C2B domain is not essential for this effect. These 

vesicle clusters were still observed in absence of Rab3A, Rab27A or Munc18-1 suggest-

ing that these proteins are not essential for LDCV-cluster formation, however more ob-

servations are needed to quantitative results. Furthermore, disruption of the F-actin 

cytoskeleton did not dissociate the vesicle clusters, indicating that the vesicles are not 

linked together by polymerized actin.

Why did we not see the expected docking effect?

Previous studies have shown that Rabphilin-3A overexpression increases the number 

of LDCVs in the vicinity of the plasma membrane using Total Internal Refl ecting Fluo-

rescence Microscopy (TIRF-M), which depended on the interaction between Rabphilin-

3A and SNAP-25 (Tsuboi and Fukuda, 2005; Tsuboi et al., 2007). We, however, observed a 

decrease of both the docked pool and the number of vesicles in the sub-membrane re-

gion. Several differences between the two studies might explain this discrepancy. First, 

the previous studies used mRFP-Rabphilin fusion constructs while we used an internal 

ribosomal entry site (IRES) to separate Rabphilin-3A from the reporter protein (EGFP). 

Interaction sites at the N-terminus might become unavailable by fusing mRFP to the 

protein and prevent LDCV clustering. Second, in TIRF only those vesicles that contain 

fl uorescent cargo can be monitored, which is a subset of the vesicles identifi ed by EM. 

This subset of vesicles might be more prominently located in the vicinity of the plasma 

membrane. Third, using live cell imaging the cells are not fi xed, but this is required for 

EM. We used chemical emersion fi xation, which can induce calcium infl ux (our unpub-

lished observations) and might introduce artefacts. Fourth, we use primary cultured 
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chromaffi n cells while the Fukuda group uses PC-12 cell lines, which might be different 

in their molecular composition (Grundschober et al., 2002; Eaton and Duplan, 2004).

Rabphilin-3A has been described to cluster LDCVs in vitro by cross-linking of actin fi la-

ments via α-actinin (Baldini et al., 2005). In our experiments, we still observed vesicle 

clusters after destabilizing the actin fi laments using Lat-A. It has been shown that Rab-

philin-3A does not bind to actin directly, but via α-actinin which binds to the N-terminus 

of Rabphilin-3A (Kato et al., 1996). Apart from actin, α-actinin can bind to several other 

proteins among which many adhesion molecules (Otey and Carpen, 2004). By using 

Lat-A, these interactions may remain. Therefore, we do not exclude that Rabphilin-3A 

clusters LDCVs via α-actinin. 

Rabphilin-3A clusters and Rab3A, Rab27A and Munc18-1

We show that the interaction with Rab3A and Rab27A is not essential for vesicle clus-

tering. Although these cells lack the two dominant Rab-isoforms of the Rab3 and the 

Rab27 family, possibly the remaining isoforms are suffi cient to link Rabphilin-3A to the 

vesicular membrane. Rab3A promotes LDCVs docking dependent on Munc18-1 (van 

Weering et al., 2007). Munc18-1 is essential for morphological docking and fusion of   

A B C

D E F

Figure 4: LDCV clustering is not mediated by the C2B domain of Rabphilin and is not depending on the 

presence of Munc18, Rab3A or Rab27A.
Example micrographs of a (A, D) wild type chromaffi n cell expressing Rabphilin-3A C2B and typical examples 
of chromaffi n cells from (B, E) Rab3A/Rab27A double null mutant and (C, F) Munc18-1 null mutant mice ex-
pressing Rabphilin-3A-IRES-EGFP showing vesicle clustering. (A-C) Magnifi cation 8,000x, scale bare indicates 
2 µm; (D-F) detail micrographs, magnifi cation 20,000x, scale bar represents 500 nm.
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LDCVs, therefore these cells lack an active LDCVs cycle (Toonen et al., 2006). We ob-

served clusters in Rabphilin-3A overexpressing cells of munc18-1 null mutant mice, sug-

gesting that an active vesicle cycle is not required of the LDCVs clustering phenotype 

of Rabphilin-3A. However, the number of observations is very low in these experiments 

allowing only this qualitative analysis. Quantative analysis on a larger dataset might 

reveal that these proteins do change the number or size of these vesicle clusters.

What future experiments might resolve this process?

In the presented study, we did not fi nd a proper negative control situation in which 

Rabphilin-3A does not cluster LDCVs. Therefore, this effect can be due to an overexpres-

sion artefact. We expressed highly related protein Doc2b in chromaffi n cells and we did 

not observe vesicle clustering (Friedrich et al., 2008), suggesting that this overexpres-

sion effect is highly specifi c for Rabphilin-3A. However, the only experiment to investi-

gate whether Rabphilin-3A-induced vesicle clustering is and artefact of overexpression 

is to analyze the vesicle distribution in chromaffi n cells of rabphilin-3A null mutant mice. 

Possibly, these LDCVs might be scattered though out the cytoplasm in chromaffi n cells 

of these mice compared to controls. However, Rabphilin-3A defi cient chromaffi n cells 

show normal LDCVs secretion (J.B. Sørensen, personal communication), suggesting 

that this would have not consequence for the secretion of vesicles.
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MATERIALS & METHODS

Preparation of the Rabphilin-3A plasmids and Semliki Forest Virus production

Rabphilin-3A was cloned from mouse brain cDNA. All constructs were sequence veri-

fi ed. Rabphilin-3A was cloned into pIRES2-EGFP vector (Clontech, USA) and Rabphilin-

3A-IRES-EGFP was subsequently cloned into Semliki Forest Virus vector. Semliki Forest 

virus was produced according to (Ashery et al., 1999).

Cell culture 

Chromaffi n cells of wild type C57BL6/J mice were obtained and prepared for electron 

microscopy at embryonic day 18 as previously described (de Wit et al., 2006). In brief, 

the adrenals were dissected out and cleaned from adipose tissue before 30-minute di-

86

Chapter 5

86

Chapter 5

Proefschrift_Jan.indd   Sec1:86Proefschrift_Jan.indd   Sec1:86 2/10/08   11:47:322/10/08   11:47:32



gestion by Papain (Sigma, Germany) in D-MEM containing L-Cysteine (Sigma, Germany), 

0.5 mM CaCl2 and 250 µM EDTA. The triturated cells were plated in on collagen-coated 

coverslips and maintained in Glutamax-1 DMEM (Gibco Invitrogen, USA) supplemented 

with Penicillin/Streptomycin and Insulin-Transferrin-Selenium X (ITS-X; Gibco Invitro-

gen, USA) at 37° C. in 10 % CO2 incubator. At DIV3, the cells were infected with Semliki 

Forest virus for 7 hours. The virus stocks are coded to perform the experiments blind. 

Immunocytochemistry

Mouse chromaffi n cells expressing Rabphilin-3A or EGFP control were fi xed for 30 min-

utes in 4% paraformaldehyde in PBS after 6 minute incubation of 1 mM Latrunculin A or 

vehicle in the culture medium. Filamentous actin was stained by 0.25 U/ml rhodamine-

phalloidin (Molecular Probes) in PBS. After several washes, coverslips were mounted in 

Mowiol and examined on a Zeiss LSM 510 confocal laser-scanning microscope using 

a 63x objective. Fixed laser settings and exposure time were use to allow comparison 

between genotypes. 

Flat embedding and Electron microscopy

Mouse chromaffi n cells were plated on gridded coverslips (Bellco Glass Inc. USA). On 

DIV3, the cells were fi xed in 2.5 % glutaraldehyde in 0.1 M cacodylate buffer and post-

fi xed in 1% OsO4 (EMS, USA). The cells were stained en-bloc by 1% uranylacetate (Poly-

science, Warrington, Pennsylvania USA). After dehydration by increasing ethanol con-

centrations, the cells were embedded in EPON resin. Fifty nm sections were captured 

on formvar-coated grids and stained with 7% uranylacetate and Reynolds lead. The 

sections were imaged in a JEOL 1010 electron microscope on 60 kV. Parameters were 

quantifi ed in a custom-written program running in Matlab (MathWorks, USA) environ-

ment. Cells were considered to contain vesicle clusters in the qualitative analysis when 

the number of LDCVs/number of cluster ratio was 2.5 or higher.
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ABSTRACT

Neuroendocrine cells like chromaffi n cells and PC-12 cells are established models for 

transport, docking and secretion of secretory vesicles. In micrographs, these vesicles are 

recognized by their electron dense core. The analysis of secretory vesicle distribution is 

usually performed manually, which is labour-intensive and subject to human bias and 

error. 

We have developed an algorithm to analyze secretory vesicle distribution and docking 

in electron micrographs. Our algorithm automatically detects the vesicles and calcu-

lates their distance to the plasma membrane on basis of the pixel coordinates, ensuring 

that all vesicles are counted and the shortest distance is measured. We validated the 

algorithm on several preparations of endocrine cells. The algorithm was highly accurate 

in recognizing secretory vesicles and calculating their distribution including vesicle-

docking analysis. Furthermore, the algorithm enabled the extraction of parameters that 

cannot be measured manually like vesicle clustering.

Taking together, the algorithm facilitates and expands the unbiased and effi cient analy-

sis of secretory vesicle distribution and docking.
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INTRODUCTION

One of the key challenges in neuroscience is elucidating the mechanism by which neu-

rotransmitter vesicle secretion is regulated in quantity and in time. Before a neurotrans-

mitter vesicle can be secreted, it has to be transported to the plasma membrane and 

tightly dock to the location of secretion (Lin and Scheller, 2000; Südhof, 2004). 

Neuroendocrine cells like chromaffi n cells and PC-12 cells are established models for 

neurotransmitter vesicle transport, docking and secretion (Morgan and Burgoyne, 1997; 

Neher, 2006). These cells secrete adrenalin and noradrenalin that are both accumulated 

in large dense core vesicles (LDCVs), which are recognized in electron microscopic pic-

tures by a vesicular membrane containing an electron dense core (Fig. 1)(Plattner et al., 

1997; Koval et al., 2001; Unsicker et al., 2005). Using electron microscopy, many studies 

have been performed to elucidate the molecular mechanism of vesicle transport and 

docking (Martelli et al., 2000; Ashery et al., 2000; Voets et al., 2001; Sørensen et al., 2003; 

Kasai et al., 2005; de Wit et al., 2006).

FIGURE 1: Low magnifi cation micrographs are not of suffi cient resolution to recognize LDCVs and dis-

criminate between docked and non-docked vesicles.
(A) A typical example micrograph of an embryonic mouse chromaffi n cell in culture at 8000x magnifi cation. 
Scale bar indicates 1 µm. The dashed rectangle is enlarged in (B). (C) The same region at 20,000x magnifi ca-
tion. The high magnifi cation micrograph (C) is, in contrast to the low magnifi cation (B), of suffi cient resolution 
to accurately measure the distance from LDCV to the plasma membrane and discriminate between docked 
and non-docked LDCVs. Lines show distance from the LDCV centre of gravity to the plasma membrane as 
measured manually. The black arrowhead indicates a docked LDCV; the white arrowhead indicates a non-
docked LDCV. Scale bar indicates 500 nm. 
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Usually the distribution of LDCVs in micrographs is analyzed manually by measuring 

the shortest distance of each vesicle to the plasma membrane (Fig. 1B, C). A secretory 

vesicle is morphologically docked when the vesicular membrane of the vesicle is in di-

rect contact with the plasma membrane. Low magnifi cation micrographs of the entire 

cell are used to measure cell characteristics such as the plasma membrane length (Fig. 

1A). However, these micrographs are usually not of suffi cient resolution to discriminate 

between docked and non-docked vesicles (Fig. 1B, C). Therefore these measurements 

are performed on multiple partially overlapping micrographs on high magnifi cation. 

This analysis is a labour-intensive process and subject to human bias and error. For ex-

ample, vesicles may be counted twice in the overlapping areas and the shortest pos-

sible distance has to be determined by the observer. 

To solve these problems, we have developed an algorithm to automate the analysis of 

secretory vesicle distribution and docking in high-magnifi cation electron micrographs. 

The algorithm generates one stitched master picture of the detail micrographs and au-

tomatically detects all secretory vesicles in various endocrine tissue preparations. The 

distance between the plasma membrane and the vesicle is calculated automatically 

on the basis of the pixel coordinates, which ensures that the shortest distance is mea-

sured. The algorithm is maximally automated to reduce the labour-intensive aspect of 

micrograph analysis and contains a user-interface that makes it available for scientists 

without programming experience. Furthermore, the algorithm enables the extraction 

of parameters that cannot be measured manually like vesicle clustering.

RESULTS

Algorithm design

The program consists of fi ve parts (Fig. 2): Part one stitches the multiple detail micro-

graphs to one high-resolution master picture. The location of the detail micrographs 

is roughly determined on the low-magnifi cation overview image of the cell. Subse-

quently, the overlapping regions of the detail micrographs are accurately matched by 

normalized cross-correlation in high-resolution sub-images to produce the stitched 

high-resolution master picture (Fig. S1C). We do not allow transparency or smoothing 

of the detail picture edges since these effects might obscure the exact vesicle location 

or the vesicle-plasma membrane interaction.

The second part detects the plasma membrane within a user-defi ned region of inter-

est (ROI) by detection of pixel-value changes combined with a morphological closing 

operation.

Part three detects the secretory vesicles in the cell cytoplasm using a Markov Random 

Field (MRF), based on a method previously described (Veldkamp and Karssemeijer, 
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1998). To enhance the secretory vesicle structures, the master picture is fi ltered by a set 

of Laplacian of Gaussian (LoG) fi lters of multiple sizes prior to the MRF detection. Since 

the contrast varies between micrographs, the average vesicle pixel-value is determined 

for each master picture individually on a set of “golden vesicles”. These structures fi t 

stringent criteria to be positively identifi ed as secretory vesicles. The detection is stable 

within 30 cycles of the MRF and can be adjusted by the observer in a graphical repre-

sentation.

input:
overview and detail micrographs

Stitching
high-resolution master-picture

Plasma membrane 
detection

LDCV detection

Docking analysis

Cluster analysis

FIGURE 2: Flow chart representation of the LDCV detector
The algorithm input consists of an overview micrograph and several detail micrographs covering the com-
plete cell section surface. The algorithm consists of fi ve different parts: part one stitches the multiple detail 
micrographs to one master high-resolution picture. Part two detects the cell perimeter (blue line with red 
circles) and nucleus. Part three detects automatically the large dense core LDCVs in the cell cytoplasm (num-
bered green circles). The fourth part quantifi es the LDCV distribution and docking (yellow circles). The fi nal 
part calculates the amount of vesicle clustering (region in the dashed rectangle is shown in the insert, LDCVs 
in one cluster are shown in the same colour).
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The fourth part extracts the quantitative data on basis of the vesicle- and plasma mem-

brane-coordinates: total number of vesicles and their minimal distance to the plasma 

membrane and the number of docked LDCVs. The fi nal part calculates the amount of 

vesicle clustering. For further technical details, see supplementary information.

Evaluation set-up

We evaluated our algorithm using a diverse set of chromaffi n cell electron micrographs 

to ensure that the algorithm can deal with the experimental variation of the images. 

The cell section surface ranged from 40 to 70 µm2 containing 65 to 220 LDCVs. Since 

the contrast of electron microscopic pictures can vary, we included both high and low 

contrast micrographs. Artefacts like small holes in the formvar fi lms (support for the 

ultra-thin section, commonly used for one-hole grids) were usually ignored by the al-

gorithm or could easily be edited out, but larger artefacts in the cell region disturbed 

vesicle recognition.
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FIGURE 3: Evaluation of the membrane- and LDCV-detection by the LDCV detector
The data generated by the LDCV detector is compared to manual quantifi cation of (A, C) the plasma mem-
brane length and (B, D) the cell section surface of the automatically segmented cell with correction of the 
regions where other structures contacted to the cell. (A, B) show scatter plots of 15 individual cells, (C, D) show 
mean values. Within the segmented cells LDCV are detected (E) full automatically or (F) with quick correction 
by observer 1. Values are compared to the manual quantifi cation of three different experts, (E, F) show scatter 
plots of the individual cells, (G) shows mean values. Black diagonal line indicates prefect correlation. All trend 
lines in grey indicate predicted Y values for the each observer; error bars represent SEM.
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We compared the parameters obtained by manual detection with the performance of 

the algorithm without manual adjustments and with fast correction by the observer. 

The evaluation is split in two parts, the detection of the plasma membrane and the 

vesicles and the interpretation of the detected features like an estimate of vesicle dock-

ing and the distribution profi le of the cell.

Evaluation of detection

We compared the detection of the plasma membrane length and cell section surface 

with the values of manual detection. The values obtained by the semi-automatic detec-

tion of the plasma membrane in the stitched master-picture match the manually ob-

tained data in the low magnifi cation overview micrograph very well (plasma membrane 

length R = 0.979, cell section surface R = 0.990 by Pearson correlation; Fig. 3A-D). Since 

secretory vesicles have heterogeneous morphology (Koval et al., 2001), recognition of 
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these structures might differ between observers. We compared the performance of ful-

ly automatic LDCV detection to the manual analysis of three different expert observers. 

The results of the three observers showed high correlation with each other (R = 0.97 on 

average; Table S2). Comparison of the data by the observers to the fully automated de-

tection of the LDCVs by the algorithm showed a good estimate of the total number of 

vesicles (R ranging from 0.840 to 0.908; Fig. 3G; Table S1). The performance was constant 

in cells with different size, vesicle number and variable contrast (Fig. 3E). When the auto-

mated detection was quickly edited by one expert observer the semi-automatic mode 
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FIGURE 5: Clustering of LDCVs in cultured cells
(A) Typical example micrograph of a cell containing clusters of LDCVs. Stitched master-picture at 20,000x 
magnifi cation. Scale bar indicates 1 µm. (B) Graphic representation of the vesicle clusters. LDCVs with a maxi-
mal distance of 125 nm between centres of gravity are considered to be clustered and are shown in the same 
colour. The clustering of LDCVs is quantifi ed in (C) the percentage of total LDCVs in a cluster larger than 5 LD-
CVs, (D) the average number of LDCVs per cluster and (E) the average vesicle density of clusters larger than 5 
LDCVs. Cells with clusters n = 12, cells without clusters n = 9. Asterisks indicate signifi cant difference as tested 
by t-test (p < 0.05). All error bars represent SEM.
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(on average 9.8% ± 6.2 of total automatically detected LDCVs were false positive), the 

variation between cells was reduced and the total number of LDCVs found matched 

the three different observers perfectly (R = 0.97; Fig. 3F, G; Table S1). 

Evaluation of interpretation

Based on the coordinates of the detected plasma membrane and vesicles, the algo-

rithm calculated the distance of the LDCVs to the plasma membrane and indicated 

which of the LDCVs are putatively docked to the plasma membrane.

The overall distribution of LDCVs fi tted very well to the manually obtained data and we 

found no differences in the region near the plasma membrane (Fig. 4D, E). To assist the 

observer in docking analysis, algorithm assigns vesicles in close proximity of the plas-

ma membrane as putatively docked. The automatically assigned LDCVs showed good 

overlap with the docked LDCVs in contact with the plasma membrane (full automatic; 

R = 0.923). This result improved after a quick evaluation by the user (semi-automatic R = 

0.973; 10.8% ± 10.0 of docked LDCVs were changed to “not-docked” status in the semi-

automatic mode)(Fig. 4A, C).

Taken together, the algorithm detected the LDCVs properly, calculates the correct LDCV 

distribution and gave a reliable estimate of the number of docked LDCVs.

Analysis of novel parameters: clustering of LDCVs

Describing the cell in coordinates of LDCVs and plasma membrane creates the possi-

bility for the analysis of parameters that cannot be measured by hand, for example the 

amount of vesicle clustering within the cell. The algorithm includes a feature that cal-

culates the amount of clustering of LDCVs on the basis of the distance between LDCV 

coordinates. Under some conditions, LDCVs tend to cluster together as shown (Fig. 5A). 

LDCVs within a certain distance of each other are recognized as clustered vesicles (here 

125 nm: this threshold is determined empirically, Fig. S2). The algorithm displayed the 

LDCVs in the clusters found in different colours (Fig. 5B). We analyzed the clustering 

of LDCVs quantitatively by calculating the percentage of clustered LDCVs, the aver-

age number of LDCVs per cluster and the vesicle density within the clusters (Fig. 5C-E). 

These new parameters advance the analysis of secretory LDCV distribution in electron 

micrographs beyond the reach of human observers.

Analysis of LDCVs in different cell types

Apart from cultured cells, LDCV distribution analysis is also performed in tissue slices of 

endocrine glands. In order to test if the algorithm is generally applicable, we evaluated 

the full automatic detection of LDCVs in endocrine cells from tissue slices of mouse ad-

renal gland medulla and rat pancreas. Since other cells surrounded the cell of interest, 

the membrane could not be detected automatically in these preparations. Therefore, 
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we have built a segmentation tool that allows the user to correct the cell membrane 

manually.

Like in cultured chromaffi n cells, the algorithm was highly successful in discriminating 

LDCVs from other cell structures like mitochondria or poly-ribosomes in mouse adrenal 

gland tissue. The LDCVs of the chromaffi n cells were detected with high accuracy (Fig 

6A and C; R = 0.955 in Pearson correlation with manual analysis) without further adjust-

ments of the parameter settings.

Endocrine pancreas cells contain LDCVs of approximately twice the diameter compared 

to chromaffi n LDCVs. To detect these larger vesicles, the maximal size of detectable 

structures was adjusted accordingly without adjustment of the other fi lter settings. Au-

tomatic detection of LDCVs in endocrine pancreatic cells showed high correlation with 

manual measurements (Fig. 6B and D; R = 0.966), indicating that the algorithm can be 

generally used to analyze the LDCV distribution in various endocrine tissues.

DISCUSSION

We developed an algorithm to automate the analysis secretory vesicle distribution and 

docking in high-magnifi cation electron micrographs to reduce human bias and labour-

intensive aspects of manual analysis.

All measurements are performed in one stitched master picture of detail micrographs. 

Detailed information is required to recognize LDCVs properly and determine the accu-

rate distance to the plasma membrane. Possibly, this step can be omitted in the analysis 

of micrographs taken by the new generation digital cameras, which have improved 

resolution and sensitivity. However, these cameras are expensive and therefore not 

available on all set-ups. Stitching of detailed micrographs to one master picture pre-

vents double measurements of the same LDCV, which can occur in the manual analysis 

of multiple separate detail micrographs. The distance between the plasma membrane 

and LDCVs is calculated on the basis of pixel coordinates, which ensures that the short-

est distance is measured. The detection algorithm is maximally automated to reduce 

the labour-intensive aspect of micrograph analysis but also includes extensive editing 

options in all steps providing optimal manual control for the scientist. The algorithm 

contains a user-interface that makes it available for scientists without programming 

experience. The LDCV detector performance was compared to manual analysis by ex-

pert observers and showed good accuracy in recognizing LDCVs in different endocrine 

cell preparations. The LDCV distribution was properly calculated and the automatic es-

timate of the number of docked LDCVs showed similar values as the manual retrieved 

data. Furthermore, the algorithm enables the extraction of parameters that cannot be 

measured manually like clustering of LDCVs, which extends the possibilities of quanti-

tative micrograph analysis.
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So far, one lab reported an automated algorithm to detect LDCVs (Gong et al., 2005). 

This algorithm uses morphological ‘top-hat’ fi ltering followed by normalized correla-

tion using Gaussian masks to identify the LDCVs in micrographs. The number of LDCVs 

is counted in 100 bins ranging from 0 to 300 nm from the plasma membrane. The algo-

rithm presented here calculates the exact distance of each LDCV to the plasma mem-

brane, which allows the user to make any distribution profi le of choice. Moreover, we 

include automated LDCV docking analysis and the algorithm determines the amount 

of vesicle clustering. 

By describing the micrograph in coordinates of plasma membrane and LDCVs more 

parameters can be studied than in manual analysis. We quantifi ed vesicle clustering 

by calculating the percentage of clustered vesicles, the average number of LDCVs per 

cluster and the vesicle density within the clusters. Multiple aspect of the clustering can 

be quantifi ed, for instance the total number of clusters (single LDCVs are clusters con-

taining 1 vesicle), percent of LDCVs in a cluster and the vesicle density of the clusters. 

These new parameters allow an objective quantitative analysis of vesicle clustering in 

endocrine cells. The output of the algorithm can be extended with several other mea-

surements, for instance the roundness and the size of the LDCVs.

Taken together, the algorithm automates and standardizes the analysis of LDCV distri-

bution and docking in various endocrine cells to accelerate the research on the mecha-

nisms of LDCV traffi c and docking.
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MATERIALS & METHODS

Image Acquisition: Electron microscopy

Mouse chromaffi n cells were obtained at embryonic day 18. Isolated cells were cultured 

and processed for electron microscopy as previously described (de Wit et al., 2006). Ad-

renal glands of E18 mice were isolated and fi xed in 2.5% glutaraldehyde and 2% form-

aldehyde in cacodylate buffer. Glands were post-fi xed for 2 hours with 1% OsO4/1% 

K4Ru(CN)6 in cacodylate buffer and dehydrated through a series of increasing ethanol 

concentrations. The dehydrated glands were washed in propylene oxide and embed-

ded in Spurr low-viscosity resin. 50 nm sections were stained with 7% uranylacetate 

and Reynolds lead and imaged by a JEOL 1010 electron microscope at 60 kV. Overview 
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micrographs were obtained at 8,000x magnifi cation, detail micrographs at 20,000x 

magnifi cation. All images were acquired by a Kodak MegaPlus 1.4i camera controlled 

by analySIS (Soft Imaging Systems / Olympus, Germany).

Analysis Algorithm

The algorithm is designed in the Matlab environment (MathWorks, USA) and is typi-

cally provided with one overview micrograph of the entire cell on low magnifi cation 

and several detail micrographs on high magnifi cation spanning the complete cell sec-

tion surface, all images in greyscale 8 bit/pixel TIFF format. A general description of the 

algorithm can be found in the results section, for technical details see supplementary 

information. 

The performance of the algorithm was evaluated in full-automatic and semi-automatic 

mode. In the semi-automatic mode, the automatically detected LDCVs were scanned 

by eye by observer 1: obvious false positives were removed and missed LDCVs were 

added. This corrected set of detected LDCVs was used in the docking evaluation.

Docked LDCVs are defi ned as those vesicles in direct contact with the plasma mem-

brane. Since the algorithm does not detect the vesicular membrane, it can not apply 

this defi nition. The algorithm assists the observer in docking analysis by marking the 

group of vesicles in close vicinity of the plasma membrane. This group of automati-

cally assigned LDCVs was checked by observer 1 in semi-automatic docking analysis to 

judge whether these LDCVs were in direct contact with the plasma membrane.

The described algorithm is available on http://www.synaptologics.nl/databasing.html .

Manual Analysis

The algorithm output was compared to the data of manual analysis performed by three 

observers using analySIS (Soft Imaging Systems / Olympus, Germany) or ImageJ (NIH, 

USA). The observers have longstanding experience in manual analysis of secretory ves-

icles in micrographs and no other instructions were given except the request to count 

all LDCVs in each cell. The membrane length and cell section surface were measured in 

low magnifi cation micrographs of the entire cell (8,000x magnifi cation) and the num-

ber of vesicles were counted in separate detail micrographs (20,000x magnifi cation). 

Distance to the plasma membrane is measured by the shortest line between the centre 

of the vesicle and the plasma membrane. Docked LDCVs are in direct contact with the 

plasma membrane. The manual analysis of total number of LDCVs was performed sepa-

rately by 3 expert observers.

Correlations between the datasets were measured by using Pearson product moment 

correlation coeffi cient R. Averages were compared by ANOVA and t-test, p < 0.05 is con-

sidered signifi cantly different. All statistical calculations were performed in Excel (Mi-

crosoft Corp., USA).
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SUPPLEMENTARY INFORMATION 

TECHNICAL BACKGROUND

Part 1: Stitching detailed high-resolution micrographs to one master image

The overall stitching procedure is performed in two steps: in the fi rst step, high-resolu-

tion images are down sampled to low resolution and roughly fi tted on an overview im-

age of the cell of corresponding resolution. From this result, the overlapping regions of 

high-resolution images can be determined. In the second step, the overlapping regions 

of high-resolution images are isolated and accurately matched (Fig. S1C). On basis of 

these results, the original high-resolution images are stitched into a high-resolution 

overview image. Images are matched by the highest value for normalized cross-corre-

lation in both steps. In the fi rst step, small rotation angles are applied to the downscaled 

images in order to correct for the rotation of the specimen projection in the electron 

microscope after changing magnifi cation.

Most other stitching algorithms remove the edges of the detail pictures by using trans-

parency or smoothing. We, however, do not allow these effects since they obscure the 

exact vesicle location and details of the vesicle-plasma membrane interaction so the 

edges of the detail micrographs remain visible (Fig. S1B).

The fi tting of different detail micrographs is a computational demanding process. The 

algorithm provides with the possibility to stitch multiple cells in sequence without in-

terference of the observer.

Part 2: Segmentation of the plasma membrane

The user determines a region of interest (ROI) containing the cell (foreground) and a 

limited amount of background pixels. First, the algorithm performs a background trend 

correction. This is achieved by smoothly interpolating inward from the pixel values on 

the boundary of the ROI by solving Laplace’s equation. In this way, an image contain-

ing only background is obtained. This image is then subtracted from the original im-

age reducing possible background trends in the image substantially (Veldkamp and 

Karssemeijer, 1998). The median pixel value in boundary of the ROI is used as an esti-

mate for the average background pixel value. The median pixel value in the total ROI 

is used as an estimate for the average foreground pixel value. Segmentation of the cell 

is achieved by thresholding. The threshold value is defi ned halfway the estimated val-

ues of foreground and background. The segmented area is closed by a morphologi-

cal closing operation. The boundary of the segmented area is sub-sampled to obtain a 

restricted number of boundary points followed by a spline interpolation to fi t the cell 

contour through the points. The user can move or remove boundary points to refi ne 

the segmentation. After each adjustment the spline interpolation is executed again.
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Part 3: Automatic detection of the large dense core vesicles

The LDCVs are recognized in electron micrographs by a dense core surrounded by a 

vesicular membrane with a diameter ranging from 80 to 800 nanometres, depending 

on the cell type (Riedel et al., 2002; Kasai et al., 2005; de Wit et al., 2006). 

The master picture is fi ltered by a set of Laplacian of Gaussian (LoG) fi lters to enhance 

the secretory vesicle structures of multiple sizes. An average image is calculated from 

A B

C

Figure S1: Detail micrographs are stitched to one master-picture of the cell.
(A) An overview picture at 8,000x magnifi cation and (B) the master-picture of the same cell consisting of 
stitched detail micrographs at 20,000x magnifi cation. (C) Detail micrographs are stitched by comparison of 
the pixel information of a small overlapping region in both detail micrographs. The fi tting pixel coordinates 
are used to stitch the detail micrographs.
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the fi lter outputs to obtain one image with enhanced vesicle-like structures and is nor-

malized by histogram equalization. The Markov Random Field (MRF) model is specifi ed 

by labeling of pixel on basis of the conditional probability distribution given its grey 

level and the labels of its neighbors. The method used here is based on a method previ-

ously described (Veldkamp and Karssemeijer, 1998). With respect to the labelling we 

consider foreground (vesicle) and background as label. A Gaussian model is used for 

representing the fl uctuation of grey levels:

where x
i
 is a label of pixel i, which can take two values l = 0 or 1 (background and fore-

ground, respectively), and α(l) is an offset value. The iteration parameter β models the 

a priori likelihood of labels to occur close to each other where g(l) is the number of 

neighbours with class l. The neighbourhood that is used consists of the 24 neighbours 

in a 5x5 pixel window centred at pixel site i. Mean and standard deviation of the Gauss-

ian model were estimated from images of 25 cells with manually annotated true vesicle 

locations by an expert observer. The values of α(l) and β were determined empirically 

(Table SII). 

Figure S2: Threshold of 125 nm between LDCVs gives optimal resolution in clustering analysis
The average number of clusters in cells with and without obvious clustering was counted as function of the 
distance threshold between the vesicle coordinates. Data is shown as percentage of total number of vesicles, 
single LDCVs are counted as a cluster of 1 vesicle. The dashed line shows the 125 nm threshold, which was 
chosen for the clustering analysis on basis of optimal discrimination between groups. 2 cells per group, error 
bars indicate SEM.
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The model performs an initial estimate of the labelling. This is achieved by applying 

equation 3.1 with g(l) set to zero and by maximizing the probability of pixel labels x
i
. 

The contrast differs between micrographs due to different thickness of the sections or 

quality of the staining. To compensate for this variation, the mean grey level µ
l
 of the 

foreground and background are refi ned for each master picture individually on basis 

of a set of “golden vesicles”. These structures fi t stringent criteria on eccentricity (< 0.45; 

range 0-1, 0 being a perfect circle) and size (15-250 pixels), to be positively identifi ed 

as secretory vesicles in the particular micrograph. Next, a new labelling is determined 

using the refi ned estimates µl in equation 3.1 and with g(l) set to zero. Then this label-

ling result is iteratively adjusted where g(l) is updated before every new iteration step. 

In each cycle a pixel is marked with the label that gives the highest probability. The 

segmentation results become stable within 30 cycles.

After the detection step, the detected structures are considered LDCVs when they are 

within the expected size (ranging from 8-250 pixels). The structures are also judged on 

eccentricity, elongated objects with eccentricity > 0.95 are deleted.

The algorithm feeds back with a graphical display of the detected vesicles in the master 

picture with a separate marking for vesicles that are likely to be docked within 150 nm 

of the plasma membrane. The algorithm provides a list of the default settings of the 

MRF before running the detection part, enabling the user to adjust the fi lter settings. 

The graphical display of the automated LDCV detection allows the observer directly 

check on the quality of the detection and is provided with an extensive tool-box to 

manually adjust the LDCV detection and docking.

Part 4: Distribution and docking analysis

When the detection is fi nished, the algorithm quantifi es a range of features and exports 

these data in a spreadsheet. The features include the shortest distance from each LDCV 

to the plasma membrane using a distance transform, the total number of LDCVs, the 

number of docked LDCVs, the membrane length and the surface area of the cell sec-

tion as well as the number of manual adjustments made to the automatic detection. 

The spreadsheet also contains the coordinates in pixels where the LDCVs are located 

in the master-picture. The data are also be exported as picture showing the markings 

of the detected, docked and manually added LDCVs as well as the detected plasma 

membrane.

Part 5: Clustering analysis

The cluster analysis uses the coordinates of the LDCVs in the spreadsheet. Two vesicles 

are defi ned to one cluster when the distance of their centre of gravity is below 125 nm 

(defi ned empirically on maximal resolution, Fig. S2). All vesicles are assigned to a cluster 

(single vesicles are a cluster of one vesicle). The surface of a cluster is calculated by total 
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covered area by circles with a 125 nm radius from the centre of each vesicle coordinate 

in the cluster. The data is exported to the spreadsheet and contains number of clusters, 

size of clusters, number of vesicles per individual cluster, individual vesicles per cluster 

and the average number of vesicles per cluster in the cell.

 

DOCKED VESICLES full-automatic semi-automatic Observer 1
full-automatic
semi-automatic 0.926117097
Observer 1 0.922531909 0.973030801

1
1

1

TOTAL VESICLES full-automatic semi-automatic Observer 1 Observer 2 Observer 3
full-automatic
semi-automatic 0.872260506
Observer 1 0.839972729 0.975079803
Observer 2 0.852496515 0.977919771 0.97624684
Observer 3 0.908432891 0.970163612 0.97740476 0.96715525

1
1

1
1

1

A

B

Markov Random Field parameters
Number of iterations 30

 background 0
 vesicles 0

Filter size (x) 5

 background 2.3
 vesicles 2.5

background 0
 vesicles 70
background 9

 vesicles 21

Table SI: Pearson’s correlation coeffi cients of the evaluation
All Pearson correlation coeffi cients (R) of the evaluation of full automatic and semi-automatic detection of 
(A) total number of LDCVs in the cell and (B) the number of docked LDCVs.

Table SII: Settings for the Markov Random Field
An overview of the default parameter-settings for the Markov Random Field. The foreground (vesicle) mean 
and standard deviation are adjusted automatically for each master picture to the average values of the gold-
en vesicles.
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The aim of the research described in this thesis was to reveal the role of Rab3A in the 

secretory vesicle cycle. The data described in the previous chapters show that Rab3A 

does not have a single, well-defi ned role but rather regulates the vesicle cycle at mul-

tiple steps.

1.0 The role of Rab3 proteins in vesicle priming
1.1 Rab3 proteins are priming factors for fast secretory vesicle exocytosis

We show that 50% of the burst release of LDCVs upon calcium uncaging critically de-

pends on the presence of Rab3 proteins in chromaffi n cells (chapter 3). In neurons, 

Rab3s are essential for fast release of synaptic vesicles from the superprimed pool 

(Schlüter et al., 2004; Schlüter et al., 2006). In both cell types, the docked pool of vesicles 

is not affected by the deletion of all four Rab3 isoforms. This indicates that Rab3s medi-

ate fast secretion downstream of docking in the vesicle cycle of both LDCVs and synap-

tic vesicles. Therefore, the data indicate that Rab3s regulate priming for fast secretory 

vesicle release.

 

1.2 Which Rab3-effectors might be involved in Rab3-dependent priming?

Since Rab3s mediate vesicle priming in both neurons and chromaffi n cells and Rabs 

generally function through recruitment of effector proteins, possibly the molecules in-

volved in Rab3-dependent priming are conserved between these systems. Rabphilin-

3A is the only currently known Rab3-effector that has been detected in both cell types 

(Table 1). However, rabphilin-3A null mutant mice do not show defects in vesicle exo-

cytosis in neurons or chromaffi n cells, suggesting that vesicle priming is not affected 

by this null mutation (Schlüter et al., 1999; J.B. Sørensen personal communication). In 

neurons, Rab3 effector protein RIM1 can associate with calcium channels and might be 

able to link the calcium channel to the vesicle trough Rab3 (Kiyonaka et al., 2007). These 

vesicles will be exposed to high local concentrations of calcium upon channel opening 

and are therefore more likely to fuse immediately as suggested by work in the calyx of 

Held synapse (Neher, 2006). Possibly these vesicles correspond to the superprimed pool 

as defi ned in rab3 quadruple null neurons (Schlüter et al., 2006). However, in our experi-

ments we used fl ash-photolysis of caged calcium to evoke secretion in chromaffi n cells, 

thereby by-passing calcium infl ux through calcium channels and still observed the ef-

fect of Rab3 on rapid exocytosis. This indicates that, at least in chromaffi n cells, Rab3-

dependent release is not caused by recruitment of vesicles to micro-domains with high 

calcium levels but that these vesicles are molecularly different. Furthermore, we found 

that the fast releasable pool and the slowly releasable pool are equally affected by dele-

tion of all Rab3 isoforms (chapter 3), which indicates that these vesicle pools segregate 

downstream of Rab3-dependent priming. Synaptotagmins differently regulate the 

fast and slowly releasable pools (Voets et al., 2001; Schonn et al., 2008), suggesting that 

Rab3-dependent priming occurs up-stream of Synaptotagmin function.
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2.0 The role of Rab3 proteins in vesicle docking and 
biogenesis
2.1 Rab3A modulates LDCV-docking, but is not essential for this process.

Overexpression of Rab3A expands the docked pool of LDCVs (chapter 2). However, LDCV 

docking is not affected in rab3A single null (unpublished data), rab3A/ashen double null 

(chapter 4) or rab3 quadruple null mutant mice (chapter 3), indicating that Rab3A can 

modulate vesicle docking but is not an essential component of the docking mecha-

nism. The exchange of guanine nucleotides is essential for the facilitation of vesicle 

docking by Rab3A, suggesting that GDP/GTP-specifi c effector proteins are involved. We 

tested Rabphilin-3A as candidate effector protein for this function, but overexpression 

of Rabphilin-3A reduced the docked pool size and clustered vesicles in the cytosol, sug-

gesting that Rabphilin-3A functions upstream of vesicle docking (chapter 5). 

Although Rab3A overexpression increases the docked vesicle pool, different labora-

tories have reported a negative effect of Rab3A overexpression on vesicle secretion 

(Chung et al., 1999; Thiagarajan et al., 2004; JS. Schonn, unpublished data). Together, the 

data suggests that Rab3A overexpression locks vesicles in a docked state incapable of 

fusing, so-called “dead-end docking” (Verhage and Sorensen, 2008; Kasai et al., 2008). 

Since Rab3s are important priming factors for vesicle fusion and function through their 

interaction with effector proteins, overexpression of Rab3 isoforms might overload the 

cell with Rab3 molecules that scavenge Rab3-effector proteins functioning in vesicle 

priming. This would result in hampering of vesicle priming and thereby reducing the 

number of vesicles available for secretion. However, it is unlikely that the increase in 

vesicle docking in chromaffi n cells is a consequence of hampered down-stream prim-

ing since the primed pool is a relatively small portion of the docked pool (Sørensen, 

2004; Shibasaki and Seino, 2005), especially in un-stimulated conditions in which the 

docking effects of acute Rab3A overexpression were observed.

2.2 The docked pool of LDCVs is not in free equilibrium with the 

total pool of LDCVs

We show that Rab3s fulfi l an important role in the production of LDCVs, without affect-

ing the number of docked vesicles (chapter 3). In contrast, proteins that are essential 

for vesicle docking, like Munc18-1 and Syntaxin-1, do not affect the total number of 

LDCVs (de Wit et al., 2006; Toonen et al., 2006). This poor correlation suggests that the 

docked pool is not in free equilibrium with the total pool of vesicles. The number of 

available docking locations on the plasma membrane, rather than the number of avail-

able vesicles, might limit the size of the docked pool. Likely, Munc18-1 and Syntaxin-1 

are essential components of this docking platform (de Wit et al., 2006; Toonen et al., 

2006; Ohara-Imaizumi et al., 2007). Rab3A might help to recruit vesicles to the docking 

platforms thereby increasing the number of docked vesicles after prolonged stimula-

114

Chapter 7

Proefschrift_Jan.indd   Sec1:114Proefschrift_Jan.indd   Sec1:114 2/10/08   11:47:492/10/08   11:47:49



GAP

TGN

EE

H+

Ca2+

catecholamines

dense core

clathrin

GEP

?

PRA1

GDI

Rab3A GDP

Rab3A GTP

Rabphilin-3A

Munc18-1SNAP-25

Syntaxin

VAMP

FIGURE 1: Rab3A cycles within the LDCV cycle.
Cartoon of the LDCV cycle with the molecular components studied in this thesis. Rab3A cycles between GTP- 
and GDP-bound conformations through the actions of Guanine Exchange Protein (GEP) and GTPase Activat-
ing Protein (GAP). Rab3A possibly adheres to the immature granule, thereby infl uencing vesicle biogenesis 
(chapter 3). The vesicle travels to the plasma membrane through interactions with several proteins possibly 
including Rabphilin-3A, overexpression of Rabphilin-3A clustered the LDCVs in the cytosol (chapter 5). The 
vesicle docks at the plasma membrane, which is promoted by Rab3A and depends on Munc18-1 and GTP-/
GDP-exchange (chapter 2). Upon calcium infl ux, the vesicle releases its cargo through SNARE-dependent 
vesicle fusion of which the burst phase is mediated by Rab3A (chapter 3). After fusion, the vesicle is retrieved 
and re-acidifi ed which is reduced in Rab3A/Rab27A double null mutants (chapter 4). Rab3A is recycled to the 
cytosol by Guanine Dissociation Inhibitor (GDI) while the vesicular membrane and v-SNAREs recycle trough 
early endosomal (EE) and trans-golgi network (TGN) compartments.
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tion (Leenders et al., 2001) or upon overexpression (chapter 2). However, Rab3s are not 

an essential component of the docking platform as shown by normal vesicle docking 

in rab3 null mutants.

2.3 The role of Rab3s in LDCV production suggest a classical “donor-target- com-

partment” cycling for Rab3s. 

We observed a 50 percent decrease in the total number of vesicles in rab3 null mutant 

chromaffi n cells (chapter 3). Since vesicle fusion is also impaired it is unlikely that the 

vesicles are lost by spontaneous release. Therefore, probably the production of LDCVs 

at the TGN is decreased in absence of Rab3 proteins. This would indicate that Rab3 pro-

teins fulfi l an important role in the life of a LDCV both at the donor compartment (TGN) 

and at the target compartment (plasma membrane). Such a cycle is in line with the 

classical model for Rab function to regulate intracellular membrane traffi c by cycling 

between a donor and target compartment (Bourne, 1988; Zerial and McBride, 2001). 

Rab3s might be specifi cally targeted to budding LDCVs through dissociation of GDI 

by PRA-1, which is located at the TGN and might be recruited to the budding LDCVs by 

its association with VAMP-2/Synaptobrevin-2 (Martincic et al., 1997; Abdul-Ghani et al., 

2001).

3.0 The role of Rab3A/Rab27A in the vesicle endocytosis.
For the fi rst time, we describe effects of Rab3A and Rab27A on vesicle endocytosis us-

ing pH-sensitive optical vesicle reporters Synaptophysin-pHluorin (SypHy) and Sema-

phorin-3a-pHluorin (SemapH) (chapter 4), which are new tools to study exocytosis and 

endocytosis in the same experiment (Granseth et al., 2006; de Wit and Verhage). The 

effects on vesicle endocytosis are relatively small (possibly due to redundancy of the 

remaining Rab3 and Rab27 isoforms), but independent pieces of evidence all point in 

the direction of a stimulatory role of these Rab proteins in secretory vesicle endocy-

tosis (see chapter 4 for details). Although further investigation is required to directly 

confi rm the endocytosis phenotype of these mice and study the contribution of each 

Rab protein, the data suggest a novel role of Rab3A/Rab27A in yet another step of the 

vesicle cycle.

4.0 Rab3A speeds up the vesicle cycle
We found that Rab3A modulates many steps in the LDCV cycle (Fig. 1): Rab3A is impor-

tant for LDCV biogenesis (chapter 3) and facilitates LDCV docking (chapter 2). Upon 

elevation of internal calcium levels, Rab3s regulate the burst secretion (chapter 3). Fur-

thermore, combined null mutations for Rab3A and Rab27A resulted in slower vesicle 

endocytosis (chapter 4). At all these steps, Rab3A pushes the vesicle cycle forward. We 

propose that the overall function of Rab3A is to accelerate LDCV (re)cycling to increase 

the secretory output of the cell.
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5.0 Future directions
The role of Rab3A in the LDCV cycle is very diverse and has two major features that 

make this research diffi cult. First, the redundancy between the many different Rab iso-

forms makes null mutant strategies in mammals not very rewarding (chapter 4). Second, 

Rab3A affects the LDCV cycle through dynamic interaction with different effector pro-

teins, as shown by the similar effects of GTP- and GDP-locked mutant Rab3A (chapter 

2). A possible answer to the fi rst problem might come from knockdown strategies us-

ing RNA interference (RNAi). By using this technique, one can deplete several proteins 

from a single transfected cell. In combination with the existing null mutant mouse lines, 

RNAi knockdown of Rab isoforms might shed some light on redundancy within the 

Rab protein family in mammalian cells. The second problem is somewhat more diffi -

cult to solve. The switching behaviour of Rab3A between GTP- and GDP-conformations 

is mainly characterized by biochemical experiments (Fischer von Mollard et al., 1991; 

Sasaki et al., 1990; Burstein et al., 1993; Stahl et al., 1994). To investigate the function of 

the GTP-/GDP-switch, we need detailed information on where and when in the vesicle 

cycle this switching takes place. These aspects can be studied by high-resolution live 

TABLE 1: Rab3 interactors are differentially expressed throughout the neuronal and endocrine sys-

tem.
Overview of the known GTP-dependent Rab3 effector proteins and their endogenous expression profi le and 
suggested function.

Effector protein Endogenous expression Suggested function
Reference GTP-
dependent interaction 
with Rab3

Rabphilin-3A

Neurons (Foletti and Scheller, 
2001), Chromaffin cells (Chung 
et al., 1995), Podocytes 
(Rastaldi et al., 2003) 

Unknown (Shirataki et al., 1993)

Granuphilin
Pancreatic beta cells, Pituitary 
(Wang et al., 1999) LDCV docking (Coppola et al., 2002)

Noc2

Pituitary (Kotake et al., 1997), 
Chromaffin cells, Exo- and 
Endocrine Pancreas, Thyroid 
and Salivary glands, Intestine, 
Ovary (Imai et al., 2006; 
Teramae et al., 2007) 

Unknown (Haynes et al., 2001)

Vesicle primingRIM-2
Neurons (Cerebellum, Olfactory 
Bulb and Dentate Gyrus) 
(Schoch et al., 2006) 

Vesicle priming 
PKA-dependent LTP

(Fukuda, 2004)

RIM-1
Neurons (Cortex, Hippocampus
and Cerebellum) (Wang et al., 
1997; Schoch et al.,  2006)

(Wang et al., 1997)
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cell imaging. Dynamic characteristics of Rab3A translocation have been investigated in 

neurons by studying the ratio of Rab3A fl uorescence in the presynaptic bouton and ad-

jacent axon (Star et al., 2005). However, to answer where in the vesicle cycle the switch 

occurs one requires single vesicle resolution. Single LDCVs can be imaged by Total In-

ternal Refl ectance Microscopy (TIRFM). By using two-colour TIRFM, the localization of 

Rab3A on single fl uorescent vesicles could be studied during stimulation in high tem-

poral and spatial resolution. Furthermore, recent developments on Stimulated Emis-

sion Depletion (STED) microscopy allows live cell imaging of single synaptic vesicles 

and might be suitable to study Rab3A dynamics in living neurons (Willig et al., 2006; 

Westphal et al., 2008). Another possibility is to construct a Förster Resonance Energy 

Transfer (FRET) probe of Rab3A and the Rab3A-GTP binding domain of e.g. Rabphilin-

3A. However, FRET is sensitive for different expression levels of the donor and acceptor 

probe and cytosolic proteins might produce FRET without forming a protein complex. 

Finally, the switching behaviour of Rab3A can be modulated by affecting the activity 

of Rab3 Guanine-Exchange Protein (Rab3GEP) and the Rab3 GTPase Activation Protein 

(Rab3GAP). One drawback of this strategy is that these proteins regulate multiple Rab 

isoforms. Possibly, the effect on Rab3A can be isolated by combining imaging of fl uo-

rescent Rab3A with a fl uorescent functional maker of a different colour, for instance 

vesicle marker or effector proteins.

By applying these new high-resolution live cell imaging techniques combined with in-

ducible gene silencing, we might be able to uncover the function of the Rab3A switch 

in detail, a question that has puzzled scientists for over 20 years (Touchot et al., 1987).
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ABBREVIATIONS

APs  Action potentials

EM  Electron microscopy

GAP  GTPase Activation Protein

GDI  GDP dissociation inhibitor

GDP  Guanosine-diphosphate

GEP  Guanosine Exchange Protein

GTP  Guanosine-triphosphate

IRES  Internal ribosomal entry site

Lat-A  Latrunculin-A

LDCV  Large dense core vesicle

LTP  Long term potentiation

MRF  Markov random fi eld

NMJ  Neuromuscular junction

Rab  Ras-like in brain

RIM  Rab3-interacting molecule

RRP  Readily releasable pool

S/M  Sec1/Munc18-1

SLMV  Synaptic-like microvesicle

SNAP-25 Synaptosomal-associated protein of 25 kDa

SNARE  N-ethylmaleimide sensitive factor attachment protein receptor

SRP  Slowly releasable pool

TGN  trans-Golgi network

TIRF-M  Total internal refl ecting fl uorescence microscopy

VAMP  Vesicle-associated membrane protein

Vps  Vacuole protein sorting

Ypt  Yeast protein transport
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NEDERLANDSE SAMENVATTING

Hoe werken onze hersenen eigenlijk? 

De meeste mensen hebben zich dit wel eens afgevraagd en het is dan ook een veel 

bestudeerd onderwerp in de biologie.

Ons brein bestaat uit een complex netwerk van zenuwcellen (ook wel neuronen ge-

noemd) die informatie kunnen doorgeven in de vorm van elektrische signalen (actie 

potentialen). Deze actie potentialen worden doorgegeven van neuron tot neuron op 

contact punten die we synapsen noemen. In zo’n synaps geeft het ene neuron signaal 

moleculen (zogenaamde neurotransmitters) af, die worden herkend door receptoren 

op het andere neuron (zie fi guur 1). 

Neuronen beschikken over een breed spectrum van neurotransmitters om verschil-

lende signalen door te geven. Neurotransmitters liggen opgeslagen in twee typen 

neurotransmitter blaasjes: de kleine synaptische blaasjes en grotere blaasjes met een 

compacte kern (“large dense core vesicles” ofwel LDCVs) . De synaptische blaasjes bev-

atten de “klassieke” neurotransmitters zoals glutamaat en GABA, die respectievelijk het 

“aan” en “uit” signaal geven in het een-op-een contact tussen neuronen. De LDCVs be-

vatten neurotransmitters die deze aan/uit signalen beinvloeden. Voorbeelden van dit 

type neurotransmitters zijn catecholamines zoals serotonine, dopamine en acetylcho-

line en neuro-peptiden zoals enkefaline, semaforine, chromogranine en neuropeptide 

Y. Synaptische blaasjes bevinden zich in een cluster in de pre-synaps en worden alleen 

afgegeven in de synapsspleet via de active zone (fi guur 1). De LDCVs daarintegen, kun-

nen hun inhoud buiten de synapsspleet afgeven en daardoor meerdere neuronen 

tegelijkertijd beinvloeden.

Ondanks deze duidelijke verschillen tussen deze twee typen blaasjes, is het mecha-

nisme waarmee ze worden afgegeven vergelijkbaar.

Dit proefschrift gaat over een van de componenten van dit mechanisme, een eiwit ge-

naamd Rab3A. 

Rab3A is een van de vele Rab eiwitten (een mensencel heeft meer dan 60 verschillende 

typen) en maakt deel uit van de subklasse van Rab3 eiwitten waarvan 4 verschillende 

typen bestaan (A t/m D).  Deze Rab eiwitten fungeren als schakelaars: in de “aan” stand 

is bevatten ze een molecuul van hoge energie waarde, genaamd guanine-tri-fosfaat of-

wel GTP. De Rab eiwitten kunnen dit molecuul omzetten in een lagere energiewaarde, 

guanine-di-fosfaat (GDP) waardoor ze in de “uit” stand terecht komen. 

In de aan GTP-stand zijn Rab eiwitten vooral te vinden aan membranen in de cel. De 

subklasse van Rab3 eiwitten zijn dit de membranen van synaptische blaasjes en LDCVs. 

In deze stand kunnen ze op hun beurt allerlei andere eiwitten aantrekken naar het neu-
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rotransmitter blaasje (zogenaamde effector eiwitten). Op het moment dat het blaasje 

versmelt met de celmembraan en de neurotransmitters worden afgegeven, zetten de 

Rab3 moleculen GTP om in GDP en laten daarmee de effector eiwitten los. In deze GDP-

stand worden de Rab3 eiwitten van de membraan verwijderd door een eiwit genaamd 

GDI (“GDP dissociation inhibitor”, zie ook fi guur 2 van de algemene introductie). Van alle 

Rab3 eiwitten is het Rab3A subtype het meest voorkomend in neuronen en men denkt 

dat dit eiwit een belangrijke rol speelt in de afgifte van neurotransmitters. Al sinds de 

jaren ‘80 buigen wetenschappers zich over de vraag welke invloed de Rab3A schake-

laar heeft op neurotransmitter blaasjes, maar er is tot nu toe nog geen bevredigend 

antwoord gevonden. 

In dit proefschrift heb ik geprobeerd meer informatie te verzamelen over de invloed 

van Rab3A in verschillende fasen van de levenscyclus van neurotransmitter blaasjes om 

zo tot een hypothese te komen over de rol van Rab3A in neurotransmitterafgifte.

In hoofdstuk 2 beschrijf ik de resultaten van experimenten die de rol van de GDP/GTP 

schakelfunctie van Rab3A onderzoeken in het aanmeren van LDCVs aan de celmem-

braan. Voor dit onderzoek heb ik chromaffi ne cellen gebruikt, dit zijn cellen uit de           

bijnier die veel LDCVs bevatten en in vele opzichten lijken op neuronen. Als ik een over-

maat aan Rab3A in deze cellen breng, zie ik dat er meer LDCVs aanmeren aan de cel 

membraan, terwijl mutante vormen van Rab3A die continu in de GTP of de GDP stand 

staan dit proces niet kunnen stimuleren. Hieruit blijkt dat het schakelen tussen de GTP 

en de GDP stand dus belangrijk is voor deze functie van Rab3A. Uit eerder onderzoek 

is gebleken dat een eiwit genaamd Munc-18 essentieel is voor het aanmeer proces van 

LDCVs. Om te kijken hoe Rab3A en Munc18 zich verhouden heb ik een overmaat aan 

Rab3A in chromaffi ne cellen gebracht die geen Munc-18 bevatten. In deze cellen zag 

ik dat Rab3A niet meer in staat is om het aanmeren van LDCVs te bevorderen en dat 

de mutante vormen van Rab3A zelfs een remmende werking hebben op dit proces. 

Uit deze experimenten blijkt dat Rab3A Munc-18 nodig heeft om het aanmeren van 

blaasjes te stimuleren en dat de blaasjes die zonder Munc18 toch nog aankomen aan 

de celmembraan gevoelig zijn voor de schakelfunctie van Rab3A.

Hoofdstuk 3 beschrijft de rol van de totale Rab3 familie in het aanmeren en afgeven 

van LDCVs in chromaffi ne cellen. Voor deze experimenten heb ik muizen gebruikt die 

alle Rab3 eiwitten missen. Deze muizen sterven kort na geboorte, wat aangeeft dat 

de Rab3 eiwitten erg belangrijk zijn voor lichaamsfuncties. Als we naar het aanmeren 

van blaasjes kijken, zien we geen effect van het ontbreken van alle Rab3 eiwitten. Dit 

geeft aan de Rab3A weliswaar het proces kan stimuleren, maar op zich niet essentieel 

is hiervoor. De afgifte van LDCVs is daarentegen wel aangedaan, en dan met name de 

eerste fase van het afgeven van LDCVs, direct na het verhogen van het interne calcium 
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gehalte. Dit betekent dat hoewel de LDCVs wel klaarliggen om afgegeven te worden, er 

nog een stap ontbreekt die ze ook in staat stelt om met de celmembraan te versmelten. 

Dit proces noemen we priming. Daarnaast vinden we dat het totaal aantal blaasjes is 

afgenomen in cellen zonder Rab3. Aangezien de afgifte van blaasjes in deze cellen is 

gehinderd, is het onwaarschijnlijk dat deze blaasjes verdwenen zijn via spontane af-

Figuur 1: Neuronen en synapsen
Een schematische tekening van een pre-synaptisch neuron dat contact maakt met een post-synapisch neu-
ron. Het elektrische signaal wordt gegenereerd op de grens tussen  cellichaam en axon onder invloed van 
neurotransmitters die worden afgegeven door presynapsen op het cellichaam en de dendrieten van het pre-
synaptische neuron. Dit signaal wordt via het axon naar de presynaps geleid. Daar wordt het voltageverschil 
over de celmembraan wordt geregistreerd door calciumkanalen die daardoor worden geopend. De verhog-
ing van het interne calciumgehalte is het signaal voor neurotransmitter blaasje om te worden afgegeven. 
Synaptische blaasjes geven hun inhoud af in de synapsspleet, terwijl LDCVs buiten deze regio hun inhoud 
afgeven. De neurotransmitters binden aan receptoren op de celmembraan van het post-synaptische neuron 
die het signaal doorgeven aan het cellichaam van deze cel. Als dit signaal sterk genoeg is, wordt een nieuwe 
actie potentiaal opgewekt in het axon van het post-synaptische neuron.

Presynaps
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postsynaptisch neuron
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Presynapsen

Celkern

LDCV

Cluster van 
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gifte. De overblijvende verklaring is dat de aanmaak van LDCVs in afwezigheid van 

Rab3 eiwitten minder goed verloopt.

Hoofdstuk 4 betrekt een tweede subgroep van Rab eiwitten in het geheel, de subklasse 

Rab27. Deze groep bestaat uit twee typen (A en B) en kan soortgelijke functies vervul-

len als de Rab3 subklasse, waaronder het binden aan dezelfde effector eiwitten. In dit 

hoofdstuk beschrijf ik de effecten van het verwijderen van zowel Rab3A als Rab27A 

in muizen. In tegenstelling tot muizen die alle Rab3 eiwitten missen, zijn deze muizen 

levensvatbaar en kunnen zich normaal voortplanten. De afwezigheid van Rab27A heeft 

geen invloed op het gedrag van de muizen, maar muizen zonder Rab3A blijken minder 

angstig te zijn. Als we kijken naar de chromaffi ne cellen van de muizen zonder Rab3A 

en Rab27A, vinden we geen effecten op het aanmeren van LDCVs. Ook het afgeven van 

synaptische blaasjes en LDCVs in neuronen van deze dieren verloopt normaal. Echter, 

we vonden een klein maar consistent effect op het recycling proces van zowel synap-

tische blaasjes en LDCVs, wat suggereert dat deze Rab eiwitten dus ook invloed uitoe-

fenen op deze fase van de levenscyclus van neurotransmitter blaasjes.

In hoofdstuk 5 heb ik een Rab3A effector eiwit onder de loep genomen dat zowel in 

chromaffi ne cellen als neuronen voorkomt: Rabphilin-3a. Dit eiwit kan calcium regis-

treren, LDCVs aan het actine skelet van de cel linken en binden aan eiwitten die es-

sentieel zijn voor de afgifte van neurotransmitter blaasjes. Aangezien ik in hoofdstuk 2 

heb gevonden dat het schakelen tussen GTP en GDP van Rab3a belangrijk is voor het 

aanmeer-proces van LDCVs in chromaffi ne cellen, stel ik hier de vraag of Rabphilin-3a 

misschien het effector eiwit is wat dit effect op het aanmeren verder bewerkstelligt. 

In de literatuur is al beschreven dat Rabphilin-3a LDCVs dichter bij de membraan kan 

brengen. Tot mijn verrassing zag ik echter minder LDCVs in de buurt van de membraan 

als ik een overmaat aan Rabphilin-3a in chromaffi ne cellen breng. De hoeveelheid 

aangemeerde blaasjes is zelfs gehalveerd. De LDCVs lagen als clusters in het cytoplas-

ma van de chromaffi ne cellen. Om te achterhalen wat hier nu aan de hand is, heb ik 

eerst het actine skelet van de cellen afgebroken maar dat had geen effect of de LDCV 

clusters. Verder heb ik een paar kleinschalige testen gedaan op cellen die danwel geen 

Munc-18 (hoofdstuk 2) of geen Rab3a/Rab27a (hoofdstuk 4)  hebben, maar ook daar 

leek geen oplossing in het verschiet. 

Het is aannemelijk dat het clusteren van LDCVs komt door een te grote overmaat aan 

Rabphilin-3a waardoor cellen onnatuurlijk gedrag gaan vertonen. Echter, dit is de eerste 

keer dat ik zoiets heb gezien en ook een eiwit wat erg lijkt op Rabphilin-3a, Doc2B, heeft 

niet dit effect. Het zou dus kunnen zijn dat  deze LDCVs clusters een versterking zijn 

van een natuurlijke functie van Rabphin-3a, maar ik heb het experiment om dat aan te 

tonen niet kunnen uitvoeren.
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Hoofdstuk 6 is een technisch hoofdstuk, het beschrijft de ontwikkeling van een com-

puterprogramma dat ik heb gebruikt om de LDCVs te analyseren in EM plaatjes van 

chromaffi ne cellen. De uitkomst is dat het programma erg goed werkt, niet alleen op 

chromaffi ne preparaten maar ook op andere cellen die LDCVs bevatten. 

De resultaten worden bediscussieerd in hoofdstuk 7, wat uiteindelijk leidt tot de vol-

gende hypothese: Aangezien Rab3A invloed heeft op de aanmaak (hoofdstuk 3), het 

aanmeren (hoofdstuk 2), het afgeven (hoofdstuk 3) en het recyclen (hoofdstuk 4) van 

neurotransmitter blaasjes en al deze stappen stimuleert, stel ik voor dat de algemene 

rol van Rab3A is de hele levenscyclus van neurotransmitter blaasjes te versnellen.
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DANKWOORD

Altijd spannend, zo’n dankwoord. Het is de meestgelezen pagina van je proefschrift 

terwijl je er de minste tijd aan besteed, dus dat moet haast wel fout gaan. 

Aangezien jij deze pagina aan het lezen bent, is de kans groot dat je me tijdens mijn 

AIO-periode geholpen hebt. 

Daarvoor wil je van harte bedanken, dus bij deze:

BEDANKT!
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.....maar natuurlijk zal ik daarnaast wat mensen noemen en roemen.

Als eerste de Grote Baas (letterlijk en fi guurlijk), de Professor. Beste Matthijs, ik heb gep-

robeerd zo min mogelijk tegen je op te kijken (ook letterlijk en fi guurlijk) maar dat is 

maar matig gelukt. Ik heb enorm veel geleerd onder jouw begeleiding. Bedankte voor 

je oog voor een groter plan (kijk hier eens even naar), je optimisme (Defecation is also 

secretion!), je presentatiekunst voor de zaal of op papier (ik heb alleen een paar kleine 

tekstuele wijzigingen) en vooral je continue steun voor dit AIO project waarvan we de 

verwachtingen toch moesten bijstellen gaandeweg.

Zeker net zo belangrijk voor dit project was de bijdrage van Dr. Toonen. Beste Ruud, ook 

van jou heb ik enorm veel geleerd en je vormde daarin de perfecte tegenhanger van 

Matthijs. Bedankt voor je oog voor wat haalbaar is (het is een schitterend plan, maar dat 

ga je natuurlijk niet doen.), je enthousiasme (gaat als een jekko!) en natuurlijk voor alle 

praktische begeleiding van moleculaire biologie tot live cell imaging.

Ten derde wil ik de EMers bedanken. Beste Heidi, jij hebt mij geholpen de eerste stap-

pen te zetten in een kleinere wereld. Ik heb heel veel geleerd van jouw oog voor detail, 

nauwkeurigheid en natuurlijk de technische vaardigheden. Jan, Joke, Carry en Nico, hoe 

vaak heb ik jullie hulp niet ingeroepen als de kleuring niet werkte, de vliezen niet goed 

waren of het fi lament er weer uitlag. Enorm bedankt voor al jullie hulp en delen van 

jullie ervaring.

Natuurlijk is EM en imaging hartstikke leuk, maar je hebt er niets aan zonder cellen of 

virus. Hiervoor wil ik de analisten-groep enorm bedanken, de onmisbare kern van FGA.

Robbie, kloon-goeroe en band-maatje, zonder jou was ik waarschijnlijk nogsteeds 

bezig m’n eerste Rab-virus in elkaar aan het zetten. Enorm bedankt voor al het werk dat 

je hebt gedaan voor dit project, maar vooral voor de goede tijd op en buiten het lab. Ik 

kan maar een ding te zeggen: one, two, three, HUH! Joost, bench-mate en borrel-koning, 

hoe vaak heb je die ash pcr nu ingezet? Enorm bedankt voor al je werk maar vooral 

voor alle lol die we hadden op het DNA lab en natuurlijk alle borrels. Ingrid, Desiree en 

Boukje, niet alleen bedankt voor alle neuronen en glia maar ook al die andere duizend-

en-een dingen die jullie hebben gedaan: pcr, in situ, confocal, western, virus en ga zo 

maar door, en dan hebben we het nog niet eens over de bijdrage in de Stelling of een 

andere kroeg. Chris, Lieselotte, Joke en Bert, enorm bedankt voor al het dierenwerk, van 

fokschema’s tot dissectie. 

Ook ben ik veel dank verschuldigd aan mijn co-auteurs:
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Dear Jakob and Jean-Sebastien, I really enjoyed working with you on the Rab3 qua-

druple null project. I’ve learned a lot about chromaffi n physiology by discussing our 

data and during my stay in Göttingen. Hopefully our results will fi nd their way to a 

journal soon. 

Beste Oliver, van jou heb ik veel geleerd over gedragsexperimenten en statistiek. Enorm 

bedankt voor al je input in het project en ik hoop dat we ons RBAsh verhaal binnenkort 

kunnen gaan wegsturen.

Keimpe, mijn Friese broer. Terwijl je net een paar weken Papa was geworden, ben je in 

de weekenden naar de VU gekomen om RBAsh cellen door te meten. Natuurlijk wil ik 

je bedanken voor deze praktische inspanning. Maar ik wil je vooral bedanken voor al je 

cynische opmerkingen (en okay, soms wat ook nuttige input), je melkplassen, je practi-

cal jokes, je computerspel-skills en vooral je vriendschap.

Beste Rik, Vincent, Niels en Wouter, ik ben enorm blij dat we er uiteindelijk in gelaagd 

geslaagd zijn een goed programma te maken wat LDCVs herkent in EM plaatjes. Ik zeg 

we, maar ik vroeg voornamelijk wat mogelijk was en jullie zetten het in elkaar, heel erg 

bedankt hiervoor. Ik heb veel geleerd over beeldbewerking en ook wat programmer-

ing. 

En niet te vergeten, Dr. Groffen. Beste Sander, ik vond het heel leuk om met je samen 

te werken aan het Doc2 project, memorabele skype met Israel en bezoekje aan Cam-

bridge. Dank ook voor je hulp aan het Rabphilin-3a project en je nuttige input op mijn 

andere studies, altijd constructief. Naast de wetenschap heb ik ook goede herinnerin-

gen aan de muziek-, frisbee- en gabber-sessies, dank hiervoor.

Verder wil ik ook Hanife bedanken. Je hebt geen makkelijke stage gehad: de EM viel een 

paar maanden uit juist toen jij je plaatjes moest gaan schieten en je kwam er achter dat 

fundamentele biologie je niet erg lag. Hopelijk heb je het desondanks toch een leuke 

tijd gevonden. Ik heb in ieder geval heel veel geleerd van jou begeleiden, waarvoor 

mijn dank.

Dit verhaal is echter niet aan de VU begonnen, maar aan de UvA en deze mensen wil ik 

ook zeker niet vergeten.

Beste Wim, in jouw lab is mijn enthousiasme voor celbiologie en biochemie begonnen. 

Ik vind het nog steeds jammer dat we de VU/UvA combinatie niet konden voortzetten 

en ik vind het van grote klasse dat je deel wilt nemen aan de promotiecommissie voor 

dit proefschrift. Elly, enorm bedankt voor alles wat je me geleerd hebt in het lab. Ik heb 

goede herinneringen aan onze zij-aan-zij synaptosoom-experimenten.  Beste Fernan-

do, ik ben ook heel erg blij dat u deel wilt nemen aan de promotiecommissie, dank voor 

alle goede adviezen.

Daarnaast zijn er een heleboel mensen aan de UvA die mijn tijd daar heel leerzaam en 

leuk hebben gemaakt, allemaal enorm bedankt.
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Tijdens de afgelopen jaren als AIO heb ik ook veel AIOs en post-docs en ander gespuis 

leren kennen die allemaal zo hebben bijgedragen aan dit boekje, direct of indirect. 

Dus hier komen ze, in willekeurige volgorde: Bedankt Jurjen (weg met metamorph, 

ImageJ!), Roland (dank voor het post-doc advies), David (hoe gaat de gene-hunting?), 

Martijn (krijg je nu een echte Mac bij je nieuwe job?), Ineke (van de regen uit de drup?), 

Jeroen (hoppa!), Arthur (als je nog schoenen nodig hebt hoor ik heb wel), Joost (UK is 

best leuk), Jildau ( het is een fi jne lay-out!), Elisabeth (doorbijten tot het einde), Jurgen 

(het is af!), Rhea (altijd blijven lachen), Sabine (dank voor je advies over het Goda lab), 

Asiya (another toptalent!), Juliane (wanneer gaan we weer dansen?), Bertrand (Cellbi-

ology Rules!), Juin (on your best behaviour), Marieke (is de boot nog niet gezonken?), 

Tatiana (still like the desk and the G4?), Linda (the naked scientist), Petra (hoe bevalt 

Utrecht?),Tony (hoe gaat het met de chromaffi ne cellen?), Rogier (jij nog wodka?), Kar-

lijn (Ya mama), Tim (Ya papa), Jay (That’s Bullshit!), Marjolein (NY is te gek), Michel (hoe 

is het bier in Canada?), Joris (Institute for Almost Real Neuroscience), Harold (je hebt 

wel met haar gedanst), Maarten (al klaar?), Danielle (Mebiose takes over!), Maria (you 

can do it), Martijn (hoe zat het nu ook alweer met die kabouters?) en Els (dank voor alle 

organisatie!).

Speciale dank gaat uit naar mijn paranimfen:

Beste Niels, heel erg bedankt voor al je wetenschappelijke en muzikale input. Ik vond 

het erg leuk om met je samen te werken aan het Matlab project, je als kamergenoot 

te hebben en ik heb ook goede herinneringen aan het uitwisselen van muzikale in-

vloeden. Keep the funk going! Ik ben blij dat je me wilt bijstaan tijdens de promotie.

Lieve Tina, ook jij bedankt voor alle hulp op het lab, de koffi ebreaks, de maxi-preps en 

de lay-out. Maar het beste is dat we van af het begin goede vrienden zijn geworden en 

ik veel van de AIO-frustraties/-successen met je heb kunnen delen, waarvoor ik je heel 

erg wil bedanken. Super dat je mijn paranimf wilt zijn zo kort na de geboorte van Milo.

Verder zijn de volgende mensen onmisbaar geweest voor de broodnodige afl eiding, 

ontspanning en vermaak:

Milkman Dan (R.I.P.): Grandmasta V, H-Bomb, G-Force en de Gaabster, de muziekale uit-

laatklep was onmisbaar tijdens deze AIO jaren. Enorm bedankt voor de tijd in de oefen-

ruimte (zowel voor het spelen als ouwehoeren), op het podium, in de trein en in Kafe 

Belgie. Ook dank aan Esther, Sandra, Hiske, Morag, Jeroen, Suzanne, Gert-Jan en Joachim 

voor nog meer tijd in Kafe Belgie en daarbuiten.

Nogmaals dank aan Ome Vin, voor het botvieren van de frustraties op de squashbaan 

en daarna het gesprek op het terras van Gent. Bedankt, je weet toch. Ik hoop dat jouw 

vat van pech nu eindelijk leeg is voor de komende 50 jaar.  
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Lieve Jasmijn en Job, dank voor de geweldige etentjes, gesprekken, wandeling(-en?) en 

brieven, voor, tijdens en na deze AIO jaren. Heel veel plezier met de eerste stappen in 

het ouderschap!

Lieve Ester en Casper, dank voor alles, van de eerste stapavonden in de Winston, tot op 

elkaars huis passen in de vakantie, tot aan oud-en-nieuw in Rotterdam. 

Dank ook aan de hele Winston clan: DJ Jasper & Janneke, Elchien & Rufus, Caro & Arent 

en Duve voor de woensdag dansdag.

Beste Koen & Canan & Pamir en Pieter & Tanja, dank voor alle mooie avonden in Utrecht 

en Turkye, van een kroegentocht rond de oude gracht tot het feest in Bursa. Ook dank 

aan het hele mebiosegroepje. Inmiddels wonen we verdeeld over de hele aardbol, maar 

wie organiseert nu het volgende weekendje en waar?

Beste Primus, dank voor alle toffe concerten en visexpedities. We moeten de Bristol-

Haifa connectie maar eens even wat leven in blazen, ik ben benieuwd naar de falafel.

Pim, dank voor de goede tijd van Rotterdam tot Dublin.

Lieve Pap & Mam, Nell, Renee, Stijn, Nils en Roan, dank voor alle adviezen, relativering, 

spelletjes en onvoorwaardelijke steun. 

Als laatste wil ik Mirjam bedanken. Lieve Mir, ik maak het je niet makkelijk: Eerst alle ups-

and-downs van 6 jaar AIO-schap en dan vertrek ik ook nog naar Bristol. Ongelofelijk dat 

je het met me uithoudt....  maar bedankt daarvoor!

Jan
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CURRICULUM VITAE

Jan Rienke Ties van Weering werd geboren op 17 juni 1978 in Utrecht. Na het behalen 

van zijn VWO diploma, begon Jan in 1997 aan de studie Medische Biologie aan de 

Universiteit van Utrecht. Daar volgde hij het Neuroscience traject van keuzevakken en 

deed twee stages, de eerste met Dr. L. de Groote aan de invloed van de Serotonine 

1b receptor in het gedrag en neurotransmitterafgifte in muizen en de tweede met Dr. 

W.E.J.M. Ghijsen aan de effecten van anti-epilipticum Vigabatrine op de afgifte van neu-

rotransmitters via neurotransmitter transporters. In augustus 2002 studeerde hij af en 

begon in september van dat jaar aan zijn promotie onderzoek onder begeleiding van 

Prof. dr. M. Verhage. Het onderzoek werd gestart aan de Universiteit van Amsterdam in 

samenwerking met Dr. W.E.J.M. Ghijsen en werd vanaf december 2003 volledig aan de 

Vrije Universiteit werd voortgezet. Dit proefschrift beschrijft de bevindingen van dit 

onderzoek. In mei 2008 is Jan begonnen als post-doc bij de afdeling Biochemie van 

Prof. dr. P.J. Cullen aan de Universiteit van Bristol. Hier zal hij zijn onderzoek aan eiwitten 

die het transport en de bestemming van blaasjes in de cel bepalen, voortzetten.
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