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Chapter 1

Introduction

For the brain to execute its functions, billions of neurons have to communicate with each other. 

This communication is achieved by exchanging molecules from one neuron to another. These 

molecules are secreted via exocytosis and received by receptors. The receptors translate the 

message into intercellular responses. Neurons communicate with different signalling molecules: 

neurotransmitters which are released via synaptic vesicles (SVs) and neuropeptides and 

neurotrophic factors which are released from dense core vesicles (DCVs). Although an extensive 

amount of research has unravelled the molecular mechanisms of neuronal SV exocytosis in the 

last decades, the exocytotic machinery of DCVs is currently less well understood.
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Functions of DCV cargo

DCVs primarily regulate the transport and release of different neuromodulators, which include 

neuropeptides, neurotrophins and granins. DCVs bud from the trans-Golgi network (TGN), 

undergo maturation, travel within the neuron, and fuse with the plasma membrane upon robust 

stimulation. Upon release, DCV cargo targets other neurons and regulates many different 

neuronal processes.

Neuropeptides are packaged as precursors in DCVs, and processed by enzymes within the 

DCV (Bonnemaison et al., 2013). More than a hundred different neuropeptides have currently 

been identified (Gondré-Lewis et al., 2012; www.neuropeptides.nl). Neuropeptide Y (NPY) is the 

most abundant neuropeptide (Malva et al., 2012) and widely distributed in the nervous system 

(Zaben and Gray, 2013). NPY functions in neurogenesis, synaptic plasticity, neuroprotection and 

neuroinflammation (Malva et al., 2012; Zaben and Gray, 2013). Other functions of neuropeptides 

include modulation of the stress response (Bisagno and Cadet, 2014), influencing learning and 

memory (Ögren et al., 2010), and regulating sex-specific behaviours (Dumais and Veenema, 2016).

Neurotrophins have an important role in neuronal development (Gondré-Lewis et al., 2012; Poo, 

2001). Four neurotrophins are expressed in the brain: nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), neurotrophin (NT) 3 and 4 (Park and Poo, 2013). BDNF is the most 

widely expressed neurotrophin and involved in many steps of neuronal development: neuronal 

differentiation, neuronal growth, synapse formation and plasticity (Park and Poo, 2013).

The family of granins consists of chromogranin (Chg) A and B, secretogranin II (SCG2) and III, 

and four related proteins. Granins are abundantly present within DCVs and are involved in DCV 

biogenesis and sorting of cargo into DCVs (Bartolomucci et al., 2011; Bonnemaison et al., 2013). 

Peptides derived from granins are secreted from neurons and have different functions which 

include the regulation of hormone and neurotransmitter release, neuronal excitability and 

immunity (Bartolomucci et al., 2011).

Involvement of DCV cargo in neuronal development

Release of DCV cargo is essential during neuronal development. Neurotrophins regulate many 

steps of neuronal development: from neurogenesis, neuronal differentiation, neurite outgrowth, 

synapse formation and maturation, to regulating neuronal circuit development (Park and Poo, 

2013). NPY is involved in neurogenesis and controls proliferation and differentiation of new-

born neurons (Malva et al., 2012; Zaben and Gray, 2013). Vasoactive intestinal peptide (VIP) 

affects neuronal tube development and regulates neuronal survival, proliferation, migration and 

synaptogenesis (Maduna and Lelievre, 2016; Zaben and Gray, 2013). Also other neuropeptides, 

including galanin (Zaben and Gray, 2013) and pituitary adenylate cyclase-activating polypeptide 

(Maduna and Lelievre, 2016), are involved in neuronal development. SCG2 plays a role in 

neuronal differentiation (Kim et al., 2015) and granin derived peptides influence neuritogenesis 

(Bartolomucci et al., 2011). The roles of DCV cargo in neuronal development are partly redundant: 
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knock out (KO) mice for one of these genes only show mild phenotypes (Hendy et al., 2006; 

Obermüller et al., 2010; Park and Poo, 2013).

Involvement of DCV cargo in disease

Neuromodulators are involved in different psychiatric disorders and other diseases. NPY 

is associated with post-traumatic stress disorder (Sah and Geracioti, 2013), attention-deficit 

hyperactivity disorder (Lesch et al., 2011), bipolar disorder, schizophrenia (Karl and Herzog, 2007) 

and neurodegenerative disorders (Duarte-Neves et al., 2016). Oxytocin levels are correlated 

to depression and autism spectrum disorder (Meyer-Lindenberg et al., 2011). VIP is linked 

to schizophrenia, autism-like disorders (Maduna and Lelievre, 2016) and inflammatory and 

autoimmune diseases (Ganea et al., 2015). BDNF levels are altered in Huntington’s, Parkinson’s 

and Alzheimer’s disease (Balaratnasingam and Janca, 2012) and BDNF is linked to eating (Nakazato 

et al., 2012) and psychiatric disorders (Balaratnasingam and Janca, 2012). Granins are associated 

with dementia, schizophrenia, diabetes, amyotrophic lateral and multiple sclerosis and are used 

as biomarkers for Alzheimer’s disease and different types of cancer (Bartolomucci et al., 2011; Lista 

and Hampel, 2017).
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Molecular mechanisms regulating vesicle exocytosis

Most membrane fusion steps, including vesicle exocytosis, rely on the formation of the soluble 

N-ethylmaleimide-sensitive factor attachment receptor (SNARE) complex. The SNARE complex 

consists of a protein on the vesicle (v-SNAREs) and proteins on the target membrane (t-SNAREs). 

Aided by Sec1/Munc-18 like proteins and complexins, the t-SNAREs and v-SNAREs assemble to 

form the SNARE complex. The SNARE complex holds the two membranes together and provides 

energy for the membranes to fuse. Regulated secretion requires a calcium sensor, which are 

proteins from the synaptotagmin family (Fang and Lindau, 2014; Han et al., 2017; Kasai et al., 2012; 

Rizo and Südhof, 2012).

SNARE proteins are at the core of SV and DCV fusion with the plasma membrane

All SNARE proteins contain a SNARE motif. The SNARE motif contains 60-70 amino acids which form 

a coiled coil structure. The v-SNAREs, which are proteins from the vesicle-associated membrane 

protein (VAMP)/synaptobrevin family, contain one SNARE motif. The t-SNAREs of the syntaxin 

family harbour one SNARE motif but the t-SNAREs of the synaptosomal-associated protein (SNAP) 

family usually contain two. The SNARE motif of v-SNAREs contains usually an arginine, which 

interacts with three glutamines in the helices of the t-SNARE proteins. Therefore, SNARE proteins 

can be divided into R-SNAREs, usually v-SNAREs, and Q-SNAREs, often t-SNAREs. Binding of the 

four SNARE motifs drives the formation of the SNARE complex, which is an essential step during 

membrane fusion (Figure 1.1) (Bock et al., 2001; Fasshauer et al., 1998; Han et al., 2017; Jahn and 

Fasshauer, 2012; Ramirez and Kavalali, 2012; Rizo and Südhof, 2012).

Many studies over the last decades revealed the molecular mechanism for neuronal SV exocytosis 

(Südhof, 2013). The SNARE complex of SVs requires VAMP/synaptobrevin 2, syntaxin-1 and SNAP-

25. Munc18-1 aids the incorporation of the SNARE partners into the SNARE complex. Munc13-

1 binds and opens syntaxin-1 and helps the assembly of the SNARE complex. Calcium binding 

SNARE complex

vSNARE

tSNAREs vesicle fusion

VAMP/synaptobrevin
syntaxin
SNAP

vesicle

plasma
membrane

Figure 1.1 – SNARE complexes drive membrane fusion
Schematic representation of membrane fusion between a vesicle and the plasma membrane. Indicated are the 
v-SNARE proteins on the vesicle (vesicle associated membrane protein (VAMP)/synaptobrevin protein family), 
and the t-SNARE proteins on the target membrane (syntaxin protein family and synaptosomal-associated protein 
(SNAP) family). SNARE complexes are formed when the SNARE motifs of the SNARE proteins (one in VAMP and 
syntaxin, two in SNAP) interact. Formation of the SNARE complex guides membrane fusion.
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to synaptotagmin 1 alters its interaction with the SNARE complex to guide membrane fusion. 

Complexin binds to the SNARE complex and influences membrane fusion (Han et al., 2017; Jahn 

and Fasshauer, 2012; Rizo and Südhof, 2012).

The proteins involved in neuronal DCV exocytosis have only been discovered recently. The SNARE 

proteins VAMP/synaptobrevin 2 and SNAP-25 are required for DCV exocytosis in central nervous 

system (CNS) neurons (Arora et al., 2017; Shimojo et al., 2015). Munc-13-1 plays an important role 

in neuronal DCV exocytosis (van de Bospoort et al., 2012). Calcium-dependent activator protein 

for secretion (CAPS) is highly important for DCV exocytosis in C. elegans and Drosophila (Avery et 

al., 1993; Renden et al., 2001; Speese et al., 2007). In mammalian neurons, CAPS is involved in DCV 

exocytosis (Farina et al., 2015) as well as in SV exocytosis (Jockusch et al., 2007).

Although some of the proteins important for neuronal DCV exocytosis have been discovered over 

the past few years, we do not know the details of the molecular mechanism driving neuronal DCV 

exocytosis. For instance, deletion of VAMP/synaptobrevin 2 expression results in upregulation of 

VAMP3, partially taking over the role of VAMP2 in DCV exocytosis in chromaffin cells (Borisovska 

et al., 2005). It remains unknown whether there are similar mechanisms for neuronal DCV 

exocytosis.
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Function of v-SNARE/R-SNARE proteins in vesicle exocytosis

Many SNARE proteins have been identified: 35 in humans and 20 - 24 in yeast, flies and worms 

(Bock et al., 2001). In complex organisms, more SNARE proteins are expressed compared to simple 

organisms. During evolution, two events probably expanded the number of SNARE genes. The 

first expansion occurred when multicellular organisms arose, increasing the number of SNARE 

genes/proteins involved in endosomal trafficking and secretion. The second expansion happened 

with the occurrence of vertebrates, this mostly increased the number of secretory SNARE proteins 

(Kloepper et al., 2008).

In mammals, there are 12 R-SNARE proteins (http://bioinformatics.mpibpc.mpg.de). Three of the 

mammalian R-SNAREs - amisyn, tomosyn 1 and tomosyn 2 - do not contain a transmembrane 

domain (TMD) and therefore cannot execute membrane fusion (Kienle et al., 2009a; Scales et al., 

2002). Two of the R-SNARE proteins, Ykt6 and Sec22b, function in the ER-Golgi pathway (Kienle et 

Table 1.1 – R-SNARE proteins in mouse, Drosophila, C. elegans, and C. cerevisiae
R-SNARE proteins in mouse, fly, worm and yeast (http://bioinformatics.mpibpc.mpg.de). Proteins are sorted 
according to their function: post-Golgi (for references see Table 1.2), ER-Golgi (Kienle et al., 2009a), or lacking 
a transmembrane domain (TMD) and therefore do not function as a v-SNARE (Kienle et al., 2009a; Scales et al., 
2002). 
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al., 2009a). Seven R-SNAREs, proteins of the VAMP/synaptobrevin protein family, have a post-Golgi 

role (see below). An overview of the R-SNAREs in mouse (12 R-SNAREs), Drosophila (6 R-SNAREs), 

C. elegans (8 R-SNAREs), and C. cerevisiae (5 R-SNAREs) (http://bioinformatics.mpibpc.mpg.de) is 

given in Table 1.1.

Table 1.1 shows that VAMP/synaptobrevin proteins, Ykt6 and Sec22 have homologs in mammals, C. 

elegans, Drosophila and S. cerevisiae. Tomosyn is found in all but yeast cells and amisyn is specific 

for mammals.

Structure and homology of the post-Golgi R-SNAREs

This thesis focuses on the post-Golgi R-SNAREs (Table 1.2) since these could function in the fusion 

of DCVs with the plasma membrane. All VAMP/synaptobrevin proteins contain one R-SNARE 

domain and a trans-membrane domain (TMD) which anchors the protein into the vesicular 

membrane (Rizo and Südhof, 2012; Rossi et al., 2004a). VAMP7, as well as Sec22b and Ykt6, also 

contain a longin domain (Daste et al., 2015). The longin domain has an inhibitory function when it 

folds back onto the SNARE domain (Daste et al., 2015). SNARE proteins with a longin domain are 

grouped together as the ‘longins’, the SNARE proteins without are called ‘brevins’ (after the Latin 

word brevis which means short) (Filippini et al., 2001). Yeast, worms, flies and mice express one 

longin post-Golgi R-SNARE: VAMP7 (Nyv1 in yeast; Table 1.2).

Taking a closer look at the R-SNARE sequence, two groups have been defined. The RD-SNAREs 

have an aspartic acid (D) following the arginine and RG-SNAREs a glycine (G). Furthermore, more 

amino acids in the SNARE motifs of RG- and RD- SNAREs are conserved (Rossi et al., 2004b). 

Interestingly, yeast only has RG-SNARE proteins. The RD-SNARE proteins have evolved later and 

are found in worms, fruit flies and mammals (Table 1.2).

A distance tree of the different post-Golgi R-SNAREs (Figure 1.2) shows two groups of R-SNAREs. 

The first group contains mammalian VAMP1, 2 and 3, C. elegans synaptobrevin (Syb) 1 and 2, and 

Drosophila Syb and neuronal synaptobrevin (n-Syb). The second group contains S. cerevisiae SNC1, 

SNC2, Nyv1, mammalian VAMP4, 7 and 8, C. elegans Syb5, 6 and VAMP7 and Drosophila VAMP7. 

Mammalian VAMP5 is not related to any of the other R-SNAREs. 

Function and expression of the post-Golgi R-SNAREs

S. cerevisiae express three post-Golgi R-SNAREs: SNC1, SNC2 and Nyv1 (Table 1.2). Nyv1 is a longin 

protein and ortholog of mammalian VAMP7 (Kienle et al., 2009b). Nyv1 is involved in vacuolar 

function and not essential for viability (Nichols et al., 1997). SNC1 and SNC2, which are 79% 

identical, both function in the transport and fusion of post-Golgi vesicles in yeast. Deletion of 

one of the SNC proteins does not lead to a phenotype, however deletion of both SNC1 and SNC2 

is lethal. Yeast lacking both SNC proteins are defective in secretion and accumulate post-Golgi 

vesicles (Protopopov et al., 1993).

C. elegans expresses five post-Golgi R-SNARE proteins: synaptobrevin (Syb) 1, 2, 5, 6 and VAMP7 

(Table 1.2). Syb1 is highly expressed in the nervous system and functions in synaptic transmission. 
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Deletion of Syb1 expression is lethal and results in an uncoordinated phenotype (Calahorro and 

Izquierdo, 2018; Nonet et al., 1998). The other C. elegans R-SNAREs are expressed in different parts 

of the organism and no function has been reported (www.wormbase.org).

There are three post-Golgi R-SNAREs in Drosophila: neuronal synaptobrevin (n-Syb), synaptobrevin 

(Syb) and VAMP7 (Table 1.2). n-Syb is expressed in the nervous system and enriched in synapses 

(Deitcher et al., 1998; DiAntonio et al., 1993). The expression of n-Syb aligns with the timing 

of synaptogenesis (DiAntonio et al., 1993). n-Syb is essential for action potential stimulated 

neurotransmission and has a role in spontaneous neurotransmission (Deitcher et al., 1998), 

but not in axon outgrowth and synaptogenesis (Deitcher et al., 1998). Syb is expressed in the 

other parts of the body, not in the nervous system, and enriched in the gut (Chin et al., 1993; 

Figure 1.2 – Distance tree of post-Golgi R-SNARE proteins in mouse, Drosophila, C. elegans, and C. cerevisiae
Distance tree of mouse (blue), fly (orange), worm (grey) and yeast (red) post-Golgi R-SNAREs (see Table 1.2). 
Lines indicate the length of distance between the proteins. Proteins clustered together are more similar.

VAMP5

VAMP 4

VAMP7

VAMP7

Nyv1

SNC1

SNC2

VAMP8

VAMP7

Syb5

Syb6

Syb

n-Syb
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DiAntonio et al., 1993). Alternative splicing of Syb gives rise to two splicing isoforms: Syb-a and 

Syb-b (Bhattacharya et al., 2002). Syb regulates cell viability and deletion of Syb expression is lethal 

(Bhattacharya et al., 2002). VAMP7 is not essential for Drosophila survival (www.flybase.org) and 

involved in autophagy and intracellular trafficking of wingless (Gao et al., 2017; Takáts et al., 2014). 

It is expressed throughout the body of the fly (http://insitu.fruitfly.org).

In mice and other mammals, seven post-Golgi R-SNAREs are expressed: VAMP1, 2, 3, 4, 5, 7 and 

8 (Table 1.2). VAMP1 is highly expressed in the spinal cord (Elferink et al., 1989; Liu et al., 2011), 

where it functions in synaptic transmission at the neuro-muscular junction (NMJ) (Liu et al., 2011). 

Deletion of VAMP1 expression leads to general lack of movement and wasting (lethal-wasting 

phenotype), which results in death before weaning around postnatal day 15 (Nystuen et al., 2007). 

VAMP1 is alternatively spliced, leading to at least two splice variants in mouse: VAMP1A which 

is expressed in the nervous system and VAMP1B which is widely expressed, but not in the brain 

(Isenmann et al., 1998; Nystuen et al., 2007). VAMP2 is expressed in secretory cells (Ahnert-Hilger et 

al., 2013) and the most abundant VAMP protein in the brain (Elferink et al., 1989; Raptis et al., 2005). 

VAMP2 is essential in action potential induced synaptic transmission and involved in spontaneous 

synaptic transmission in neurons (Schoch et al., 2001). In chromaffin cells, VAMP2 regulates 

secretory granule exocytosis (Borisovska et al., 2005). VAMP2 KO mice die at birth (Nystuen et 

al., 2007). VAMP3 is ubiquitously expressed in mice, but in the brain it is expressed in astrocytes 

and not in neurons (McMahon et al., 1993; Schoch et al., 2001; Schubert et al., 2011). VAMP3 is 

involved in integrin and transferrin recycling (Galli et al., 1994; Luftman et al., 2009), and vesicle 

release in astrocytes (Li et al., 2015). However, no phenotypes have been observed in VAMP3 KO 

mice so far (Yang et al., 2001). VAMP4 is expressed in many organs of the body, including the brain 

(Advani et al., 1998). VAMP4 functions in neurite outgrowth (Cocucci et al., 2008) and trafficking 

between endosomes and trans-Golgi network (Steegmaier et al., 1999). VAMP4 contains a long 

N-terminal region which is involved in VAMP4 localization at the Golgi (Peden et al., 2001), where 

it maintains the structure of the Golgi (Shitara et al., 2013). VAMP5 cannot form a SNARE complex 

with Q-SNARE proteins (Hasan et al., 2010). VAMP5 is enriched in muscle and not detectable 

in brain (Zeng et al., 1998). VAMP5 KO mice have defects in the urinary and respiratory system, 

which suggests that VAMP5 has a function in these organ systems (Ikezawa et al., 2018). VAMP5 

KO mice have a low viability, more than half die at birth, and the surviving mice have a decreased 

body weight (Ikezawa et al., 2018). VAMP7 is expressed in many parts of the body, including the 

brain (Advani et al., 1998). VAMP7 is involved in neurite outgrowth (Martinez-Arca et al., 2001), 

and lysosomal and granule secretion (Chaineau et al., 2009). VAMP7 KO mice are viable, but have 

a decreased brain weight and increased anxiety (Danglot et al., 2012). VAMP8 is highly expressed 

in the kidney, but not present in the brain (Advani et al., 1998). VAMP8 is important for exocytosis 

in the pancreas (Wang et al., 2004) and granule secretion in the immune synapse (Marshall et al., 

2015). KO of VAMP8 causes severe pancreatic defects, growth deficits and death before weaning 

in more than one-third of the mice (Wang et al., 2004). 

Taken together, the post-Golgi R-SNAREs execute a range of functions, which partly depend on 
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their expression profile. Many KO organisms lead to a phenotype, which shows the importance 

of the individual R-SNARE proteins. Some of the post-Golgi R-SNARE KO organisms do not show 

a phenotype, which suggests that their function is redundant.

Redundancy of R-SNARE function

The post-Golgi R-SNARE proteins are partly redundant in their function. In yeast cells, deletion 

of only one of the two SNC proteins does not lead to a phenotype, but deletion of SNC1 and 

SNC2 is lethal and results in secretion defects (Protopopov et al., 1993). Overexpression of 

Drosophila Syb or n-Syb rescues the phenotypes observed in mutants of respectively n-Syb or Syb 

(Bhattacharya et al., 2002). Syb mutant defects are also rescued with overexpressed rat VAMP2 or 

VAMP3 (Bhattacharya et al., 2002). In mammals, deletion of VAMP2 expression in chromaffin cells 

triggers the upregulation of VAMP3 which partly rescues the phenotype (Borisovska et al., 2005). 

In the NMJ, deletion of VAMP1 expression impairs, but not abolishes, synaptic transmission (Liu 

et al., 2011). This implies that other VAMP proteins compensate the lack of VAMP1. VAMP1 KO 

does not lead to increased VAMP2 expression in the NMJ (Liu et al., 2011; Nystuen et al., 2007). 

In neurons, the residual release in VAMP2 KO neurons is mediated by VAMP1 (Zimmermann et 

al., 2014) but VAMP2 deficiency does not lead to upregulation of VAMP1 (Borisovska et al., 2005). 

Overexpression of VAMP1, 3 or 4 can partially rescue the synaptic transmission phenotype in 

VAMP2 KO neurons (Deák et al., 2006; Raingo et al., 2012; Zimmermann et al., 2014). This shows 

that although some post-Golgi R-SNARE proteins can take over the function of others, it is not 

always as efficient.

Role of post-Golgi R-SNAREs in neuronal exocytosis

A subset of the post-Golgi R-SNAREs are expressed in the nervous system. In C. elegans, Syb1 

and Syb6 are both enriched in the nervous system (Calahorro and Izquierdo, 2018; www.

wormbase.org), where Syb1 has an essential role in synaptic transmission (Nonet et al., 1998). In 

Drosophila, n-Syb is the neuronal synaptobrevin regulating neurotransmitter release (Deitcher et 

al., 1998; DiAntonio et al., 1993). Deletion of n-Syb expression abolishes action potential driven 

neurotransmission, but spontaneous release is not completely absent (Deitcher et al., 1998). 

VAMP7, which is ubiquitously expressed (www.flybase.org), is the major candidate to support the 

residual release in the n-Syb mutant.

In mice, VAMP1, 2, 3, 4 and 7 are expressed in the brain (Advani et al., 1998; Elferink et al., 1989; 

McMahon et al., 1993). VAMP3 is not expressed in neurons, but in astrocytes (Schoch et al., 2001; 

Schubert et al., 2011). Therefore, the neuronal R-SNAREs are VAMP1, 2, 4 and 7, which are all present 

on the SV membrane (Takamori et al., 2006). VAMP2 is the main VAMP protein regulating synaptic 

transmission in neurons, synaptic transmission is lost in VAMP2 KO mice (Schoch et al., 2001). 

VAMP2 is the most abundant VAMP protein in the brain (Elferink et al., 1989; Raptis et al., 2005) and 

the highest expressed protein on synaptic vesicles, with an estimated 70 copies of VAMP2 per SV 

(Takamori et al., 2006). VAMP1 is the second most abundant VAMP protein in the brain (Elferink et 
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al., 1989; Raptis et al., 2005) and mostly found in inhibitory terminals (Bragina et al., 2010; Ferecskó 

et al., 2015). The residual release in VAMP2 KO neurons is mediated by VAMP1 (Zimmermann et al., 

2014). VAMP4 regulates calcium-dependent asynchronous synaptic transmission and is involved in 

spontaneous release (Raingo et al., 2012) and bulk endocytosis of SVs (Nicholson-Fish et al., 2015). 

VAMP7 is localized on SVs in the resting pool (Hua et al., 2011) and is proposed to be involved in 

spontaneous release of SVs (Kavalali, 2015).

Taken together, multiple post-Golgi R-SNARE proteins have a function in the brain and in synaptic 

transmission. In mammalian neurons, VAMP2 is the major VAMP isoform for SV and DCV 

exocytosis. However, VAMP3 can partly take over the function of VAMP2 in chromaffin granule 

exocytosis and VAMP1 drives residual SV release in VAMP2 KO neurons. Whether VAMP1, 4 and 7 

play a role in neuronal DCV exocytosis is currently unknown.
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Aim of the thesis

Although the molecular machinery for neuronal SV exocytosis has been thoroughly studied, the 

proteins involved in neuronal DCV exocytosis and their exact function are less well understood. 

Release of neuromodulators upon DCV fusion is important for many neuronal processes, 

including neuronal development, neuronal plasticity and immunity.

Although it is known that DCV cargo is important for neuronal development, little is known 

about DCV content, DCV biogenesis and their fusion competence at different stages in neuronal 

development. In Chapter 2, we describe the expression of the DCV cargos ChgA, ChgB, SCG2 and 

BDNF in cultured hippocampal mouse neurons at three developmental time points: day in vitro 

(DIV) 4, 7 and 14. We show that in young neurons, SCG2 and ChgA are the most abundant DCV 

markers. Co-expression of DCV cargo increases during development and is highest for BDNF 

and SCG2. Correlating with neuronal outgrowth, the number of DCVs increases during neuronal 

development. At DIV 4, exogenous DCV markers are already correctly targeted to DCVs, which 

enables the study of DCV exocytosis in young neurons. These new insights are used in Chapter 3, 

where we use fluorescent DCV markers to study DCV exocytosis at DIV 4, 5, 6 and 14. The number 

of DCV fusion events increases 10-fold from DIV 4 to 14, and the DCV release probability plateaus 

from DIV 6. Hence, DCV cargo co-expression, the number of DCVs and the number of DCV fusion 

events increase during neuronal development in vitro.

The molecular mechanisms driving neuronal DCV exocytosis are incompletely understood. In 

Chapter 3, we study the involvement of the VAMP/synaptobrevin proteins in DCV exocytosis in 

DIV 4 neurons. Cleavage of VAMP1, 2 and 3 with tetanus neurotoxin (TeNT) strongly reduces DCV 

exocytosis, but deletion of VAMP7 expression does not. In young neurons, VAMP1 expression 

levels are high and VAMP2 expression relatively low. The low VAMP2 levels are not rate-limiting 

for DCV exocytosis in young neurons, since overexpression of VAMP2 in these neurons does not 

increase the number of DCV fusion events. In Chapter 4, we assess which VAMP/synaptobrevin 

proteins are essential for DCV exocytosis in mature neurons. Both VAMP1 and VAMP2 co-

localize and co-traffic with DCV cargo. TeNT cleavage of VAMP1, 2 and 3 disrupts DCV exocytosis. 

Expression of a TeNT-insensitive version of VAMP1, 2 or 3 does not rescue DCV exocytosis. We 

conclude that in both young and mature neurons, TeNT-sensitive VAMP proteins are essential for 

DCV exocytosis. We hypothesise that DCV exocytosis in mature neurons require both VAMP2 and 

VAMP1, and that VAMP1 might regulate DCV exocytosis in young neurons.

In Chapter 5, we examine the functional domains of the DCV protein CAPS-1 in rescue experiments 

in CAPS-1/-2 double KO neurons. Deletion of CAPS-1 and CAPS-2 expression does not affect DCV 

biogenesis or distribution. Truncation of the CAPS-1 C-terminus impairs synaptic enrichment of 

CAPS-1, but mutations in a functional domain of CAPS-1 did not. Mutating one of the functional 

domains or truncation of the C-terminus impairs CAPS-1 function in DCV exocytosis. Hence, all 

CAPS-1 functional domains are required for the function of CAPS-1 in DCV exocytosis.

DCV exocytosis might require a different molecular mechanism compared to SV exocytosis. In 
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Chapter 4, we show that TeNT-insensitive VAMP2 can rescue SV but not DCV exocytosis after 

TeNT treatment in neurons. In Chapter 5, we show that upon robust stimulation, deletion of CAPS-

1 and CAPS-2 expression interferes significantly more with DCV as compared to SV exocytosis. 

We suggest that DCV exocytosis requires two VAMP/synaptobrevin proteins, while SV exocytosis 

only requires one, and that CAPS proteins are partially redundant for SV, but not DCV exocytosis 

during conditions of high calcium.

In Chapter 6, the results of this thesis and future directions are discussed.
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Abstract

Neuronal dense core vesicles (DCVs) contain neuropeptides and neurotrophic factors. The 

regulated secretion of these factors influences many brain processes including neuronal 

development. However, their expression and co-expression in individual neurons and DCVs 

during development is unknown. In this study, we assessed the expression of the DCV-resident 

brain derived neurotrophic factor (BDNF), chromogranin A (ChgA), chromogranin B (ChgB), and 

secretogranin II (SCG2) at three stages of neuronal-development (day in vitro (DIV) 4, 7 and 14) in 

hippocampal mouse neurons in vitro. We studied the number of DCVs at these developmental 

time points and examined whether an exogenous DCV-reporter is already correctly targeted in 

immature neurons. We found that the number of cells expressing one of the granins increased 

from DIV 4 to 7. Young neurons were more often SCG2 and ChgA positive compared to ChgB and 

BDNF. Co-occurrence of two cargos increased during development and was most prominent for 

SCG2 and BDNF. The number of DCVs increased during development correlating with neurite 

outgrowth. The DCV-reporter NPY-mCherry was targeted to SCG2-positive DCVs at DIV 4, 7 and 

14. In conclusion, the percentage of neurons expressing DCV-cargo and the number of DCVs 

within a neuron increase during in vitro development. DCVs are correctly visualized with the DCV-

reporter NPY-mCherry already at DIV 4.



29

DCV-cargo during neuronal development 

2

Introduction

Neuronal dense core vesicles (DCVs) transport neurotrophins, neuropeptides and granins 

(Gondré-Lewis et al., 2012). Fusion of DCVs with the plasma membrane releases these cargos, 

which subsequently influence many brain processes: neurotrophins are involved in development 

and synaptic plasticity (Maduna and Lelievre, 2016; Park and Poo, 2013; Poo, 2001); neuropeptides 

have a role in synaptic plasticity and homeostasis (Bisagno and Cadet, 2014; Gavériaux-Ruff and 

Kieffer, 2002; Malva et al., 2012); granins regulate DCV biogenesis (Courel et al., 2010; Mahapatra et 

al., 2005; Pasqua et al., 2016; Zhang et al., 2014). Some of these DCV cargos have an important role 

in neuronal development. For instance, brain derived neurotrophic factor (BDNF) is involved in 

cell survival (Barde et al., 1982; Jones et al., 1994; Sairanen et al., 2005), neurite outgrowth (Ahmed 

et al., 1995; Rauskolb et al., 2010), axonal differentiation (Cheng et al., 2011; Shelly et al., 2007), and 

synaptogenesis (Alsina et al., 2001; Vicario-Abejón et al., 1998) (for a review, see Park and Poo, 2013). 

BDNF expression is decreased in patients with the neurodevelopmental disorder Rett syndrome 

(Abuhatzira et al., 2007; Deng et al., 2007). 

During development, expression of DCV cargos is not constant. Expression of secretogranin II 

(SCG2) is lower in fetal compared to adult mouse hypothalamus in vivo and decreases over time 

in mouse hypothalamic neurons in vitro (Tixier-Vidal et al., 1992). mRNA levels of chromogranin 

A (ChgA) fluctuate and levels of chromogranin B (ChgB) increase in rat hippocampus from 

embryonic day 18 (E18) until adulthood (Mahata et al., 1993). However, there is little knowledge 

of the expression levels and co-expression of DCV cargos in developing neurons. Therefore, 

we studied the expression and subcellular localization of DCV cargos during in vitro neuronal 

development. We included BDNF, the most broadly expressed and well-studied neurotrophin, 

and the three main neuronal granins: ChgA, ChgB and SCG2, which are highly abundant DCV 

cargo (Eiden et al., 1987; Rosa and Gerdes, 1994; Taupenot et al., 2003) and commonly used DCV 

markers. In addition, we assessed the number and localization of DCVs at different time points of 

neuronal development. 

In this study, we used primary cultured hippocampal neurons at three developmental time points: 

before synaptogenesis (day in vitro (DIV) 4), when synaptic contacts are formed (DIV 7) and in 

mature neurons (DIV 14) (Arimura and Kaibuchi, 2007; Dotti et al., 1988). We found that the number 

of neurons containing BDNF, ChgA, ChgB or SCG2 increases from DIV 4 to DIV 7. At DIV 4 and 7, 

SCG2 and ChgA are relatively the most abundant DCV markers, while ChgB expression levels are 

very low. BDNF-positive puncta co-localize more with SCG2 than with ChgA or ChgB at these time 

points. The number of DCVs per neuron increases during development, correlating with neurite 

outgrowth. The exogenous DCV-reporter NPY-mCherry is targeted to SCG2-labelled DCVs at DIV 

4, 7 and 14. Together, our study shows that SCG2 and ChgA are suitable DCV markers in young 

neurons; that the developmental increase of DCV number is related to neurite outgrowth, and 

that DCV trafficking and fusion can be correctly visualized with a DCV-reporter already at DIV 4.
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Results

DCVs in DIV 4 and 7 hippocampal neurons contain more often SCG2 and ChgA compared to ChgB 

and BDNF

To assess the expression of DCV cargo in individual neurons, we stained hippocampal neurons at 

DIV 4 and 7 for the endogenous DCV cargo SCG2, ChgA, ChgB, BDNF and dendritic marker MAP2 

(Figure 2.1a-d). At DIV 4, all four tested DCV cargo were detected as punctate staining in a subset 

of neurons (percentage of neurons containing SCG2: 50%; ChgA: 60%; ChgB: 20%; BDNF: 42%, 

all data and statistics in Table S2.1, Figure 2.1e-f). At DIV 7, punctate staining of SCG2 and ChgA 

was detected in all neurons included in this dataset, while ChgB and BDNF punctate staining 

were detected in a subset of neurons (ChgB: 40%; BDNF: 40%, Figure 2.1f). Western blot analysis 
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Figure 2.1 – SCG2 and ChgA are more often found in DIV 4 and DIV 7 hippocampal neurons compared to ChgB 
and BDNF
a-d: Representative images of DIV 4 and 7 hippocampal neurons stained for dendritic marker MAP2 (magenta) 
and a: SCG2 (green), b: ChgA (green), c: ChgB (green) or d: BDNF (green). Zoom shows enlargement of a neurite 
containing punctate staining. e: Example image of a neuron positive for DCV cargo ChgA (middle) and negative 
for BDNF (right). f: Percentage of DCV cargo positive cells (for SCG2 (DIV 4: n=4; DIV 7: n=5), ChgA (DIV 4: 
n=5; DIV 7: n=5), ChgB (DIV 4: n=5; DIV 7:n=5), BDNF (DIV 4: n=14; DIV 7: n=15)) at DIV 4 and DIV 7. Detailed 
information (average, SEM and n) is shown in Table S2.1.
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Figure 2.2 – BDNF-positive puncta contain more often SCG2 compared to ChgA and ChgB
a: Percentage of DCV cargo positive cells co-expressing SCG2 (DIV 4: n=4; DIV 7: n=5), ChgA (DIV 4: n=5; DIV 
7: n=5) or ChgB (DIV 4: n=5; DIV 7: n=5) with BDNF, at DIV 4 (dark colors) and DIV 7 (light colors). b: Zooms of 
punctate staining of BDNF (magenta) with SCG2 (left, green), ChgA (middle, green) and ChgB (right, green). 
Indicated are puncta containing only BDNF (arrow), only SCG2, ChgA or ChgB (arrowhead) or containing both 
(double arrow). Profile shows the intensity of both channels in the neurite. c-e: Pearson’s (c), and Manders’ (d-
e) coefficients of the co-localization of BDNF with SCG2 (n=5), ChgA (n=2) and ChgB (n=2) at DIV 7. Detailed 
information (average, SEM and n) is shown in Table S2.1.

supported the low ChgB expression levels in young neurons and suggested SCG2 expression 

levels to rise and ChgA expression levels to decrease during development (Figure S2.1). Combined, 

these data indicate that young neurons contain mostly SCG2 and ChgA, and that during in vitro 

development the total ChgB expression level increases.

BDNF-positive puncta contain more often SCG2 compared to ChgA and ChgB at DIV 4 and 7

We determined the co-expression of BDNF with one of the granins. Co-localization of BDNF was 

highest for SCG2, and increased from DIV 4 to DIV 7 for most granins (SCG2: DIV 4: 25%, DIV 7: 

60%; ChgA: DIV 4: 0%, DIV 7: 20%; ChgB: DIV 4: 20%, DIV 7: 20%; Figure 2.2a). At DIV 7, neurons 

expressing two DCV cargos showed puncta positive for one (granin only: arrow; BDNF only: 

arrowhead) or both (double arrow, Figure 2.2b). Quantification of the co-localization of SCG2 

and BDNF showed higher co-localization coefficients (Pearson’s coefficient: 0.61 ± 0.07; Manders’ 

coefficients: SCG2 in BDNF: 0.55 ± 0.11, BDNF in SCG2: 0.52 ± 0.12) compared to the co-localization 

of BDNF with ChgA or ChgB (Pearson’s coefficient: ChgA: 0.39 ± 0.04, ChgB: 0.39 ± 0.05 ; Manders’ 

coefficients: CghA in BDNF: 0.26 ±0.07, ChgB in BDNF: 0.26 ± 0.01, BDNF in ChgA: 0.30 ± 0.02, BDNF 

in ChgB: 0.35 ± 0.08; Figure 2.2c-e). Taken together, these data show that BDNF-positive puncta are 
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more often positive for SCG2 compared to ChgA and ChgB at DIV 4 and 7.

The number of DCVs per neuron increases during development in vitro

To study changes in the number and localization of DCVs during in vitro development, we stained 

hippocampal neurons at DIV 4, 7 and 14 for the dendritic marker MAP2, axonal marker SMI312 

and the DCV cargo SCG2 (Figure 2.3a). DCVs were detected with light microscopy, which cannot 

identify single vesicles but provides an estimation of the number and localization of DCVs. First, 

we assessed neurite outgrowth, which increased significantly from DIV 4 to DIV 14, as expected 

(neurite length DIV 4: 1.32 ± 0.19, DIV 14: 3.96 ± 0.68; one-way ANOVA: p = 1.3*10-3 (**), post-hoc 

Tukey test: DIV 4 vs DIV 14: p = 8.4*10-4 (***); Figure 2.3b). Sholl analysis showed that neurite 

branching increased during development (Figure 2.3c). The estimated number of DCVs per 

neuron increased from DIV 4 to DIV 7, and the increase was significantly after DIV 7 (DIV 4: 460 ± 

98, DIV 7: 657 ± 94, DIV 14: 1396 ± 315; one-way ANOVA: p = 4.3*10-3 (**), post-hoc Tukey test: DIV 4 

vs DIV 7: p = 0.75 (ns), DIV 4 vs DIV 14: p = 5.0*10-3 (**); Figure 2.3d). The size and intensity of SCG2 

puncta were similar over all time points (Figure 2.3e,f). At DIV 14, the number of DCVs per neurite 

length and their distribution along the neurites was comparable to DIV 4-7 (Figure 2.3g-i). Hence, 

the increase in the number of DCVs per neuron and their localization scales to the increase in 

neurite length and arborization in cultured neurons from DIV 4 to DIV 14, giving rise to a similar 

number of DCVs per unit of neurite length at all developmental stages. 

Exogenous neuropeptides are targeted to DCVs at DIV 4 and 7

DCV exocytosis in neurons can be studied using the DCV-reporter neuropeptide Y (NPY) coupled 

to a fluorescent protein (van de Bospoort et al., 2012; Farina et al., 2015). Previous reports showed 

targeting of this reporter to DCVs at DIV 14 (van de Bospoort et al., 2012; Farina et al., 2015), but 

whether exogenous NPY labels all DCVs at earlier time points is unknown. Therefore, we introduced 

NPY-mCherry into hippocampal neurons via lentiviral infection 3-5 days before fixation at DIV 4, 7 

and 14. Neurons were stained for MAP2, mCherry and SCG2 for all time points and compared to 

NPY-mCherry co-expression with ChgB at DIV 14 (as in Farina et al., 2015; Figure 2.4a). At all time 

Figure 2.3 – Number of DCVs in hippocampal neurons increases from DIV 4 to DIV 14 (next page)
a: Representative images of DIV 4,7 and 14 hippocampal neurons, stained for dendritic marker MAP2 (magenta), 
axonal marker SMI312 (magenta) and SCG2 (green). Zoom shows enlargement of a neurite containing punctate 
staining. b: Average neurite length of hippocampal neurons at DIV 4 ,7 and 14. One-way ANOVA: p = 1.3*10-3 (**); 
post-hoc Tukey test: DIV 4 vs DIV 7: p = 0.14 (ns), DIV 4 vs DIV 14: p = 8.4*10-4 (***), DIV 7 vs DIV 14: p = 0.10 (ns). 
c: Sholl analysis of the neurites of hippocampal neurons at DIV 4,7 and 14. d: Average number of DCVs at DIV 4,7 
and 14 in the neurites of hippocampal neurons. One-way ANOVA: p = 4.3*10-3 (**); post-hoc Tukey test: DIV 4 vs 
DIV 7: p = 0.75 (ns), DIV 4 vs DIV 14: p = 5.0*10-3 (**), DIV 7 vs DIV 14: p = 0.027 (*). e: Average size of SCG2 puncta 
at DIV 4,7 and 14. One-way ANOVA: p = 0.10 (ns). f: Average intensity of SCG2 puncta at DIV 4,7 and 14. One-way 
ANOVA: p = 0.69 (ns). g: Average number of DCVs per neurite length (µm) at DIV 4,7 and 14 of hippocampal 
neurons. One-way ANOVA: p = 0.30 (ns). h: Sholl analysis of the DCVs in the neurites of hippocampal neurons at 
DIV 4,7 and 14. i: Normalized Sholl analysis of the DCVs in the neurites of hippocampal neurons at DIV 4,7 and 
14. DIV 4: n=13, N=2; DIV 7: n=14, N=2; DIV 14: n=13, N=2. Detailed information (average, SEM, n and detailed 
statistics) is shown in Table S2.1.
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a: Representative images of DIV 4 and 14 hippocampal neurons, stained for dendritic marker MAP2 (blue), 
NPY-mCherry (magenta) and SCG2 or ChgB (green). Zoom shows an enlargement of a neurite containing 
punctate staining. Profile shows the intensity of both channels in the neurite. b: Pearson’s coefficients of the co-
localization of NPY-mCherry with SCG2 at DIV 4,7 and 14 and NPY-mCherry with ChgB at DIV 14. 1-way ANOVA: 
p = 0.042 (*). Post-hoc Tukey test: all p≥ 0.08 (ns). c: Manders’ coefficients of the co-localization of SCG2 in NPY-
mCherry at DIV 4,7 and 14 and ChgB in NPY-mCherry at DIV 14. 1-way ANOVA: p = 2.6 * 10-4 (***). Post-hoc Tukey 
test: SCG2: DIV 4 vs DIV 14: p = 1.4-10-4 (***); others: p≥ 0.07 (ns). d: Manders’ coefficients of the co-localization 
NPY-mCherry in SCG2 at DIV 4,7 and 14 and NPY-mCherry in ChgB at DIV 14. 1-way ANOVA: p = 0.76 (ns). SCG2 
DIV 4: n=21, N=2; SCG2 DIV 7: n=7, N=1; SCG2 DIV 14: n=20, N=1; ChgB DIV 14: n=6, N=1. Detailed information 
(average, SEM, n and detailed statistics) is shown in Table S2.1.
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points, co-localization of SCG2 and NPY-mCherry was high and not significantly different from 

co-localization of ChgB and NPY-mCherry at DIV 14 (Figure 2.4b-d). At DIV 4, the fraction of SCG2 

in NPY-mCherry labelled puncta was lower compared to DIV 14 (Manders’ coefficient of SCG2 in 

NPY: DIV 4: 0.58 ± 0.04, DIV 14: 0.77 ± 0.03; one-way ANOVA: p = 2.6*10-4 (***), post-hoc Tukey test 

of DIV 4 vs DIV 14: p = 1.4*10-4 (***)), but not the fraction of NPY-mCherry in SCG2 positive puncta 

(Manders’ coefficient of NPY in SCG2: DIV 4: 0.62 ± 0.03, DIV 14: 0.60 ± 0.04; one-way ANOVA: p = 

0.76 (ns)). In conclusion, exogenous NPY-mCherry is correctly targeted to DCVs at DIV 4, 7 and 14, 

but at DIV 4 some of the NPY-mCherry labelled puncta are not SCG2 positive.



36

Chapter 2

Discussion

In this study, we analysed the content of neuronal DCVs during in vitro development. We found 

that the number of SCG2, ChgA, ChgB or BDNF positive neurons increases from DIV 4 to 7. 

Neurons at DIV 4 and 7 contain more often SCG2 and ChgA compared to ChgB and BDNF. The co-

occurrence of two cargos increases from DIV 4 to DIV 7, and was most prominent for BDNF with 

SCG2. The total number of DCVs increases over time in vitro, which correlates with the increase 

in neurite length and arborization. Additionally, we show that the exogenous DCV marker NPY-

mCherry is correctly targeted to SCG2 containing puncta at DIV 4, 7 and 14. 

We found that DCVs in young neurons often contain SCG2: neurons at DIV 4 and DIV 7 showed 

punctate staining and SCG2 co-localized with BDNF. After DIV 7, the overall SCG2 expression 

increased, probably due to the increase in overall number of DCVs per neuron. Addition of 

recombinant SCG2 to the medium of neuronal progenitors increases neurite outgrowth and 

stimulates differentiation (Kim et al., 2015). Genetic silencing of SCG2-expression reduces the 

number and size of DCVs in PC12 cells (Courel et al., 2010). The role of SCG2 in development is 

non-autonomous, and its role in DCV biogenesis autonomous, therefore these functions of SCG2 

are probably independent. The non-autonomous role of SCG2 in neuronal development does 

not require all young neurons to express SCG2, which is in line with our data. Although not all, a 

large proportion of young neurons expressed SCG2. This might be required to secrete sufficient 

amounts of SCG2 and subsequently trigger the developmental effects in all neuronal progenitors. 

Like SCG2, ChgA was highly expressed in immature neurons. This could imply that ChgA is also 

involved in neurodevelopment. The first generated ChgA knock out (KO) mouse showed a lower 

than expected birth rate, indicative of prenatal lethality and suggesting a developmental role 

of ChgA (Mahapatra et al., 2005). However, independent ChgA KO does not show this prenatal 

lethality (Hendy et al., 2006). Moreover, cultured hippocampal neurons of ChgA/B double KO mice 

develop normally in vitro (Dominguez et al., 2018). To conclude, young neurons contain relative 

high amounts of SCG2, which has a non-autonomous role in development, and ChgA, of which 

there is no consensus on its role in development. From the four studied DCV cargos, SCG2 and 

ChgA are best suited as DCV markers in young neurons (up to DIV 7).

We found that less than 50% of hippocampal neurons at DIV 4 and 7 contain BDNF-positive puncta. 

Secreted BDNF regulates many neuro-developmental processes, including neurite outgrowth 

(Ahmed et al., 1995; McAllister et al., 1996), neurite specification (Shetty and Turner, 1998), synapse 

development (Vicario-Abejón et al., 1998), and neuronal survival (Barde et al., 1982). However, 

siRNA mediated inhibition of BDNF-expression in a subset of DIV 2 hippocampal neurons results 

in smaller axons of these cells, but not in the non-targeted cells (Cheng et al., 2011), suggesting 

an autonomous function of BDNF. In addition, after genetic deletion of BDNF-expression, which 

impairs dendrite outgrowth and branching, re-expression of exogenous BDNF reverses the 

dendritic defects of the transfected neurons (Wang et al., 2015). These studies show that BDNF 
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regulates neurite outgrowth in both a non-autonomous and autonomous manner. Since we did 

not find BDNF expression in all young neurons, the autonomous function of BDNF might be 

specific to a subset of hippocampal neurons. Indeed, genetic deletion of BDNF-expression in the 

substantia nigra affects the survival of only a specific subset of neurons (Baquet et al., 2005). In 

conclusion, BDNF exerts multiple non-autonomous developmental roles. A possible autonomous 

role of BDNF in neuronal development would only be required in a subset of hippocampal 

neurons, since it is not expressed in all immature neurons.

ChgB expression was very low in immature neurons: few neurons expressed ChgB and the total 

expression of ChgB increased substantially from DIV 2 to 14. In line with our finding, ChgB mRNA 

expression increases from E18 to adulthood in the rat hippocampus and the cortex (Mahata et 

al., 1993). In the adult mouse hippocampus, not all neurons express ChgB (Ramírez-Franco et 

al., 2016). Currently, no link has been found between ChgB and neuro-development. ChgB KO 

mice show normal behavior and neuronal survival (Obermüller et al., 2010). Hence, ChgB is low 

expressed in young neurons and not involved in neuronal development.

Our data showed that the number of DCVs correlated with neurite outgrowth. In addition, we found 

that size and loading of DCV puncta did not alter during in vitro development. Many factors play 

a role in DCV cargo sorting, including sorting receptors, lipids, post-translational modifications, 

calcium and granins (Gondré-Lewis et al., 2012; Tanguy et al., 2016). Genetic deletion of ChgA-

expression in chromaffin cells leads to a smaller vesicle, with a relative higher decrease in the dense 

core compared to the vesicle. This suggests that ChgA is involved in DCV cargo aggregation and 

when ChgA is absent the vesicles swell (Pasqua et al., 2016). Genetic deletion of ChgB-expression 

results in less catecholamines per chromaffin vesicle (Díaz-Vera et al., 2010). In addition, genetic 

deletion of ChgA- or ChgB-expression results in smaller DCVs in chromaffin cells (Mahapatra et 

al., 2005; Pasqua et al., 2016; Zhang et al., 2014). However, cultured hippocampal neurons of ChgA/B 

double KO mice show unaltered number, size and loading of DCVs (Dominguez et al., 2018). Only 

a subset of mature hippocampal neurons express ChgB (Ramírez-Franco et al., 2016), and we 

found that not all young neurons express ChgA and ChgB. Hence, ChgA and ChgB do not have a 

prominent role in the regulation of DCV loading and size in hippocampal neurons. Alternatively, 

one of the other granins might be involved in DCV cargo sorting in neurons. Genetic silencing of 

SCG2-expression in PC12 cells reduces sorting of exogenous NPY into secretory vesicles (Courel 

et al., 2010). We found that the co-localization of SCG2 with BDNF was higher compared to the 

co-localization of BDNF with ChgA or ChgB in young neurons. In mature hippocampal neurons, 

BDNF and SCG2 are also highly co-localized (Koshimizu et al., 2009; Matsuda et al., 2009). Taken 

together, the number of DCVs is correlated to the neurite outgrowth and branching. The size and 

loading of DCV-positive puncta is unaltered during in vitro development. ChgA and ChgB are not 

involved in DCV loading in hippocampal neurons. Whether SCG2, or other granins, are involved 

in DCV biogenesis and cargo sorting in neurons, is currently unknown.
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DCV exocytosis is mostly studied in mature neurons (van de Bospoort et al., 2012; Farina et al., 

2015). As described above, DCV cargo has an important function in neuronal development, 

therefore it is interesting to study trafficking and fusion of DCVs in immature neurons. Here we 

showed that the commonly used DCV-reporter NPY-mCherry was correctly targeted to SCG2 

positive puncta at DIV 4, 7 and 14. Therefore, this exogenous DCV-reporter can be used to study 

DCV exocytosis in developing neurons, as we will do in Chapter 3.
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Supplemantary figures and tables

Figure S2.1 – ChgB and SCG2 levels increase, BDNF levels are stable and ChgA levels decrease during in vitro 
development
Typical western blots of cortical neurons at DIV 2,4,5,6,7,9,14; incubated with antibodies against SCG2 (a), ChgA 
(b), ChgB (c) or BDNF (d). Actin was used as loading control in the quantification (level at DIV 14 was set to 
100%), depicted below the corresponding western blot. N.D.: not determined due to insufficient actin transfer. 
Detailed information (average, SEM and n) is shown in Table S2.1.
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Table S2.1 – Data and statistics (continues on next pages)
For each data figure, the measured variable, tested groups, average (± SEM), n (independent measurements) 
and N (independent weeks) are listed. Statistical tests were performed on all groups, using α = 0.05 and were 
two-tailed. *: p<0.05; **: p<0.01; ***: p<0.001.
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Table S2.1 – Data and statistics (continued)
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Table S2.1 – Data and statistics (continued)
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Abstract

Dense core vesicles (DCVs) release neurotrophins and neuropeptides, which are important for 

neurodevelopment, upon calcium-dependent fusion with the plasma membrane. We assessed 

the number of DCV fusion events during neuronal development in cultured mouse hippocampal 

neurons at day in vitro (DIV) 4, 5, 6 and 14. The number of DCVs per neuron doubled from DIV 4 to 

14. The number of DCV fusion events increased 10-fold between DIV 4 and 14, and 8-fold between 

DIV 5 and 6 with DCV release probability reaching a plateau at DIV 6. Next, we investigated the 

involvement of vesicle associated membrane protein (VAMP)/synaptobrevin proteins in DCV 

fusion in immature neurons. Tetanus neurotoxin (TeNT) treatment, which cleaves VAMP1, 2 and 

3, significantly reduced DCV exocytosis at DIV 4, but genetic deletion of VAMP7-expression did 

not. Expression levels of VAMP2 increased during development. VAMP1 levels were highest in 

immature neurons. Overexpression of VAMP2 in DIV 4 and DIV 7 neurons did not alter the number 

of DCV fusion events. In conclusion, DCV fusion capability increases during development, most 

strongly from DIV 5 to DIV 6. A TeNT-sensitive VAMP protein, and not VAMP7, is required for DCV 

fusion at DIV 4; at which time VAMP2 is not rate-limiting for DCV fusion.
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Introduction

Neuronal dense core vesicles (DCVs) fuse with the plasma membrane to release their cargo. Upon 

robust electrical stimulation, many DCVs fuse in mature neurons at 14 days in vitro (DIV) (Arora 

et al., 2017; Farina et al., 2015). In immature neurons, at DIV 3 and 4, fewer DCV fusion events 

are observed upon similar stimulation (Arora et al., 2017). Currently, it is unknown how release 

capacity changes during development in vitro.

Fusion of DCVs with the plasma membrane requires the formation of the soluble N-ethylmaleimide-

sensitive factor (NSF) attachment receptor (SNARE) complex. This complex consists of vesicle-

associated membrane protein (VAMP)/synaptobrevin, synaptosomal-associated protein (SNAP) 

and syntaxin isoforms (Kasai et al., 2012; Rizo and Südhof, 2012). Recently, the importance of the 

canonical SNAP protein for DCV fusion, SNAP-25, was found to change during development. 

Mature neurons require SNAP-25 to fuse DCVs, but in DIV 3 neurons, DCV fusion occurs even 

in the absence of SNAP-25 (Arora et al., 2017). The VAMP/synaptobrevin protein family consists 

of 7 proteins, of which VAMP2 is the canonical protein for SV and DCV fusion in mature neurons 

(Schoch et al., 2001; Shimojo et al., 2015). Treatment with tetanus neurotoxin (TeNT), which cleaves 

VAMP1, 2 and 3 (Humeau et al., 2000; McMahon et al., 1993; Schiavo et al., 1992), disturbs growth 

cone attraction (Tojima et al., 2006) and neuritogenesis (Gupton and Gertler, 2010), but does not 

affect neurite extension and synaptogenesis (Harms and Craig, 2005; Osen-Sand et al., 1996). 

In vivo expression of TeNT leads to a smaller overall brain size and less synaptic contacts and 

neuritic arborization in specific areas, but does not impair overall brain anatomy (Sando et al., 

2017). VAMP7, a TeNT-insensitive VAMP (Galli et al., 1998), is enriched at the growth cone (Alberts 

et al., 2006) and regulates dendritic and axonal outgrowth (Alberts et al., 2003; Grassi et al., 2015; 

Martinez-Arca et al., 2001). VAMP7 also regulates neuritogenesis, which is mediated via a VAMP2-

independent pathway (Gupton and Gertler, 2010). Hence, both VAMP7 and the TeNT-sensitive 

VAMP proteins have a role in development. However, the importance of these proteins for DCV 

fusion in young neurons has not been studied.

In this study, we investigated DCV fusion in mouse hippocampal neurons at multiple developmental 

time points in vitro. To visualize DCV fusion events we introduced neuropeptide Y (NPY) coupled 

to pHluorin, a DCV-reporter, by lenti-viral infection in cultured hippocampal neurons. From DIV 

4 to DIV 14 the number of fusion events increased more than 10-fold, with an 8-fold increase 

from DIV 5 to DIV 6. The number of DCV fusion events was not affected in VAMP7 knock out 

(KO) neurons, but significantly reduced after lenti-viral infection with tetanus neurotoxin (TeNT). 

Overexpression of VAMP2 did not increase the number of DCV fusion events at DIV 4 or 7. Taken 

together, DCV fusion capability increases during development, mostly from DIV 5 to 6. DIV 4 

neurons require VAMP1, 2 or 3, but not VAMP7, for DCV exocytosis.
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Results

Number of DCV fusion events increases during neuronal development, mainly between DIV 5 

and 6

To study DCV fusion, we infected hippocampal neurons with the pH-sensitive DCV-reporter NPY-

pHluorin and triggered fusion with 16 trains of 50 action potentials at 50 Hz (Arora et al., 2017; 

van de Bospoort et al., 2012; Farina et al., 2015). DCV fusion events were detected as a sudden 

appearance of a fluorescent punctum (Figure 3.1a). We assessed the number of DCV fusion events 

at two developmental time points: DIV 4 and 14. At DIV 14, the average number of DCV fusion 

events was 62 ± 26 per cell. At DIV 4, the number of DCV fusion events was more than 10-fold 

lower (4.3 ± 1.6 DCV fusion events; Mann-Whitney U test: p = 0.34*10-3 (***), all data and statistics 

in Table S3.1, Figure 3.1b-d). Both at DIV 4 and DIV 14, DCV fusion occurred primarily during the 

electrical stimulation, when internal calcium is high, and relatively few DCV fusion events were 

detected before and after stimulation (Figure 3.1b,c).

To investigate DCV fusion at time points in between DIV 4 and 14, we measured DCV fusion in DIV 

5 and 6 neurons. At DIV 5, the average number of DCV fusion events was 4.5 ± 2.8 per cell, while at 

DIV 6 this was 8 times higher (36 ± 11 DCV fusion events per cell; Mann-Whitney U test: p = 0.16* 

10-3 (***), Figure 3.1e-g). This increase in DCV fusion events was not due to prolonged infection 

time, since infection with NPY-pHluorin for 5 or 6 days did not alter the number of fusion events at 

DIV 6 (5 days infected: 67 ± 29 events; 6 days infected: 22 ± 9 events; Mann-Whitney U test: p = 0.075 

(ns)). The normalized cumulative plots show a delay in DCV fusion kinetics at DIV 14 compared to 

earlier time points (Figure 3.1h). The total pool of labelled DCVs increased during development 

(nDCVs: DIV 4: 578 ± 56; DIV 5: 473 ± 77; DIV 6: 908 ± 107; DIV 14: 1487 ± 234; one-way ANOVA: p 

= 0.5 * 10-3 (***); post-hoc Tukey’s test: DIV 4,5,6 vs DIV 14: p ≤ 0.028 (*), Figure 3.1i,j). DCV release 

probability, calculated by dividing the number of fusion events by the total pool, also increased 

during development reaching a plateau at DIV 6 (release probability DIV 4: 1.1 ± 0.6%; DIV 5: 3.3 

± 1.9 % ±; DIV 6: 7.7 ± 3.2 %; DIV 14: 7.0 ± 3.4%, Figure 3.1k). Taken together, the number of DCVs 

and DCV release probability increases during neuronal development in vitro, with the strongest 

increase between DIV 5 and 6.

VAMP1, 2 or 3, but not VAMP7, are involved in DCV fusion at DIV 4 

VAMP7 is highly expressed at the neuronal growth cone (Alberts et al., 2006) and involved in 

neurite outgrowth (Alberts et al., 2003; Grassi et al., 2015; Martinez-Arca et al., 2001). VAMP7-

mediated exocytosis regulates neuritogenesis during early development (Gupton and Gertler, 

2010). To study whether VAMP7 is also involved in DCV exocytosis during early development, 

we measured the number of DCV fusion events in VAMP7 KO neurons (Danglot et al., 2012) and 

controls at DIV 4. Genetic removal of VAMP7-expression did not affect the number of DCV fusion 

events (DCV fusion events control: 3.1 ± 1.4, VAMP7 KO: 2.8 ± 1.1; Mann-Whitney U test: p = 0.27 

(ns), Figure 3.2a-c). To further investigate the involvement of VAMP/synaptobrevin proteins in DCV 
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Figure 3.1 – DCV release probability increases during neuronal development
a: Method used to visualize DCV fusion events. Cultured hippocampal neurons were infected with NPY-
pHluorin 4-6 days before imaging (far left). Electrical stimulation with 16 times 50 action potentials (AP) at 50 
Hz (represented by the blue bars; left) triggered DCV fusion, detected by sudden appearance of a fluorescent 
punctum (middle). Representative trace of a NPY-pHluorin fusion event is depicted on the right. b: Average 
number of DCV fusion events per cell at DIV 4 and 14; before, during and after electrical stimulation (blue bars). 
c: Cumulative plot of DCV fusion events at DIV 4 and 14. Shaded area represents SEM. d: Average DCV fusion 
events per cell at DIV 4 (n=30, N=4) and 14 (n=11, N=2). Mann-Whitney U test: p = 0.34* 10-3 (***). e: Average 
number of DCV fusion events per cell at DIV 5 (n=32, N=3) and 6 (n=43, N=3); before, during and after electrical 
stimulation (blue bars). f: Cumulative plot of DCV fusion events at DIV 5 and 6. Shaded area represents SEM. 
g: Average DCV fusion events per cell at DIV 5 and 6. Mann-Whitney U test: p = 0.16* 10-3 (***). h: Normalized 
cumulative plot of DCV fusion events at DIV 4,5,6 and 14. Shown are the plots during the first four trains of 
electrical stimulation. i: Number of DCVs at DIV 4 (n=8, N=3), 5 (n=7, N=3), 6 (n=22, N=3) and 14 (n=6, N=2). One-
way ANOVA: p = 0.5* 10-3 (***). Post-hoc Tukey’s test (vs DIV 14): DIV 4: p = 0.19 * 10-2 (**); DIV 5: p = 0.10 * 10-2 
(**); DIV 6: p = 0.028 (*); DIV 4 vs DIV 5 or DIV 6: p ≥ 0.26 (ns). j: Sholl analysis of the number of DCVs in neurites 
of neurons at DIV 4,5,6 and 14. k: DCV release probability (Pr) in DIV 4 (n=8, N=3), 5 (n=7, N=3), 6 (n=22, N=3)  
and 14 (n=6, N=2) neurons. Detailed information (average, SEM, n and detailed statistics) is shown in Table S3.1. 
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fusion during early development, we introduced tetanus neurotoxin (TeNT) by lenti-viral infection 

at DIV 0. TeNT cleaves VAMP1, 2 and 3 (Humeau et al., 2000; McMahon et al., 1993; Schiavo et al., 

1992) and significantly reduced DCV fusion events at DIV 4 (DCV fusion events control: 4.3 ± 1.6, 

TeNT: 0.1 ± 0.07; Mann-Whitney U test: p = 0.45 * 10-2 (**), Figure 3.3a-c). Hence, TeNT-sensitive 

VAMP proteins, and not VAMP7, are essential for DCV fusion at DIV 4.

VAMP1 expression is high during early development, while VAMP2, 4 and 7 levels increase over 

time

To further study VAMP/synaptobrevin proteins in young neurons, we measured the expression 

levels at multiple time points (DIV 0, 2, 4, 6, 8, 10, 12, 14). Expression of VAMP2, the most abundant 

neuronal VAMP protein (Raptis et al., 2005), increased during development (Figure 3.4a). On the 

contrary, VAMP1 levels decreased over time (Figure 3.4b). As a result, the ratio of VAMP1/VAMP2 

Figure 3.3 – Tetanus neurotoxin (TeNT) blocks DCV fusion in DIV 4 hippocampal neurons
a: Average number of DCV fusion events per cell in control and TeNT treated neurons; before, during and after 
electrical stimulation (blue bars). b: Cumulative plot of DCV fusion events in control and TeNT treated neurons. 
Shaded area represents SEM. c: Average DCV fusion events per cell in control and TeNT treated neurons. Mann-
Whitney U test: p = 0.45 * 10-2 (**). Control: n=30, N=4; TeNT: n=39, N=4. Detailed information (average, SEM, n 
and statistics) is shown in Table S3.1.
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was high in young neurons and decreased during development (Figure 3.4e). VAMP3 levels are 

known to be too low to quantify in neurons (Schoch et al., 2001; Schubert et al., 2011) (see also 

Chapter 4 of this thesis). The two other neuronal VAMP proteins, VAMP 4 and 7, showed similar 

expression profiles compared to VAMP 2 (Figure 3.4c-e). Hence, VAMP1 expression is relative high 

in young neurons, whereas VAMP2, 4 and 7 levels increase during neuronal development.

Increasing VAMP2 levels does not alter the number of DCV fusion events

DCV fusion events in DIV 4 neurons depend on a TeNT-sensitive VAMP protein. In young neurons, 

VAMP1 expression is high and VAMP2 levels are low. To test if the low level of VAMP2 limits DCV 

fusion probability at DIV 4, we overexpressed cerulean-VAMP2 (Degtyar et al., 2013) by lenti-viral 

infection 4 days before imaging (Figure 3.5a). At DIV 4, overexpression of VAMP2 did not alter the 

number of DCV fusion events compared to control (DCV fusion events control: 1.2 ± 0.4; VAMP2: 

1.4 ± 0.8; one-way ANOVA: p = 0.37 * 10-2(**), post-hoc Tukey’s test: p = 0.90 (ns)). The number of 

DCV fusion events increased significantly from DIV 4 to DIV 7 (in line with data from Figure 3.1). At 

DIV 7, VAMP2 overexpression also did not alter the number of DCV fusion events (DIV 7 control: 

25.0 ± 13.6; DIV 7 VAMP2: 33.0 ± 15.0; one-way ANOVA: p = 0.37 * 10-2(**), post-hoc Tukey’s test: p = 

0.90 (ns), Figure 3.5b-e). The increase in DCV fusion events from DIV 4 to 7 was not a result of an 

increased DCV pool, since the number of DCVs was unchanged from DIV 4 to 7 (nDCVs: DIV 4: 

694 ± 69; DIV 7: 739 ± 171; unpaired t-test: p = 0.82 (ns), Figure 3.5f). Hence, increasing VAMP2 levels 

does not increase the number of DCV fusion events at DIV 4 and 7. 

Figure 3.4 – VAMP1 levels decrease and VAMP2, VAMP4 and VAMP7 levels increase during neuronal development 
(next page)
a-d: Western blot of cortical neurons at multiple developmental time points (DIV 0,2,4,6,8,10,12,14), incubated 
with antibodies against VAMP2 (a; n=7, N=3), VAMP1 (b; N=2), VAMP4 (c; N=1), VAMP7 (d; N=2) and actin as 
loading control. Quantification of the VAMP expression relative to actin is depicted below the corresponding 
blot. The VAMP4 blot (c) shows the VAMP4 band (determined by size and brain lysate data (data not shown)) 
and an unknown a-specific band. e: Expression levels of VAMP1, 4 and 7 (all N=2) relative to VAMP2 expression 
at multiple developmental time points (DIV 0,2,4,6,8,10,12,14). Detailed information (average, SEM, n) is shown 
in Table S3.1. 
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Figure 3.5 – Over-expression of VAMP2 does not alter the number of DCV fusion events in developing neurons
a: Western blot of control (ctr) and VAMP2 (V2) infected cortical neurons, incubated with a VAMP2 antibody. OE 
VAMP2: VAMP2 overexpression (fusion construct with cerulean runs at higher molecular weight). b: Average 
number of DCV fusion events per cell at DIV 4 and 7 in control (ctr) and VAMP2 (V2) infected neurons; before, 
during and after electrical stimulation (blue bars). c: Cumulative plot of DCV fusion events at DIV 4 in control 
(ctr) and VAMP2 (V2) infected neurons. Shaded area represents SEM. d: Cumulative plot of DCV fusion events 
at DIV 7 in control (ctr) and VAMP2 (V2) infected neurons. Shaded area represents SEM. e: Average DCV fusion 
events per cell at DIV 4 (n=9, N=2) and 7 (n=5, N=1) in control (ctr) and DIV 4 (n=9, N=2) and 7 (n=3, N=1) in 
VAMP2 (V2) infected neurons. One-way ANOVA: p = 0.37* 10-2 (**). Post-hoc Tukey’s test (compared to DIV 7 
VAMP2): DIV 4 control: p = 0.90* 10-2 (**); DIV 4 VAMP2: p = 0.95* 10-2 (**); DIV 7 control: p = 0.90 (ns). f: Number 
of DCVs at DIV 4 (n=3, N=1) and 7 (n=3, N=1). Unpaired t-test: p = 0.82 (ns). Detailed information (average, SEM, 
n and detailed statistics) is shown in Table S3.1. 
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Discussion

In this study, we show that during neuronal development the number of DCV fusion events 

increases, mainly from DIV 5 to 6. At DIV 4, DCV fusion does not require VAMP7, but one of the 

TeNT-sensitive VAMPs: VAMP1, 2 or 3. Overexpression of VAMP2 at DIV 4 or 7 did not alter the 

number of DCV fusion events.

From DIV 4 to 14, the number of DCV fusion events increased more than 10-fold, which is in line 

with previous data (Arora et al., 2017). Here, we show that this increase is not gradual but appears 

abruptly between DIV 5 and 6 (an 8-fold increase). The increased number of DCV fusion events 

can only be partly explained by an enlarged DCV pool, because the increase of the number of 

fusion events is much larger compared to the increase of the number of DCVs (2-fold from DIV 5 

to DIV 6). This is also reflected in the release probability (the number of fusion events per number 

of DCVs) which increases from DIV 5 to 6. The underlying mechanism responsible for the abrupt 

increase in DCV fusion events is not known. We tested the hypothesis that VAMP/synaptobrevin 

protein expression levels limit the number of DCV fusion events in young neurons. At DIV 4, 

DCV exocytosis depends on a TeNT-sensitive VAMP protein, but does not require VAMP7. The 

expression level of VAMP2, the canonical (Schoch et al., 2001; Shimojo et al., 2015) and most 

abundant (Raptis et al., 2005) VAMP protein in neurons, is relatively low at DIV 4 (14% of the VAMP2 

level at DIV 14). However, overexpression of a functional cerulean-VAMP2 (Degtyar et al., 2013) did 

not increase DCV fusion events at DIV 4. Hence, the low number of DCV fusion events at DIV 4 is 

not due to rate-limiting VAMP2 expression levels. VAMP1 levels are high in young neurons (at DIV 

4: 151% of DIV 14 levels), VAMP3 is absent in neurons (Schoch et al., 2001; Schubert et al., 2011) and 

VAMP7 is not involved in DCV exocytosis at DIV 4. In conclusion, VAMP protein expression levels 

do not appear to be rate-limiting for DCV fusion at DIV 4 and differences in VAMP expression 

levels do not explain the increased number of fusion events during in vitro development.

We show that DCV exocytosis is highly dependent on calcium influx in both young and mature 

neurons. T-type calcium channels are abundant at DIV 4 and decrease during development 

(Chameau et al., 1999). On the contrary, expression of P/Q-type calcium channels increases 

during development (Chameau et al., 1999). L-type calcium channel expression is stable during 

development (Chameau et al., 1999). Although DCV exocytosis is primarily regulated by L-type 

of calcium-channels (Matsuda et al., 2009; Xia et al., 2009), P/Q-channels are also involved in DCV 

exocytosis (Leenders et al., 1999). Hence, the increased expression of P/Q-type calcium channels 

could be involved in the increased number of DCV fusion during development. DCV exocytosis 

requires the formation of a SNARE complex, composed of VAMP/synaptobrevin, SNAP and 

syntaxin proteins. Similar to VAMP2, expression levels of SNAP-25 and syntaxin-1 increase during 

development (Arora et al., 2017; Grassi et al., 2015; Verderio et al., 1999). Possibly, expression levels 

of all three canonical SNARE proteins have to reach a sufficient level to support efficient DCV 
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fusion to occur at DIV 6. Alternatively, DCV content or proteins expressed on the DCV membrane 

might be involved in the difference in number of DCV fusion events during development. For 

instance, the abundance of granins in DCVs changes during development (see chapter 2 of this 

thesis). Chromogranins influence the size of DCVs (Mahapatra et al., 2005; Pasqua et al., 2016; 

Zhang et al., 2014). DCV size is related with the fusion pore size and stability (Guček et al., 2016; 

Jorgačevski et al., 2010). DCV fusion pore opening also depends on the cargo within the vesicle 

(Bohannon et al., 2017; Wit et al., 2009). The regulation of fusion pore opening might subsequently 

influence the number of DCV release events. Expression levels of calcium-sensing synaptotagmin 

proteins also change during development: synaptotagmin 2 rises and synaptotagmin 9 reduces 

in the developing postnatal cochlear nucleus (Kochubey et al., 2016). DCV fusion properties 

are influenced by the synaptotagmin protein expressed on the vesicle (Rao et al., 2014, 2017). 

In conclusion, the underlying mechanism of the abrupt developmental increase of DCV fusion 

is currently unknown. Abundance of (SNARE) proteins, DCV content, Ca2+-sensors and calcium 

channel currents might all contribute to an increased number of DCV fusion events.

DCV exocytosis at DIV 4 requires a TeNT-sensitive VAMP protein. VAMP7, which is involved in 

neuritogenesis and neurite outgrowth (Alberts et al., 2003; Grassi et al., 2015; Gupton and Gertler, 

2010; Martinez-Arca et al., 2001), and is highly expressed at the growth cone (Alberts et al., 2006), 

is not required for DCV fusion at DIV 4. VAMP2, the canonical VAMP protein for mature DCV 

and SV fusion (Schoch et al., 2001; Shimojo et al., 2015) and present on vesicles which regulate 

neuritogenesis in young neurons (Gupton and Gertler, 2010), is a logical candidate to drive DCV 

fusion in young neurons. Alternatively, there might be a different VAMP protein specifically 

involved in young neurons. SNAP proteins show a switch in which protein is required for DCV 

exocytosis: SNAP-25 is only required from DIV 4 onwards and not at DIV 3 (Arora et al., 2017). 

VAMP1, which is highly expressed in young neurons, might be involved in DCV SNARE complex 

formation in young neurons. This SNARE complex could comprise VAMP1 and SNAP-23 (Arora et 

al., 2017). DCV exocytosis in young neurons results in the secretion of neuromodulators including 

BDNF. BDNF regulates VAMP2 expression levels (Pozzo-Miller et al., 1999), which might rise from 

DIV 6 as a consequence of the increased DCV fusion events. In conclusion, the SNARE complex 

which regulates DCV exocytosis in young neurons might contain VAMP1 and SNAP-23 and may be 

replaced by VAMP2 and SNAP-25 during neuronal maturation.

We show that the number of DCV fusion events at DIV 6 is equal to DIV 14. This is different 

compared to SV exocytosis, which starts around DIV 7 and its fusion efficiency increases for at 

least two more weeks (Mozhayeva et al., 2002; Schock et al., 2012; Wagenaar et al., 2006). Therefore, 

the DCV exocytosis machinery appears to mature before the machinery for SV exocytosis. This is in 

line with data from iPSC-derived neurons. In these neurons, SV exocytosis increases up to DIV 50, 

but DCV exocytosis is already at its maximal capacity around DIV 36 (Emperador Melero et al., 2017). 

Hence, the SV exocytosis machinery matures later in development compared to DCV exocytosis, 
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which indicates that there are differences between the two molecular release machineries. 

This difference might be caused by the importance of neurons to secrete neurotrophins and 

neuropeptides, but not necessarily neurotransmitters, during neurodevelopment.
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Supplemantary tables
Table S3.1 – Data and statistics (continues on next pages)
For each data figure, the measured variable, tested groups, average (± SEM), n (independent measurements) 
and N (independent weeks) are listed. Statistical tests were performed on all groups, using α = 0.05 and were 
two-tailed. *: p<0.05; **: p<0.01; ***: p<0.001.
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Table S3.1 – Data and statistics (continued)
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Table S3.1 – Data and statistics (continued)



Chapter 4
Dense core vesicle exocytosis requires 
multiple VAMP/synaptobrevin proteins

in hippocampal neurons 

Linda van Keimpema, Ruud F. Toonen & Matthijs Verhage



Chapter 4
Dense core vesicle exocytosis requires 
multiple VAMP/synaptobrevin proteins

in hippocampal neurons 

Linda van Keimpema, Ruud F. Toonen & Matthijs Verhage



62

Chapter 4

Abstract

Formation of soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) complexes 

is essential for synaptic vesicle (SV) and dense core vesicle (DCV) exocytosis, but it is unknown 

which vesicle-associated SNARE proteins participate in neuronal DCV exocytosis. Out of the 

seven VAMP/synaptobrevin proteins, only VAMP/synaptobrevin 1, 2, 4 and 7 are expressed in 

neurons. Here, we show that VAMP/synaptobrevin 1 and VAMP/synaptobrevin 2 co-localize with 

endogenous DCV cargo and co-traffic with DCVs in hippocampal neurons. Tetanus neurotoxin 

(TeNT), which cleaves VAMP1, 2 and 3, disrupts SV and DCV exocytosis. Expression of TeNT 

insensitive (TI)-VAMP2 in TeNT treated neurons rescues SV, but not DCV, exocytosis. TI-VAMP1 and 

TI-VAMP3 do not rescue DCV fusion. Hence, VAMP2 is sufficient for SV, but not DCV, exocytosis. 

DCV exocytosis requires the concerted action of multiple TeNT-sensitive VAMP proteins. Since 

VAMP3 is absent in neurons, we propose that VAMP1 and VAMP2 function together in DCV 

exocytosis.
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Introduction

SNARE complex formation is essential for synaptic vesicle (SV) and dense core vesicle (DCV) 

exocytosis (Kasai et al., 2012; Rizo and Südhof, 2012). While the SNARE complex that drives SV 

fusion, consisting of syntaxin-1, SNAP-25 and VAMP/synaptobrevin 2, has been studied in great 

detail (Kaeser and Regehr, 2014; Rizo and Südhof, 2012), the cognate SNARE proteins for DCV 

fusion are not fully characterized.

The seven proteins of the VAMP/synaptobrevin family (Hasan et al., 2010) all contain a SNARE and 

transmembrane domain (Rizo and Südhof, 2012; Rossi et al., 2004a; Figure 4.1a). All VAMP proteins, 

except VAMP5, form functional SNARE complexes (Hasan et al., 2010). VAMP2 is the most abundant 

and widely distributed VAMP protein in the brain (Ahnert-Hilger et al., 2012; Elferink et al., 1989). 

VAMP1 is less abundant, but may be the main VAMP isoform in certain brain areas (Elferink et al., 

1989; Raptis et al., 2005) and VAMP3 expression is absent in neurons (Schoch et al., 2001; Schubert 

et al., 2011). Deletion of VAMP2 expression (VAMP2 knock out (KO)) impairs calcium-dependent SV 

fusion (Schoch et al., 2001). Silencing of VAMP2-expression in cortical neurons using short-hairpin 

RNA reduces DCV exocytosis (Shimojo et al., 2015). Secretory granule exocytosis is only mildly 

affected in VAMP2 KO chromaffin cells and gene-inactivation of VAMP3 has no effect. However, 

granule exocytosis is severely impaired in absence of both VAMP2 and VAMP3 (Borisovska et al., 

2005). VAMP1 is not expressed in chromaffin cells (Borisovska et al., 2005). Currently, the exact role 

of the different VAMP/synaptobrevin proteins in neuronal DCV exocytosis is unknown.

Here, we studied the role of VAMP/synaptobrevin proteins in neuronal DCV exocytosis. 

Hippocampal neurons were treated with tetanus neurotoxin (TeNT), which specifically cleaves 

VAMP1, 2 and 3 but not the other four VAMP proteins (Humeau et al., 2000; Mallard et al., 2002; 

McMahon et al., 1993; Rossi et al., 2004b; Schiavo et al., 1992; Shimojo et al., 2015). TeNT disrupted SV 

and DCV fusion. Re-introduction of tetanus-insensitive (TI)-VAMP2 (VAMP2 Q76V, F77W (Degtyar 

et al., 2013)) rescued SV but not DCV exocytosis. TI-VAMP1 nor TI-VAMP3 rescued DCV exocytosis. 

VAMP1 and VAMP2 partly co-localized with endogenous DCV markers, and both VAMP proteins 

co-trafficked with DCVs. We conclude that in contrast to SV exocytosis, neuronal DCV exocytosis 

requires more than one TeNT-sensitive VAMP protein. 
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Results

TeNT efficiently cleaves VAMP1, 2 and 3 and abolishes DCV exocytosis

TeNT specifically cleaves VAMP 1, 2 and 3, but not VAMP 4, 5, 7 and 8 (Figure 4.1a) (Humeau et al., 

2000; Mallard et al., 2002; McMahon et al., 1993; Rossi et al., 2004b; Schiavo et al., 1992; Shimojo et al., 

2015). Lentiviral infection of TeNT in cortical neurons efficiently cleaved VAMP1 and VAMP2 (Figure 

4.1b). VAMP3 was not detected in neuronal lysate (Figure 4.1c) (Schoch et al., 2001; Schubert et al., 

2011). Hippocampal neurons, stained for VAMP2 and dendritic marker MAP2, showed no VAMP2 

staining after lentiviral infection with TeNT (Figure 4.1d). Evoked synaptic transmission in single 

hippocampal neurons was disrupted in TeNT infected neurons (Figure 4.1e). These results confirm 

efficient cleavage of VAMP proteins by TeNT lentiviral expression and subsequent inhibition of 

synaptic transmission.

To visualize DCV exocytosis, we expressed a fusion construct of neuropeptide Y (NPY; an 

endogenous DCV cargo) and a pH-sensitive GFP (pHluorin) via lentiviral delivery in hippocampal 

neurons. Electrical stimulation (16 times 50 action potentials (AP) at 50 Hz) of DIV 13-14 neurons 

elicited DCV exocytosis, detected as abrupt appearance of fluorescent NPY-pHluorin puncta 

(Figure 4.1f) (Arora et al., 2017; van de Bospoort et al., 2012; Farina et al., 2015). Co-infection of 

NPY-pHluorin with TeNT (4-5 days before imaging) severely disrupted DCV exocytosis compared 

to control infected neurons (DCV fusion events control: 57 ± 19, TeNT: 0.14 ± 0.08; Mann-Whitney 

U test: p = 4.5 * 10-7 (***), Figure 4.1g-i; all data and statistics in Table S4.1) but did not alter the 

number or sub-cellular distribution of DCVs (Figure S4.1). In conclusion, TeNT cleaves VAMP1, 2 

and 3 and disrupts DCV exocytosis in hippocampal neurons.

TeNT insensitive (TI)-VAMP2 efficiently rescues SV but not DCV exocytosis upon TeNT treatment

VAMP2 is required for SV and DCV exocytosis (Schoch et al., 2001; Shimojo et al., 2015). To 

determine whether VAMP2 is sufficient for exocytosis, we introduced TeNT insensitive (TI)-

VAMP2 in TeNT treated neurons. TeNT cleaves the bond between glutamine 76 and phenylalanine 

77 in VAMP2 (Schiavo et al., 1992). Mutation of these sites to respectively valine and tryptophan 

renders VAMP2 resistant to TeNT cleavage (Degtyar et al., 2013; Quetglas et al., 2002; Regazzi et al., 

1996). TI-VAMP2 (VAMP2 Q76V, F77W) was N-terminal tagged with mCerulean to detect infected 

neurons during live cell experiments (Figure 4.2a) (Degtyar et al., 2013). Neurons were infected 

with pHluorin (NPY-pHluorin or synaptophysin-pHluorin, see below) at DIV 3-4, TeNT or control 

(at DIV 9), and TI-VAMP2 (at DIV 1-4, not in the TeNT condition; Figure 4.2b). Lentiviral infection of 

TeNT efficiently cleaved endogenous VAMP2 but not TI-VAMP2 (Figure 4.2c). First, we studied the 

function of VAMP2 in SV exocytosis (Figure 4.2d-f) using synaptophysin-pHluorin (Granseth et al., 

2006). Upon the same electrical stimulation used for DCV exocytosis (16 trains of 50 AP at 50Hz), SV 

exocytosis was detected as an increase in fluorescence at puncta (synapses) at DIV 11 (Figure 4.2d). 

TeNT treatment abolished SV fusion (Figure 4.1e), as shown before (Hunt et al., 1994; Osen-Sand 

et al., 1996; Schiavo et al., 1992). Co-infection of TI-VAMP2 rescued SV exocytosis (Fstimmax control: 
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0.46 ± 0.05, TeNT + TI-VAMP2: 0.36 ± 0.05; Mann-Whitney U test: p = 0.38 (ns), Figure 4.2e,f). Second, 

we studied the function of VAMP2 in DCV exocytosis using identical conditions (using NPY-

pHluorin instead of synaptophysin-pHluorin, Figure 4.2g-i). In contrast to SV exocytosis, TI-VAMP2 

did not rescue DCV exocytosis in TeNT-expressing neurons (DCV events control: 108 ± 45, TeNT + 

TI-VAMP2: 4.4 ± 2.2; Mann-Whitney U test: p = 0.11 * 10-2 (**), Figure 4.2g-i), although the number 

of DCV fusion events upon TI-VAMP2 co-infection was higher compared to TeNT treatment only 
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(TM, blue), SNARE (red) and longin (green) domains. Cleavage sites of TeNT in VAMP1, 2 and 3 are indicated. 
b: Western blot of cortical neurons (DIV 16) infected with control (-) or TeNT (+) at DIV 14, incubated with 
antibodies against VAMP1 or VAMP2. Actin was used as loading control. c: Western blot of whole brain and 
cortical neurons (DIV 13), incubated with antibodies against VAMP1, VAMP2 or VAMP3. d: Representative images 
of a neurite stretch at DIV 14 of control and TeNT infected (DIV 10) hippocampal neuron, stained for dendritic 
marker MAP2 (magenta) and VAMP2 (green). e: Example postsynaptic current (DIV 15) in control and TeNT 
infected (DIV 10) hippocampal neurons upon electrical stimulation. f: Schematic representation of the method 
to measure DCV exocytosis in neurons infected with NPY-pHluorin (left). Electrical stimulation (16 trains of 50 
AP at 50 Hz) elicits exocytosis detected by sudden appearance of a fluorescent punctum (right). Lower panels 
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(***). Detailed information (average, SEM, n and detailed statistics) is shown in Table S4.1. 
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stimulation (blue bars). h: Cumulative plot of DCV fusion events in control, TeNT, and TeNT + TI-VAMP2 neurons. 
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(n=12, N=2) neurons. Mann-Whitney U test: p = 0.11* 10-2 (**). Detailed information (average, SEM, n and detailed 
statistics) is shown in Table S4.1.
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Figure 4.3 – TI-VAMP1 and TI-VAMP3 do not rescue DCV exocytosis in TeNT treated neurons
a: Schematic representation of TeNT-insensitive (TI)-VAMP1. Q78V, F79W substitution interferes with TeNT 
cleavage. N-terminal mCer allows detection of the construct in live imaging experiments. b: Schematic 
representation of the infection strategy used in the experiments. Single hippocampal neurons were infected 
with: NPY-pHluorin, TeNT or control, and TI-VAMP1 (not in the TeNT condition). c: Western blot of neuronal 
lysate (DIV 16) infected with TI-VAMP1 (DIV 2) and control (-) or TeNT (+) (DIV 14), incubated with antibody 
against VAMP1 and VAMP2. d: Average number of DCV fusion events per cell in control, TeNT, and TeNT + TI-
VAMP1 neurons; before, during and after electrical stimulation (blue bars). e: Cumulative plot of DCV fusion 
events in control, TeNT, and TeNT + TI-VAMP1 neurons. Shaded area represents SEM. f: Average DCV fusion 
events per cell in control (n=10, N=2) and TeNT + TI-VAMP1 (n=11, N=2) neurons. Mann-Whitney U test: p = 0.12* 
10-3 (***). g: Schematic representation of TeNT-insensitive (TI)-VAMP3. Q63V, F64W substitution interferes with 
TeNT cleavage. N-terminal mCer allows detection of the construct in life imaging experiments. h: Schematic 
representation of the infection strategy used in the experiments. Single hippocampal neurons were infected 
with: NPY-pHluorin, TeNT or control, and TI-VAMP3 (not in the TeNT condition). i: Western blot of neuronal 
lysate (DIV 16) infected with TI-VAMP3 (DIV 2) and control (-) or TeNT (+) (DIV 14), incubated with antibody 
against VAMP3 and VAMP2. j: Average number of DCV fusion events per cell in control, TeNT, and TeNT + TI-
VAMP3 neurons; before, during and after electrical stimulation (blue bars). k: Cumulative plot of DCV fusion 
events in control, TeNT, and TeNT + TI-VAMP3 neurons. Shaded area represents SEM. l: Average DCV fusion 
events per cell in control (n=6, N=1) and TeNT + TI-VAMP3 (n=4, N=1) neurons. Mann-Whitney U test: p = 0.11* 
10-1 (*). Detailed information (average, SEM, n and detailed statistics) is shown in Table S4.1.
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(Mann-Whitney U test: p = 0.63 * 10-2 (*), comparing Figure 4.1i and 4.2i). In conclusion, VAMP2 is 

sufficient for SV, but not DCV, exocytosis in hippocampal neurons.

TI-VAMP1 and TI-VAMP3 do not support DCV exocytosis in TeNT treated neurons

To determine whether one of the other TeNT-sensitive VAMP proteins, VAMP1 and VAMP3, rescues 

DCV exocytosis in TeNT treated neurons, we designed TI-VAMP1 and TI-VAMP3 constructs. Both 

VAMP1 and VAMP3 contain the same cleavage sequence as VAMP2 (Humeau et al., 2000), which we 

mutated in a similar fashion, obtaining TI-VAMP1 (VAMP1 Q78V, F79W; Figure 4.3a) and TI-VAMP3 

(VAMP3 Q63V, F64W; Figure 4.3g). Hippocampal neurons were infected with NPY-pHluorin (at DIV 

2 or 4), TeNT or control (at DIV 8-9), and TI-VAMP1 or TI-VAMP3 (at DIV 0-4, or none in the TeNT 

condition; Figure 4.3b+h). Both TI-VAMP1 and TI-VAMP3 were resistant to TeNT cleavage, while 

endogenous VAMP2 was efficiently cut (Figure 4.3c+i). TI-VAMP1 (DCV fusion events control: 218 

± 73, TeNT + TI=VAMP1: 0.0 ± 0.0; Mann-Whitney U test: p = 0.12 * 10-3 (***)) and TI-VAMP3 (DCV 

fusion events control: 204 ± 120, TeNT + TI-VAMP3: 0.0 ± 0.0; Mann-Whitney U test: p = 0.11 * 10-1 (*)) 

did not rescue DCV exocytosis in TeNT co-infected neurons at DIV 10-11 (Figure 4.3d-f,j-l), also not 

compared to TeNT treatment (Mann-Whitney U test: p ≥ 0.53 (ns), compare Figure 4.1i with 4.3f+l). 

Hence, VAMP1 and VAMP3 are not sufficient to support DCV exocytosis in TeNT treated neurons.

VAMP1 and VAMP2 co-localize with endogenous DCV markers 

To examine which TeNT sensitive VAMP proteins are localized on neuronal DCVs, we stained DIV 

11 hippocampal neurons infected with TI-VAMP1 (at DIV 2) for VAMP2, VAMP1 and a synaptic 

Figure 4.4 – VAMP1 and VAMP2 both co-localize with an endogenous DCV marker (next page)
a: Representative images of hippocampal neurons stained for synaptophysin (syph, magenta), VAMP2 (green), 
and TI-VAMP1 (blue). Lower panels are zooms of the boxed area in the upper panel. Arrowhead: VAMP1-positive 
punctum, arrow: syph and VAMP2 co-localization; double arrow: VAMP1, syph and VAMP2 co-localization. b: 
Pearson’s coefficients of the co-localization of syph, VAMP1 and VAMP2: syph-VAMP2: 0.83 ± 0.02, syph-VAMP1: 
0.55 ± 0.03, VAMP2-VAMP1: 0.59 ± 0.03. 1-way ANOVA: p = 0.30* 10-9 (***). Post-hoc Tukey’s test: syph-VAMP2 vs 
syph-VAMP1/VAMP2-VAMP1: p = 0.10* 10-2 (**). All conditions: n=10, N=1. c: Manders’ coefficients of the co-
localization of syph, VAMP1 and VAMP2: syph in VAMP2: 0.83 ± 0.02, VAMP2 in syph: 0.80 ± 0.01, syph in VAMP1: 
0.46 ± 0.05, VAMP1 in syph: 0.49 ± 0.04, VAMP2 in VAMP1: 0.44 ± 0.05, VAMP1 in VAMP2: 0.52 ± 0.04. 1-way ANOVA: 
p = 0.14* 10-12 (***). Post-hoc Tukey’s test: syph in VAMP2/VAMP2 in syph vs syph-VAMP1/VAMP1-VAMP2: p = 0.10* 
10-2 (**). All conditions: n=10, N=1. d: Representative images of hippocampal neurons stained for VAMP2 (green) 
and SCG2 (magenta). Lower panels are zooms of the boxed area in the upper panel. Arrow: VAMP2 positive 
and SCG2 negative punctum; arrowhead: SCG2 positive and VAMP2 negative punctum; double arrow: VAMP2 
co-localization with SCG2. e: Representative images of hippocampal neurons stained for TI-VAMP1 (green) 
and BDNF (magenta). Lower panels are zooms of the boxed area in the upper panel. Arrow: VAMP1 positive 
and BDNF negative punctum; arrowhead: BDNF positive and VAMP1 negative punctum; double arrow: VAMP1 
co-localization with BDNF. f: Pearson’s and Manders’ coefficients of the co-localization of VAMP2-SCG2 (n=8, 
N=1), VAMP1-BDNF (n=7, N=1), VAMP2-syph (n=8, N=1). Pearson’s coefficient: VAMP2-SCG2: 0.60 ± 0.02, VAMP1-
BDNF: 0.62 ± 0.03, VAMP2-syph: 0.85 ± 0.02. 1-way ANOVA: p = 0.14* 10-8 (***), post-hoc Tukey’s test: VAMP2-
SCG2/VAMP1-BDNF vs VAMP2-syph: p = 0.10* 10-2 (**), VAMP2-SCG2 vs VAMP1-BDNF: p = 0.69 (ns). Manders’ 
coefficient: VAMP2 in SCG2: 0.52 ± 0.04, SCG2 in VAMP2: 0.48 ± 0.05, VAMP1 in BDNF: 0.43 ± 0.05, BDNF in VAMP1: 
0.70 ± 0.04, syph in VAMP2: 0.84 ± 0.02, VAMP2 in syph: 0.77 ± 0.03. 1-way ANOVA: p = 0.21* 10-11 (***), post-hoc 
Tukey’s test: VAMP2 in SCG2 vs VAMP1 in BDNF: p = 0.31 (ns), SCG2 in VAMP2 vs BDNF in VAMP1: p = 0.10* 10-3 
(**). Detailed information (average, SEM, n and detailed statistics) is shown in Table S4.1.
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marker, synaptophysin (syph). We did not include VAMP3 since this protein is not expressed 

in neurons (Figure 4.1c) (Schoch et al., 2001; Schubert et al., 2011). Punctate VAMP1 staining 

localized with VAMP2 and syph (double arrow), without VAMP2 and syph (arrowhead), or was 

absent in syph- and VAMP2-positive puncta (arrow, Figure 4.4a). Syph-VAMP2 co-localization 

was significantly higher compared to syph-VAMP1 and VAMP2-VAMP1 co-localization (Pearson’s 

coefficient: 1-way ANOVA: p = 0.30 * 10-9 (***); post-hoc Tukey’s test: syph-VAMP2 vs syph-VAMP1/ 

VAMP2-VAMP1: p = 0.10 * 10-2 (**). Manders’ coefficient: 1-way ANOVA: p = 0.14* 10-12 (***); post-
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hoc Tukey’s test: syph in VAMP2/VAMP2 in syph vs syph-VAMP1/VAMP1-VAMP2: p = 0.10* 10-2 (**), 

Figure 4.4b,c). Next, we stained hippocampal neurons with VAMP2, VAMP1 and an endogenous 

DCV marker (secretogranin II (SCG2) or brain-derived neurotrophic factor (BDNF)). We detected 

puncta positive for VAMP (arrow), DCV marker (arrow head) and co-localization of VAMP and DCV 

marker (double arrow, Figure 4.4d,e). A similar percentage of VAMP1 and VAMP2 co-localized with 

a DCV marker, which was lower compared to VAMP2-syph co-localization (Pearson’s coefficient: 

1-way ANOVA: p = 0.14* 10-8 (***); post-hoc Tukey’s test: VAMP2-SCG2 vs VAMP1-BDNF: p = 0.69 

(ns), VAMP1-BDNF/VAMP2-SCG2 vs VAMP2-syph: p = 0.10* 10-2 (**). Manders’ coefficient: 1-way 

ANOVA: p = 0.21* 10-11 (***); post-hoc Tukey’s test: syph in VAMP2/VAMP2 in syph vs VAMP2 in 

SCG2/SCG2 in VAMP2/VAMP1 in BDNF: p ≤ 0.12* 10-2 (**), Figure 4.4f). Co-localization of BDNF 

in VAMP1 was higher compared to SCG2 in VAMP2 (Manders’ coefficient: post-hoc Tukey’s test: 

VAMP2 in SCG2 vs VAMP1 in BDNF: p = 0.31 (ns), SCG2 in VAMP2 vs BDNF in VAMP1: p = 0.10* 

10-3 (**)). In conclusion, neuronal VAMP1 is present at the synapse, co-localizing with VAMP2 and 

syph, as well as outside the synapse. VAMP1 and VAMP2 partly co-localize with endogenous DCV 

markers.

VAMP1 and VAMP2 co-traffic with DCVs

In addition to co-localization, we studied co-trafficking of DCVs and VAMP proteins. Hippocampal 

neurons were infected with the DCV marker NPY-mCherry and TI-VAMP1 or TI-VAMP2 at DIV 4-6. 

A subset of NPY- and VAMP-positive puncta moved during time-lapse recordings of neurites at 

DIV 11-13 (diagonal lines, Figure 4.5a). More VAMP2 puncta were stationary compared to VAMP1 

and NPY (moving puncta: VAMP2: 13 ± 4.4 %, VAMP1: 56 ± 6.3 %, NPY: 49 ± 4.8 %, 1-way ANOVA: p = 

0.13 * 10-6 (***); post-hoc Tukey’s test: VAMP2 vs VAMP1/NPY: p = 0.1 * 10-2 (**); Figure 4.5a,b). DCVs 

co-trafficked with VAMP1 and VAMP2 (NPY with VAMP2: 31 ± 13 %, NPY with VAMP1: 44 ± 3 %) and 

moving VAMP puncta co-trafficked with DCVs (VAMP2 with NPY: 54 ± 14 %, VAMP1 with NPY: 44 

± 3 %), with no difference between the percentage of co-trafficking (1-way ANOVA: p = 0.48 (ns), 

Figure 4.5a+c). In conclusion, VAMP1-puncta are more mobile compared to VAMP2-puncta. Both 

VAMP1 and VAMP2 co-traffic with neuronal DCVs.
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Figure 4.5 – VAMP1 and VAMP2 co-traffic with DCVs
a: Representative kymographs of neurons co-infected with TI-VAMP2 and NPY-mCherry (left) and TI-VAMP1 
and NPY-mCherry (right). VAMP kymographs in green, NPY kymographs in magenta. The bottom panels are 
graphic representations of the kymographs to show the quantification of the tracks: VAMP only (green), NPY 
only (magenta) or co-trafficking/localization (black). b: Percentage moving (diagonal line in kymograph) VAMP2 
(n=14, N=2), VAMP1 (n=16, N=2) and NPY (n=30, N=2) puncta. 1-way ANOVA: p = 0.13* 10-6 (***). Post-hoc Tukey’s 
test: VAMP2 vs VAMP1/NPY: p = 0.10* 10-2 (**). c: Percentage of moving VAMP2, VAMP1 and NPY puncta which 
shows co-trafficking. 1-way ANOVA: p = 0.48 (ns). All conditions: N=2. Detailed information (average, SEM, n and 
detailed statistics) is shown in Table S4.1.
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Discussion

In this study, we assessed the role of VAMP/synaptobrevin proteins in neuronal DCV exocytosis. 

TeNT treatment, which cleaves VAMP1, 2 and 3, abolished SV and DCV fusion, as expected. 

TI-VAMP2 rescued SV fusion, but not DCV fusion in TeNT infected neurons. TI-VAMP1 and TI-

VAMP3 also failed to rescue DCV exocytosis. Hence, in contrast to SV exocytosis, neuronal DCV 

exocytosis requires the presence of multiple TeNT-sensitive VAMPs. As VAMP2 and VAMP1 co-

localize with endogenous DCV markers, co-traffic with NPY-mCherry labelled DCVs and VAMP3 

is not expressed in neurons, we propose a model in which the concerted actions of VAMP1 and 

VAMP2 drive efficient DCV exocytosis in neurons.

In TeNT treated neurons, TI-VAMP1, TI-VAMP2 or TI-VAMP3 could not rescue DCV fusion. This 

shows that neurons require more than one TeNT-sensitive VAMP protein for efficient DCV 

exocytosis. In chromaffin cells, VAMP3 is upregulated and partly compensates for VAMP2 

deficiency in secretory granule exocytosis (Borisovska et al., 2005). However, VAMP3 is not 

expressed in neurons (Figure 4.1) (Schoch et al., 2001; Schubert et al., 2011). VAMP1 is the second 

most abundant VAMP protein in the brain and expressed in different neuronal subtypes including 

hippocampal neurons (Ahnert-Hilger et al., 2012; Raptis et al., 2005; Zimmermann et al., 2014), but 

not in chromaffin cells (Borisovska et al., 2005). Hence, VAMP1 is likely to function together with 

VAMP2 in neuronal DCV exocytosis.

VAMP1 is the most common VAMP in the spinal cord (Elferink et al., 1989; Liu et al., 2011). VAMP1 

deficiency reduces spontaneous and evoked synaptic transmission in the mouse neuromuscular 

junction (NMJ) (Liu et al., 2011). In VAMP2 KO neurons, the residual synaptic transmission 

correlates with VAMP1 expression levels and silencing of VAMP1-expression further reduces 

synaptic transmission (Zimmermann et al., 2014). Hence, VAMP1 functions in synaptic transmission 

in the peripheral and central nervous system, similar to VAMP2. VAMP1 is localized on DCVs in 

the rat spinal cord (Zhao et al., 2011). VAMP1 silencing reduces release of calcitonin gene-related 

peptide (CGRP) in rat trigeminal ganglionic neurons (Meng et al., 2014). Hence, VAMP1 supports 

neuronal DCV exocytosis in the peripheral nervous system. In conclusion, exocytosis of secretory 

organelles appears to rely on multiple VAMP proteins: VAMP2 and VAMP3 in chromaffin cells 

and more than a single VAMP protein in neurons. On the other hand, SV exocytosis in neurons 

is mediated by a single VAMP: VAMP2 in most neurons and VAMP1 in the NMJ. We found that 

VAMP1 and VAMP2 both co-localized with endogenous DCV markers and co-trafficked with NPY-

mCherry in hippocampal neurons. Therefore, it is likely that VAMP1 and VAMP2 are both required 

to support DCV exocytosis in hippocampal neurons.

There are two possible models to explain how VAMP1 and VAMP2 may both be involved in DCV 

exocytosis. Firstly, the two VAMPs may each form distinct SNARE complexes between the DCV 

membrane and the plasma membrane to mediate DCV exocytosis (parallel pathway). Secondly, 
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one VAMP protein may function in the SNARE complex driving DCV fusion while the other may 

function in upstream fusion steps, e.g. in DCV biogenesis, maturation or to make DCVs fusion 

competent (serial pathway). DCV fusion pores are modelled to contain six to eight SNARE 

complexes (Chang et al., 2015; Han et al., 2004). In the parallel pathway, a subset of these SNARE 

complexes would have VAMP1, and the others VAMP2. If the serial pathway regulates DCV 

exocytosis, one VAMP protein would function upstream of DCV fusion. This upstream VAMP 

could have a similar role to VAMP4, which regulates DCV maturation in pituitary AtT-20 cells 

(Eaton et al., 2000). Our data show that both VAMP1 and VAMP2 co-localize with endogenous DCV 

markers and co-traffic with DCVs, indicating that both VAMP proteins are present on DCVs before 

fusion. TI-VAMP1 did not rescue DCV exocytosis upon TeNT treatment while DCV fusion was only 

slightly restored by expression of TI-VAMP2. This suggests that VAMP1 and VAMP2 have a different 

role in DCV exocytosis. Hence, current knowledge and our data does not exclude one of the two 

pathways, but favours the serial pathway.

If the serial pathway regulates DCV exocytosis, one VAMP protein regulates an upstream step 

of DCV exocytosis. TeNT treatment did not alter the number, loading and distribution of DCVs. 

Therefore, an upstream VAMP action is likely to happen after DCV budding from the Golgi, not 

during cargo loading or DCV transport (Kögel and Gerdes, 2009). A proposed upstream VAMP 

function is possibly involved in a maturation step, similar to VAMP4 (Eaton et al., 2000). In our 

experiments, TeNT treatment cleaves both VAMP proteins, therefore blocking both DCV fusion 

with the plasma membrane and the upstream VAMP function. Upon TeNT treatment, expression 

of TI-VAMP2, but not TI-VAMP1, significantly increased the number of DCV fusion events 

compared to the TeNT infected neurons. If the serial pathway is correct, these data indicate that 

VAMP1 functions upstream of VAMP2: rescue with TI-VAMP1 leads to maturation but not to DCV 

exocytosis; rescue with TI-VAMP2 leads to exocytosis of DCVs which were already mature before 

TeNT treatment. In conclusion, our data indicate that if a serial pathway regulates DCV exocytosis, 

VAMP1 may function upstream of VAMP2.

VAMP2 staining strongly co-localized with syph and only 13% of VAMP2 puncta were mobile. 

This is in line with the enrichment of VAMP2, and syph, at the pre-synapse (Wilhelm et al., 2014). 

VAMP1 staining was also punctate, as documented before (Zimmermann et al., 2014). VAMP1 

puncta co-localized significantly less with syph compared to VAMP2 and were detected with 

and without VAMP2 and syph. This is in line with reported partial co-localization of VAMP1 with 

glutamate vesicular transporters, vesicular GABA transporter and postsynaptic density protein 95 

in rat deep cerebellar nuclei (Manca et al., 2014). In rat hippocampus, co-localization of VAMP1 is 

stronger with inhibitory synapses (GAD65) compared to excitatory synapses (vGLUT1) (Ferecskó 

et al., 2015). Overexpressed VAMP1-GFP co-localizes with transient receptor potential channels 

in cultured trigeminal ganglionic neurons (Meng et al., 2016). In addition, we showed that VAMP1 

puncta were significantly more mobile compared to VAMP2. Hence, VAMP1 is present but unlike 

VAMP2, not enriched at pre-synaptic sites.
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VAMP1 and VAMP2 both co-localized with an endogenous DCV marker. This co-localization was 

similar for both VAMP proteins, and lower compared to VAMP2-syph co-localization. Hence, 

not all DCVs contained both VAMP proteins. VAMP1 co-localization with BDNF puncta was 

higher compared to VAMP2 co-localization with SCG2. This difference is likely a result of the 

high presence of VAMP2 in presynaptic areas (where only a subset of DCVs are present (van de 

Bospoort et al., 2012)). Co-trafficking was similar for VAMP1 and VAMP2 with NPY-mCherry. VAMP1 

is localized on DCVs in the rat spinal cord (Zhao et al., 2011) and co-localizes with calcitonin-

gene-related peptide in rat trigeminal ganglia (Meng et al., 2007). VAMP2 is present on human 

pheochromocytoma DCVs (Bark et al., 2012). In conclusion, VAMP1 and VAMP2 are both present 

on neuronal DCVs, but not all DCVs contain both VAMP proteins. This suggests that DCVs do not 

need both VAMP proteins to fuse with the plasma membrane or that there is a subset of immature 

DCVs which are not capable yet to fuse with the plasma membrane.
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Supplemantary figures and tables

Figure S4.1 – Tetanus infection does not affect number, loading and localization of DCVs 
a: Representative images of control and TeNT infected (DIV 0) neurons (fixed at DIV 4), stained for GFP (detects 
NPY-pHluorin, green) and dendritic marker MAP2 (magenta). b: Average dendritic length of control and TeNT 
infected neurons. Unpaired t-test: p = 0.42 (ns). c: Average total DCV pool of control and TeNT infected neurons. 
Unpaired t-test: p = 0.28 (ns). d: Average number of DCVs per dendritic length of control and TeNT infected 
neurons. Unpaired t-test: p = 0.16 (ns). e: Average intensity of DCVs of control and TeNT infected neurons. 
Unpaired t-test: p = 0.16 (ns). f: Average NPY-positive puncta size of control and TeNT infected neurons. Unpaired 
t-test: p = 0.017 (*). g: Scholl analysis of DCVs along the dendrites in control and TeNT infected neurons. Control: 
n=8, N=2; TeNT: n=7, N=2. Detailed information (average, SEM, n and detailed statistics) is shown in Table S4.1. 
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Table S4.1 – Data and statistics (continued on next page)
For each data figure, the measured variable, tested groups, average (± SEM), n (independent measurements) 
and N (independent weeks) are listed. Statistical tests were performed on all groups, using α = 0.05 and were 
two-tailed. *: p<0.05; **: p<0.01; ***: p<0.001.
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Table S4.1 – Data and statistics (continued)
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Abstract

CAPS (calcium-dependent activator protein for exocytosis) are multi-domain proteins involved in 

regulated exocytosis of synaptic vesicles (SVs) and dense core vesicles (DCVs). Here, we assessed 

the contribution of different CAPS-1 domains to its subcellular localization and DCV exocytosis 

by expressing CAPS-1 mutations in four functional domains in CAPS-1/-2 null mutant (CAPS DKO) 

mouse hippocampal neurons, which are severely impaired in DCV exocytosis. CAPS DKO neurons 

showed normal development and no defects in DCV biogenesis and their subcellular distribution. 

Truncation of the CAPS-1 C-terminus (CAPS Δ654-1355) impaired CAPS-1 synaptic enrichment. 

Mutations in the C2 (K428E or G476E) or pleckstrin homology (PH; R558D/K560E/K561E) domain 

did not. However, all mutants rescued DCV exocytosis in CAPS DKO neurons to only 20% of wild 

type CAPS-1 exocytosis capacity. To assess the relative importance of CAPS for both secretory 

pathways, we compared effect sizes of CAPS-1/-2 deficiency on SV and DCV exocytosis. Using 

the same (intense) stimulation, DCV exocytosis was impaired relatively strong (96% inhibition) 

compared to SV exocytosis (39%). Together, these data show that the CAPS-1 C-terminus regulates 

synaptic enrichment of CAPS-1. All CAPS-1 functional domains are required, and the C2 and PH 

domain together are not sufficient, for DCV exocytosis in mammalian central nervous system 

neurons.
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CAPS-1 domains involved in DCV exocytosis

Introduction

Calcium-dependent activator protein for exocytosis (CAPS) is an important regulator of dense 

core vesicle (DCV) exocytosis. In C. elegans null mutants of the CAPS homolog UNC-31, DCV 

exocytosis is impaired and DCV docking reduced (Avery et al., 1993; Speese et al., 2007; Zhou et al., 

2007). Also in Drosophila CAPS (dCAPS) null mutants, DCV exocytosis in neuromuscular junctions 

is impaired and DCVs accumulate in synaptic terminals (Renden et al., 2001). Mammals express 

two CAPS isoforms, CAPS-1 and CAPS-2, mainly in neuronal and endocrine cells (Ann et al., 1997; 

Speidel et al., 2003; Walent et al., 1992). Deletion of CAPS-1 and CAPS-2 expression (CAPS DKO) 

severely reduces DCV exocytosis in mammalian neurons and exocytosis of secretory granules in 

chromaffin cells (Farina et al., 2015; Liu et al., 2008; Nguyen Truong et al., 2014; Speidel et al., 2005). 

This reduced DCV exocytosis is rescued by re-expression of CAPS-1 or CAPS-2 in chromaffin 

cells (Liu et al., 2008, 2010; Nguyen Truong et al., 2014) or CAPS-1 in neurons (Farina et al., 2015). 

This suggests a redundant function of the two isoforms in vesicle exocytosis, although shRNA 

mediated knockdown of CAPS-1 reduces DCV exocytosis in hippocampal neurons (Eckenstaler et 

al., 2016). In addition, CAPS-1 and CAPS-2 are also important for synaptic vesicle (SV) exocytosis. In 

CAPS DKO neurons, evoked SV exocytosis, readily releasable pool size and the number of docked 

SVs are severely impaired (Imig et al., 2014; Jockusch et al., 2007). Drosophila dCAPS null mutants 

show impaired SV release in the neuromuscular junction and accumulation of vesicles in synaptic 

terminals (Renden et al., 2001). Hence, CAPS proteins are important regulators of both DCV and 

SV exocytosis. 

CAPS proteins contain multiple functional domains. The C2 domain (Grishanin et al., 2002) 

is involved in CAPS dimerization (Petrie et al., 2016). The pleckstrin homology (PH) domain of 

CAPS-1 binds to phospholipids and is essential for CAPS interaction with the plasma membrane 

(Grishanin et al., 2002; James et al., 2008; Renden et al., 2001). CAPS-1 binds to SNARE proteins 

via Munc13 homology domain-1 (MHD1) (Khodthong et al., 2011; Koch et al., 2000; Maruyama 

and Brenner, 1991). Finally, the C-terminal part of CAPS-1 appears to be important for CAPS-1 

interaction with DCVs in PC12 cells (Grishanin et al., 2002). Mutations in these domains interfere 

with CAPS-1 function in calcium-dependent DCV exocytosis in PC12 cells (Grishanin et al., 2002, 

2004; Kabachinski et al., 2014, 2015; Khodthong et al., 2011; Speidel et al., 2003) and DCV exocytosis 

in C. elegans (Lin et al., 2010). However, a natural CAPS-2 splice isoform, which lacks the MHD1 

and DCV domains, rescues exocytosis in CAPS DKO chromaffin cells (Nguyen Truong et al., 2014). 

Hence, there is no consensus on the importance of the CAPS protein domains for DCV exocytosis 

and current knowledge of CAPS protein domain function in mammalian central nervous system 

(CNS) neurons is absent.

In this study, we analyzed the function of CAPS-1 domains by expressing domain mutants on a 

CAPS DKO null mutant background. Truncation of the CAPS-1 C-terminus, harboring the MHD1 

and DCV domains, impaired CAPS-1 enrichment at synapses, but mutations in the C2 or PH 

domain did not. CAPS DKO neurons showed a drastic decrease in DCV release probability, which 
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was rescued by expression of wild type CAPS-1 but not CAPS-1 C2 or PH domain mutants or the 

C-terminal truncation. In addition, deletion of both CAPS proteins affected DCV exocytosis more 

than SV exocytosis. Together, our study shows that all CAPS-1 functional domains are essential for 

DCV exocytosis in mammalian CNS neurons.
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Results

CAPS-1 C-terminal truncation, but not C2 and PH domain mutations, influence CAPS-1 enrichment 

at synapses

CAPS-2 has been implicated in neuronal development. Overexpressed CAPS-2 promotes cell 

survival and deletion of CAPS-2 expression impairs dendritic arborization of mouse cerebellar 

Purkinje cells (Sadakata et al., 2004, 2007a). To test if CAPS DKO neurons show developmental 

defects, which could influence the outcome of our functional assays, we analyzed neuronal 

development in hippocampal CAPS DKO neurons compared to CAPS-2 KO control neurons. 

During in vitro development (DIV 2-14), total neurite length and number of synaptotagmin 1 

(syt1) positive puncta increased (neurite length DIV 2: 0.38 ± 0.03 mm; DIV 14: 3.44 ± 0.41 mm; syt1 

positive puncta DIV 2: 22 ± 4.6; DIV 14: 809 ± 112, all data and statistics in Table S5.1; Figure S5.1a-c). 

No difference was observed between CAPS DKO and control neurons at any of the time points 

(neurite length CAPS DKO DIV 2: 0.41 ± 0.06 mm; DIV 14: 3.38 ± 0.37 mm; syt1 positive puncta 

CAPS DKO DIV 2: 27 ± 6.5; DIV 14: 862 ± 117, Figure S5.1a-c). Hence, CAPS DKO neurons show no 

additional developmental defects in vitro compared to the ones reported for CAPS-2 KO neurons.

To test the function of CAPS-1 C2, PH and C-terminal domains in DCV exocytosis in CNS neurons, 

we expressed CAPS-1 mutants of the C2 domain (K428E and G476E) (Grishanin et al., 2004), 

the PH domain (R558D/K560E/K561E; RKK) (Grishanin et al., 2002) and a CAPS-1 mutant with a 

truncated C-terminus (Δ654-1355; ΔC) in CAPS DKO neurons (Figure 5.1a). Neurons from CAPS-2 

KO littermates were used as controls as in previous studies, since deletion of CAPS-2 does not 

significantly alter SV or DCV exocytosis in the hippocampal neurons used in this study (Farina et 

al., 2015; Jockusch et al., 2007). All CAPS-1 mutants were expressed at least as high as endogenous 

CAPS-1 (control = 1.00 ± 0.74, CAPS-1 mutants ≥ 2.08 ± 0.79, CAPS DKO: 0.05 ± 0.04, Figure 5.1b,c). 

Neurons were stained for dendritic marker MAP2, the synaptic marker synaptophysin 1 and 

CAPS-1 at DIV 10-14 (Figure 5.1d). Endogenous CAPS-1 is present in the cytosol and neuritic 

puncta, which often co-localizes with a presynaptic marker (Farina et al., 2015). To test if CAPS-1 

mutations affected CAPS-1 localization, we analyzed their co-localization with the synapse marker 

synaptophysin 1. The C2 and PH domain mutants showed a similar synaptic accumulation as wild 

type CAPS-1 (relative Manders’ coefficient of control: 0.48 ± 0.05, DKO + WT: 0.61 ± 0.05, DKO + 

K428E: 0.66 ± 0.07, DKO + G476E: 0.48 ± 0.12, DKO + RKK: 0.64 ± 0.08), but the C-terminal truncation 

mutant showed a decreased synaptic localization (relative Manders’ coefficient of DKO + ΔC: 0.31 

± 0.05, Figure 5.1e) and no CAPS-1 puncta (number CAPS-1 puncta control: 34.8 ± 7.7, DKO + ΔC: 0.0 

± 0.0, Figure 5.1f). Hence, CAPS-1 C2 and PH domain mutations and C-terminal truncation do not 

prevent stable expression in neurons. The C2 and PH domain mutations do not alter subcellular 

localization, but truncation of the C-terminus diminishes synaptic enrichment.
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Figure 5.1 – C-terminal truncation decreases CAPS-1 synaptic enrichment (previous page)
a: Schematic representation of mouse CAPS-1, showing the C2 domain (397-516) (Grishanin et al., 2002; Petrie et 
al., 2016), PH domain (516-632) (Grishanin et al., 2002; Petrie et al., 2016), MHD1 domain (933-1113) (Koch et al., 
2000; Maruyama and Brenner, 1991), and DCV domain (1220-1355) (Grishanin et al., 2002). Numbers represent 
amino acid residues. Indicated are the CAPS-1 C2 domain mutants (K428E and G476E), the CAPS-1 PH domain 
mutant (R558D/K560E/K561E, RKK) and C-terminal truncation (Δ654-1355, ΔC). b: Western blot of CAPS DKO 
cortical neurons infected with wild type or mutant CAPS-1 constructs and CAPS-2 KO control neurons (control). 
Actin was used as loading control, gel was cropped (full-length gel presented in Figure S5.2). c: Quantification 
of relative CAPS-1 level in control neurons of two independent western blots of CAPS DKO cortical neurons 
infected with wild type or mutant CAPS-1 constructs and control neurons. CAPS-1 level was corrected for protein 
loading (using actin levels). N=2. d: Representative images of CAPS DKO hippocampal neurons infected with 
WT, K428E, G476E, RKK, ΔC and control neurons, stained with dendrite marker (MAP2, blue), CAPS-1 (magenta) 
and synaptophysin 1 (syph, green). Boxed areas are enlarged at the bottom. e: Manders’ coefficient of CAPS-1 in 
synaptophysin (syph), relative to co-localization of VAMP in syph, in CAPS DKO hippocampal neurons infected 
with wild type or mutant CAPS-1 constructs and control neurons. One-way ANOVA (CAPS conditions): p=0.067 
(not significant, ns). Control: n=24, N=4; DKO + WT: n=25, N=4; DKO + K428E: n=9, N=2; DKO + G476E: n=10, N=2; 
DKO + RKK: n=14, N=2; DKO + ΔC: n=5, N=2; VAMP: n=26, N=4. f: Number of CAPS-1 puncta in control (n=5, 
N=2) and DKO + ΔC (n=5, N=2) neurons. Detailed information (average, SEM, n and detailed statistics) is shown 
in Table S5.1.

CAPS-1 C2, PH, MHD1 and DCV domains are required for CAPS-1 function in neuronal DCV 

exocytosis

Expression of full-length wild type CAPS-1 restores DCV exocytosis in CAPS DKO neurons (Farina 

et al., 2015). Here, we assessed whether CAPS-1 C2 (K428E and G476E) or PH (RKK) domain and 

C-terminal truncation (ΔC) mutants support DCV exocytosis in CAPS DKO neurons. To visualize 

DCV exocytosis we used an established DCV-reporter, neuropeptide Y (NPY)-mCherry (Arora et 

al., 2017; van de Bospoort et al., 2012; Farina et al., 2015) (Figure 5.2a). CAPS DKO neurons were 

co-infected with NPY-mCherry (5-6 days before imaging) and wild type or mutant CAPS-1 at DIV 

0-1. The total number of DCV labelled with this reporter (control: 1.9 ± 0.1 *103, DKO: 2.3 ± 0.2 *103, 

DKO + WT: 2.4 ± 0.2 *103, DKO + K428E: 2.5 ± 0.3 *103, DKO + G476E: 2.3 ± 0.3 *103, DKO + RKK: 2.3 ± 

0.3 *103, DKO + ΔC: 2.8 ± 0.5 *103, Figure 5.2b) and their location along the neurites was similar in 

all groups (Figure 5.2c). We applied electrical stimulation, 16 trains of 50 action potentials (AP) at 

50Hz, to trigger DCV exocytosis (Arora et al., 2017; van de Bospoort et al., 2012; Farina et al., 2015). 

DCV exocytosis, characterized by a sudden disappearance of fluorescent NPY-mCherry puncta 

in dendrites and axons, was measured at DIV 9-15 (Figure 5.2d). In CAPS DKO neurons infected 

with any of the mutants and in control neurons, exocytosis occurred primarily during electrical 

stimulation, with only a small fraction of the events before or after stimulation (Figure 5.2e-h). 

The average number of DCV exocytosis events in CAPS DKO neurons (2.1 ± 0.8) was 96% lower 

compared to control neurons (51 ± 9.7), as observed before (Farina et al., 2015). Expression of wild 

type CAPS-1 restored the number of DCV exocytosis events (36.9 ± 6.3). Neither of the mutants 

could increase the number of exocytosis events (DKO + K428E: 4.3 ± 1.7, DKO + G476E: 6.4 ± 1.9, 

DKO + RKK: 8.8 ± 3.8, DKO +ΔC: 5.4 ± 2.7, Figure 5.2i), and showed similar exocytosis kinetics as 

DKO neurons (Figure 5.2e-h). The DCV release probability, defined as the number of exocytosis 

events/total number DCVs per cell, was 2.9 ± 0.55% in control neurons and 1.8 ± 0.33% in CAPS 
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DKO neurons rescued with wild type CAPS-1, but less than 0.5% in CAPS-1 C2 (DKO + K428E: 0.20 ± 

0.07%, DKO + G476E: 0.31 ± 0.10%), PH domain (DKO + RKK: 0.43 ± 0.18%) or C-terminal truncation 

(DKO + ΔC: 0.41 ± 0.22%) mutants (Figure 5.2j). These data show that the integrity of the CAPS-1 

C2 and PH domains and presence of the CAPS-1 C-terminus are all required for the function of 

CAPS-1 in DCV exocytosis in mammalian CNS neurons.

CAPS-1 deletion affects DCV exocytosis more than SV exocytosis upon intense stimulation

To assess the relative importance of CAPS-1 in DCV versus SV exocytosis, which is subject to 

a long standing debate (Berwin et al., 1998; Jockusch et al., 2007; Renden et al., 2001; Speese et 

al., 2007; Tandon et al., 1998), we studied SV exocytosis in CAPS DKO neurons under identical 

conditions as for DCV exocytosis (Figure 5.2). We infected neurons with synaptophysin-pHluorin 

(SypHy), which is targeted to SVs and the intravesicular pHluorin (pH sensitive GFP) is quenched 

at luminal pH (± pH 5.5) (Granseth et al., 2006). Electrical stimulation induced SV exocytosis and 

dequenched SypHy, detected by a gradual fluorescence increase. Brief superfusion with NH4
+ 

instantly dequenched all SypHy and was used to visualize the total pool of SypHy labelled SVs in 

a

CAPS-1

16*50AP@50HzNPY-mCherry
 DCV fusion

10s

1∆
F/

F 0

Infection Electrcal stimulation

 NPY-mCherry fusion event

b c

e

D
CV

 fu
si

on
 e

ve
nt

s/
ce

ll

0

1

2

3

time (s)
0-10 30 60

16*50AP@50Hz
DKO + WT

DKO + G476E
DKO + K428E

D
CV

 fu
si

on
 e

ve
nt

s/
ce

ll

0

1

2

3

time (s)
0-10 30 60

16*50AP@50Hz
DKO + WT
DKO + RKK

DKO + ΔC

D
CV

 fu
si

on
 e

ve
nt

s/
ce

ll

0

1

2

3

time (s)
0-10 30 60

16*50AP@50Hz

DKO + WT

Control
DKO

g

h i

Control DKO

N
PY

-m
C

he
rr

y

50μm 5μm

f

d 0 7421

DKO + WT

DKO + G476E
DKO + RKK

Control

DKO + K428E

DKO + ΔC

DKO

3 4

nDCVs (*1,000)

ns

cu
m

m
ul

at
iv

e 
ev

en
ts

/c
el

l

0

60

40

20

0-10 30time (s)

16*50AP@50Hz

DKO + WT

DKO + G476E
DKO + RKK

Control

DKO + K428E

DKO + ΔC

DKO

0 2006020 40 60

DCV fusion events/cell

***

ns

DKO + WT

DKO + G476E
DKO + RKK

Control

DKO + K428E

DKO + ΔC

DKO
ns

j

0 7421 3 4

DCV release probability (%)

***

*
ns

nD
CV

s

distance (μm)

0
0 10050 150

20

80

60

40

DKO + WT

DKO + G476E
DKO + RKK

Control

DKO + K428E

DKO + ΔC

DKO



89

5

CAPS-1 domains involved in DCV exocytosis

Figure 5.2 – CAPS-1 C2 and PH domain and C-terminal truncation mutants do not support neuronal DCV 
exocytosis (previous page)
a: Representative images of neuronal DCV labeling with NPY-mCherry in CAPS-2 KO (control) and CAPS DKO 
neurons. Boxed area is enlarged on the right. b: Number of DCVs in CAPS DKO hippocampal neurons infected 
with wild type or mutant CAPS-1 constructs and control neurons. One-way ANOVA: p = 0.42 (not significant, 
ns). c: Sholl analysis of the number of DCVs in distal neurites of CAPS DKO neurons infected with wild type 
or mutant CAPS-1 constructs and control neurons. d: Schematic representation of the method to measure 
neuronal DCV exocytosis. Neurons, co-infected with NPY-mCherry and CAPS-1, are stimulated with 16 trains 
of 50 AP at 50Hz (blue bars), which induces DCV exocytosis (sudden disappearance of a fluorescent punctum, 
middle panels). Representative trace of DCV exocytosis is depicted on the right. e-g: Average DCV exocytosis 
events per cell before, during and after stimulation in (e) control, CAPS DKO and DKO + WT, (f) DKO + WT, 
DKO + K428E and DKO + G476E and (g) DKO + WT, DKO + RKK and DKO + ΔC neurons. h: Cumulative plot of 
DCV exocytosis events in CAPS DKO neurons infected with wild type or mutant CAPS-1 constructs and control 
neurons. Shaded area represents SEM. i: Average DCV exocytosis events per cell in CAPS DKO neurons infected 
with wild type or mutant CAPS-1 constructs and control neurons. One-way ANOVA: p = 5.9 *10-9 (***); post-hoc 
Dunnett’s test: control vs DKO + WT: p = 0.27 (ns), control vs DKO (+ CAPS-1 mutants): p ≤ 8.5 *10-5 (***), DKO vs 
DKO + CAPS-1 mutants: p ≥ 0.96 (ns). j: DCV release probability in CAPS DKO neurons infected with wild type 
or mutant CAPS-1 constructs and control neurons. One-way ANOVA: p = 2.2 *10-8 (***); post-hoc Dunnett’s test: 
control vs DKO + WT: p = 0.045 (*), control vs DKO (+ CAPS-1 mutants): p ≤ 1.9 *10-4 (***), DKO vs DKO + CAPS-1 
mutants: p ≥ 0.98 (ns). Control: n=18, N=4; CAPS DKO: n=17, N=6; DKO + WT: n=38, N=6; DKO + K428E: n=11, 
N=3; DKO + G476E: n=16, N=3; KO + RKK: n=16, N=3; DKO + ΔC: n=13, N=3. Detailed information (average, SEM, 
n and statistics) is shown in Table S5.1.

the synaptic terminals (Figure 5.3a). Both CAPS DKO and control neurons showed SV exocytosis 

upon electrical stimulation (Figure 5.3b,c). The total pool of SypHy labelled SVs, measured by the 

maximal NH4
+ response, was unaltered between the two groups (control: 3.4 ± 0.45, CAPS DKO: 

2.9 ± 0.21, Figure 5.3d). The maximal response during stimulation (Fstimmax), a measure for the total 

number of SVs that fused, was significantly lower in CAPS DKO neurons as compared to controls 

(control: 0.43 ± 0.06, CAPS DKO: 0.27 ± 0.04, Figure 5.3c+e). The effect size for SV exocytosis, a 39% 

lower response, was smaller than for DCV exocytosis, a 96% lower response (t-test on the test 

statistics of DCV and SV exocytosis (for details see Materials and Methods): p = 4.9 *10-20 (***), 

Figure 5.2i and 5.3e,f). These data show that deletion of CAPS-1 expression has a larger effect on 

DCV exocytosis compared to SV exocytosis upon our intense electrical stimulation.
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Figure 5.3 – Intense stimulation in CAPS DKO neurons triggers relatively more SV than DCV exocytosis
a: Schematic representation of the method to measure SV exocytosis with synaptophysin-pHluorin (SypHy). 
Neurons infected with SypHy (left) were stimulated (16 trains of 50 AP at 50Hz; blue bars) to elicit SV exocytosis, 
which was detected by appearance of fluorescent puncta (middle). NH4

+ superfusion revealed the total pool of 
SypHy labeled SVs (right). Lower panels show a zoom of the dotted box in the upper panel. b: Representative 
maximal SypHy response during stimulation (Fstimmax) in a neurite of CAPS-2 KO (control) and CAPS DKO 
neurons. c: ΔF/Fmax SypHy signal before, during and after stimulation (blue bars) and during and after NH4

+ 
superfusion (yellow bar) in CAPS DKO and control neurons. Shaded area represents SEM. d: NH4

+
max (maximal 

ΔF/F0 during NH4
+ wash) in control (n=8, N=2) and CAPS DKO (n=14, N=2) neurons. Mann-Whitney U test: p = 

0.24 (not significant, ns). e: Fstimmax (peak in the ΔF/Fmax SypHy graph, see c) of control (n=8, N=2) and CAPS DKO 
(n=14, N=2) neurons. Mann-Whitney U test: p = 0.042 (*). f: Average DCV exocytosis events in control (n=17, n=4) 
and CAPS DKO (n=17, N=6) neurons. Data from Figure 2i, duplicated for clarity. Mann-Whitney U test: p = 2.0 
*10-8 (***). Detailed information (average, SEM, n and detailed statistics) is shown in Table S5.1.
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Discussion

In this study we investigated which CAPS-1 domains are important for the function of CAPS-1 in 

mammalian dense core vesicle exocytosis. Synaptic localization was decreased after truncation 

of the C-terminus, but not by mutating the C2 or PH domain. Expression of none of the CAPS-1 

mutants supported efficient DCV exocytosis in CAPS DKO neurons. In addition, during intense 

stimulation, DCV exocytosis was decreased by 96% while SV exocytosis decreased by 39% in CAPS 

DKO neurons.

We show that two point mutations in the C2 domain (K428E and G476E) do not alter the synaptic 

localization of CAPS-1, but do abolish most DCV exocytosis. CAPS-1 has two calcium binding 

affinities (KD = 270 µM, KD = 4.3 µM) (Ann et al., 1997), but the C2 domain does not contain 

the conserved aspartic acid residues that coordinate C2 domain calcium binding (Nalefski and 

Falke, 1996) and might therefore not bind calcium. Instead, the C2 domain is reported to regulate 

dimerization and C2 domain mutations alter the level of homo-dimerization: K428D (similar to 

K428E used here) decreases and G476E increases the percentage of CAPS-1 dimer (Petrie et al., 

2016). Munc13 proteins, which share several domains with CAPS proteins (in addition to the 

C2 domain, also the MUN domain (Koch et al., 2000)) and also regulate DCV and SV exocytosis 

(Augustin et al., 1999; van de Bospoort et al., 2012), also form homo-dimers via their C2A domain 

(Lu et al., 2006). Homo-dimerization of Munc13 proteins is disrupted by K32E substitution (Deng 

et al., 2011; Lu et al., 2006), a mutation which corresponds to K428E in CAPS-1 (Petrie et al., 2016). 

Similar to the situation for CAPS-1, alterations in the level of Munc13-2 dimerization also do not 

affect synaptic localization (Deng et al., 2011). Disruption of the Munc13 protein dimer, mediated 

by the active zone scaffolding protein RIM, is required for Munc13 function in exocytosis 

(Camacho et al., 2017; Deng et al., 2011; Lu et al., 2006). Alternatively, mutating the C2 domain of 

CAPS or Munc13 proteins might impair a functional interaction between these proteins (Jockusch 

et al., 2007; Liu et al., 2010), resulting in the observed defects in exocytosis. In conclusion, Munc13 

homo-dimerization inhibits its function, while mutations in CAPS-1 that are reported to increase 

or decrease dimerization both inhibit CAPS-1 function. 

The CAPS-1 mutant with a C-terminal truncation did not support neuronal DCV exocytosis, in 

line with data from C. elegans and PC12 cells (Khodthong et al., 2011; Lin et al., 2010), and lacked 

synaptic enrichment. The availability of CAPS-1 at synapses increases DCV release probability 

(Farina et al., 2015) and the lack of synaptic enrichment after C-terminal truncation may therefore 

explain the poor support of DCV exocytosis for this mutant. The lack of synaptic enrichment was 

only detected with the C-terminal truncation mutant. This suggests that the C-terminal domains of 

CAPS-1 are involved in the most upstream step of DCV exocytosis and that the C2 and PH domain, 

which are also essential for DCV exocytosis, are involved in more downstream steps. Surprisingly, 

the naturally occurring CAPS-2 isoform CAPS-2e, which aligns completely with the CAPS-1 
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C-terminal truncation mutant used here (C2 and PH domain are present but not the C-terminal 

domains), rescued DCV release in CAPS DKO chromaffin cells and EPSC amplitude in CAPS DKO 

neurons (Nguyen Truong et al., 2014). CAPS-1 and CAPS-2 both regulate exocytosis (Farina et al., 

2015; Jockusch et al., 2007; Liu et al., 2008, 2010) and are 75% identical at the amino acid level. 

CAPS-1 is larger, including additional amino acids in the MHD1 and DCV domain. While six CAPS-

2 splice isoforms have been reported (Sadakata et al., 2007b), no similar splicing isoforms have 

been described for CAPS-1. In addition, the CAPS-2e isoform ends with an additional, unique exon 

(Sadakata et al., 2007b), which is not present in CAPS-1. CAPS-1 is expressed equally in most brain 

regions but CAPS-2 is expressed in specific cell populations, most prominently in the cerebellum 

(Sadakata et al., 2013; Speidel et al., 2003). During development, CAPS-2 expression is stable but 

CAPS-1 expression increases until postnatal day 21 (Speidel et al., 2003, 2005). Hence, despite high 

similarities, there are clear indications for functional differences between CAPS-1 and CAPS-2. 

Also, exceptional high expression by Semliki forest virus may have contributed to the rescue 

capacity of CAPS-2e (Nguyen Truong et al., 2014). 

Since the C-terminal truncation removes the MHD1 and DCV domain, synaptic enrichment of 

CAPS-1 (Farina et al., 2015) is probably regulated by these domains. The MHD1 domain regulates 

binding of CAPS-1 to SNARE proteins (Khodthong et al., 2011), which are also enriched at the 

synapse (Wilhelm et al., 2014). The DCV domain regulates CAPS-1 interaction with DCVs. Removal 

of 135 amino acids of this domain was shown to impair CAPS-1 interaction with DCVs and produce 

diffuse CAPS-1 expression in PC12 cells (Grishanin et al., 2002; Kabachinski et al., 2015). However, 

in hippocampal neurons DCVs are not enriched at presynaptic terminals relative to other parts 

of the axon (although exocytosis occurs predominantly at the synapses) (van de Bospoort et al., 

2012). Furthermore, in a previous study on primary mouse neurons, the same neurons as used 

in the current study, we found no evidence for co-transport of CAPS-1 on DCVs (Farina et al., 

2015). Therefore, the interaction of the CAPS-1 MHD1 domain with SNARE proteins appears to 

be the most likely explanation for the C-terminal dependent synaptic enrichment of CAPS-1. In 

conclusion, CAPS-1 enrichment at the synapse is regulated by its C-terminus where it supports 

DCV exocytosis, which is different compared to CAPS-2, which supports DCV exocytosis in 

chromaffin cells without its C-terminus.

After CAPS’ initial discovery (Brenner, 1974), the protein was found to regulate DCV exocytosis 

in PC12 cells and melanotrophs (Ann et al., 1997; Rupnik et al., 2000; Walent et al., 1992), DCV, but 

not SV, exocytosis in synaptosomes (Tandon et al., 1998) and to localize to DCVs, but not SVs, in 

brain homogenate (Berwin et al., 1998). Therefore, CAPS was initially considered to be specifically 

involved in DCV exocytosis and “not required for exocytosis of glutamate-containing vesicles” 

(Tandon et al., 1998). Currently, CAPS is still considered to “specifically regulate DCV release” (Man 

et al., 2015). Studies in C. elegans using intense stimulation (high K+ for 30 - 60 minutes) confirmed 

CAPS’ role in DCV exocytosis, while SV exocytosis was unaffected (Speese et al., 2007). On the 

other hand, Drosophila dCAPS KO show defects in SV exocytosis upon mild stimulation (single 



93

5

CAPS-1 domains involved in DCV exocytosis

action potential) (Renden et al., 2001) and CAPS DKO mouse neurons show severe defects in both 

DCV (upon intense stimulation) (Farina et al., 2015) and SV (upon mild stimulation) (Jockusch et 

al., 2007) exocytosis. The SV exocytosis defect in CAPS DKO neurons were partly overcome after 

intense stimulation or high intracellular calcium. Therefore, the authors of the latter study argued 

that the absence of SV exocytosis phenotype in C. elegans could be explained by massive calcium 

influx upon intense stimulation (Jockusch et al., 2007). Alternatively, it has been proposed that the 

decreased SV exocytosis might be secondary to the chronic inhibition of DCV exocytosis and the 

consequent reduction in ambient neuropeptides/neuromodulators in (developing) CAPS DKO 

neurons (Renden et al., 2001). However, acute CAPS-1 expression in CAPS DKO neurons fully 

restored (rescued) SV exocytosis (Jockusch et al., 2007), neurons were cultured in neuropeptide 

rich medium and no developmental defects were detected (see Jockusch et al., 2007 for further 

discussion on this topic). To add to this unresolved issue, we studied DCV and SV exocytosis 

in CAPS DKO neurons under identical conditions of intense stimulation (16 trains of 50 action 

potentials at 50 Hz). Using this paradigm, DCV exocytosis is much more affected (96% inhibition) 

compared to SV exocytosis (39% inhibition). Our data confirms that during conditions of high 

calcium influx, CAPS’ function in SV, but not DCV exocytosis, becomes partly redundant.

CAPS and Munc13 proteins both regulate exocytosis, probably at a step upstream of the actual 

fusion (priming) (Augustin et al., 1999; van de Bospoort et al., 2012; Farina et al., 2015; Jockusch et 

al., 2007). Overexpression of Munc13-1 in chromaffin cells increases DCV exocytosis with 300% 

(Ashery et al., 2000). However, overexpression of Munc13-1 on a CAPS DKO background does not 

increase exocytosis in chromaffin cells or rescue the loss of SV or DCV exocytosis (Jockusch et al., 

2007; Liu et al., 2010). This indicates that CAPS is required for the stimulatory effect of Munc13-1 

and the two proteins have non-redundant functions. Deletion of unc-13/munc13-1/2 expression 

abolishes SV exocytosis in C. elegans and mammalian neurons (Speese et al., 2007; Varoqueaux et 

al., 2002; Zhou et al., 2007). In C. elegans, intense stimulation, when CAPS’ function becomes partly 

redundant, does not rescue SV exocytosis in UNC-13 mutants (Speese et al., 2007). Conversely, 

DCV exocytosis is 60% reduced in mammalian Munc13-1/2 DKO neurons (van de Bospoort et al., 

2012) and is not affected in C. elegans (Speese et al., 2007; Zhou et al., 2007). Hence, while CAPS 

are partially redundant for SV exocytosis but almost essential for DCV exocytosis, the opposite is 

true for Munc13: (partially) redundant for DCV fusion, but essential for SV exocytosis. Possibly, 

the PH domain, which is present only in CAPS (Koch et al., 2000) and essential for DCV exocytosis, 

contributes to the difference between CAPS and Munc13 for DCV exocytosis.
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Supplemantary figures and tables
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Figure S5.1 – CAPS DKO neurons show no developmental defects
a: Representative images of CAPS-2 KO (control, top) and CAPS DKO (bottom) neurons at DIV 14, stained with 
dendrite marker (MAP2; magenta) and axonal marker (SMI312; magenta) and synaptotagmin 1 (syt1, green). b: 
Total neurite length in mm of control and CAPS DKO neurons at DIV 2, 4, 7 and 14 in CAPS DKO and control 
neurons. 2-way ANOVA: genotype: p = 0.53 (not significant, ns), DIV: p = 7.8 *10-25 (***), genotype*DIV: p = 0.72 
(ns). c: Number of syt1 positive puncta in control and CAPS DKO neurons at DIV 2, 4, 7 and 14. 2-way ANOVA: 
genotype: p = 0.85 (ns), DIV: p = 9.0 *10-28 (***), genotype*DIV: p = 0.71 (ns). Control DIV 2: n=20, N=2; CAPS DKO 
DIV 2: n=13, N=2; control DIV 4: n=20, N=2; CAPS DKO DIV 4: n=20, N=2; control DIV 7: n=17, N=2; CAPS DKO 
DIV 7: n=19, N=2; control DIV 14: n=20, N=2; CAPS DKO DIV 14: n=20, N=2. Detailed information (average, SEM, 
n and detailed statistics) is shown in Table S5.1. 
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Figure S5.2 – Western blot of CAPS DKO cortical neurons
Uncropped western blot of CAPS DKO cortical neurons infected with wild type or mutant CAPS-1 constructs 
and CAPS-2 KO control neurons (Figure 5.1b shows cropped blot). DKO + Δ69 are CAPS DKO cortical neurons 
infected with a mutant lacking the last 69 amino acids of the C-terminus (Parsaud et al., 2013), which was not 
further used in this study because of strongly reduced expression levels.
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Table S5.1 – Data and statistics (continues on next page)
For each data figure, the measured variable, tested groups, average and SEM, n (independent cells) and N 
(independent weeks) are listed. Statistical tests were performed on all groups, unless specified otherwise. 
Statistical tests used α = 0.05 and were two-tailed. *: p<0.05; **: p<0.01; ***: p<0.001. N.A.: not applicable.
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Table S5.1 – Data and statistics (continued)
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Summary 

Neuronal DCV exocytosis releases multiple signalling molecules, including neurotrophins and 

neuropeptides. These signalling molecules play a role in for instance neuronal development and 

plasticity. Currently, the secretory mechanisms that regulate fusion of neuronal DCVs with the 

plasma membrane are incompletely understood. In this thesis, we provide deeper understanding 

of the molecular mechanisms driving DCV exocytosis in neurons.

In Chapter 2 and 3, we show that DCV exocytosis increases 10-fold during neuronal in vitro 

development between DIV 4 and DIV 10. The release probability of neuronal DCVs reaches a 

plateau at DIV 6. Although VAMP2 levels are low in young neurons, it is not rate-limiting for DCV 

exocytosis. During in vitro development, the number of DCVs increases and their size remains 

constant. DCVs in immature neurons contain more often SCG2 and ChgA compared to ChgB and 

BDNF. In conclusion, the number of DCVs and the number of DCV fusion events increase during 

neuronal development.

In Chapter 3 and 4, we studied the role of the v-SNARE VAMP/synaptobrevin protein family in DCV 

exocytosis. We show that DCVs require multiple TeNT-sensitive VAMP/synaptobrevin proteins in 

their secretory pathway. VAMP1 and VAMP2 co-localize and co-traffic with DCVs. VAMP2 is highly 

enriched at the pre-synapse and its levels increase during neuronal development. VAMP1 is also 

present, but not enriched, at synapses. VAMP1 levels are relatively high in young neurons. In DIV 4 

neurons, DCV exocytosis is mediated by TeNT-sensitive VAMPs and not by VAMP7. In conclusion, 

TeNT-sensitive VAMPs, most likely VAMP1 and VAMP2, are the v-SNARE proteins regulating DCV 

exocytosis in neurons.

In Chapter 5, we investigated the importance of several protein domains in the canonical vesicle 

priming protein CAPS-1. We identify that the C-terminus of CAPS-1, which contains the MHD1 

and DCV domain, is essential for its enrichment at the pre-synapse. In addition, all the functional 

domains of CAPS-1 are required for its role in neuronal DCV exocytosis. Highly reduced DCV 

exocytosis in CAPS DKO neurons does not affect neurite outgrowth, synapse number, DCV 

biogenesis or DCV distribution. Hence, CAPS-1 requires its C2, PH, MHD1 and DCV domains for 

DCV exocytosis but CAPS-1 is not essential in neuronal development.

Our studies show differences in the molecular mechanisms for exocytosis of DCVs compared to 

SVs. First, in CAPS DKO neurons, DCV exocytosis is reduced by 96%, but SV exocytosis only with 

39% using the same intense stimulation (Chapter 5). Second, TI-VAMP2 expression rescues SV 

exocytosis, but not DCV exocytosis, in TeNT treated neurons (Chapter 4). Third, maturation of the 

DCV fusion machinery occurs before SV fusion machinery maturation (Chapter 3).
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General discussion

1. Molecular mechanisms regulating DCV exocytosis

1.1 Role of CAPS and SNARE proteins in neuronal DCV exocytosis

1.1.1 Interaction of CAPS and VAMP proteins

Vesicle exocytosis requires the formation of the SNARE complex (Südhof and Rothman, 2009). 

DCV exocytosis requires CAPS-1 (Farina et al., 2015), which interacts with SNARE proteins via its 

MHD1 domain (Daily et al., 2010; Khodthong et al., 2011). We show that cleavage of the C-terminal 

domain, which contains the MHD1 domain, abolishes the function of CAPS-1 to support DCV 

exocytosis (Chapter 5). Neuronal DCV exocytosis requires both VAMP1 and VAMP2 (Chapter 

4). Hence, interaction of CAPS and VAMP proteins could play a role in DCV exocytosis. CAPS-1 

interacts with VAMP2 (Daily et al., 2010) via a helix of the CAPS-1 MHD1 domain (Khodthong et 

al., 2011). The N-terminal half of the VAMP2 SNARE domain has 67% sequence similarity to this 

helix in the CAPS-1 MHD1 domain (Khodthong et al., 2011). The sequence in VAMP2 which is 

identical to the CAPS-1 SNARE-binding helix (L32, Q33, V39, V43, D44, M46, R56) (Khodthong et 

al., 2011), is conserved in VAMP1, 2 and 3 but only partly conserved in the other VAMP proteins 

(Figure 6.1). This suggests that CAPS-1 may have a similar binding capacity to VAMP1, 2 and 3. 

Both CAPS-1 and CAPS-2 regulate DCV exocytosis (Farina et al., 2015; Jockusch et al., 2007; Liu et 

al., 2008, 2010). Sequence dissimilarities between CAPS-1 and CAPS-2 include a few residues in 

the SNARE-binding helix, but not in the amino acids which are identical to the VAMP2-binding 

region. This suggests that CAPS-2 may also bind VAMP1, 2 and 3. However, the MHD1 domain of 

CAPS-2 is not required for its function in DCV exocytosis in chromaffin cells or SV exocytosis in 

neurons (Nguyen Truong et al., 2014). In conclusion, the CAPS-1 MHD1 domain, which interacts 

with VAMP2 and likely also with VAMP1 and 3, is essential for neuronal DCV exocytosis.

CAPS-1 MHD1

VAMP2 SNARE

CAPS-1, CAPS-2LQ.....V...VD.M.........R

LQ.....V...VD.M.........R VAMP1, 2, 3
.  . .....V... . D.M.........R VAMP4

VAMP5L . ..... . ... . . .M.........R
.  . .....V... . . .M.........R VAMP7
.  . .....V... . . .M.........R VAMP8

Figure 6.1 – Binding regions of the CAPS-1 MHD1 and VAMP2 SNARE domain
Schematic representation of the interaction sites of the CAPS-1 MHD1 and VAMP2 SNARE domain. Indicated 
are the identical amino acids which are conserved in CAPS-2, VAMP1 and VAMP3, but only partly conserved in 
VAMP4, 5, 7 and 8. Dot represents amino acid which is not identical.
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1.1.2 CAPS-1 pre-synaptic enrichment

CAPS-1 is enriched at pre-synaptic sites, and high CAPS-1 levels at synapses increase DCV 

release probability (Farina et al., 2015). We show that the CAPS-1 C-terminus is important for the 

enrichment of CAPS-1 at the pre-synapse (Chapter 5). The C-terminus contains the MHD1 domain, 

which interacts with SNARE proteins (Khodthong et al., 2011), and the DCV domain which regulates 

interaction with DCVs (Grishanin et al., 2002; Kabachinski et al., 2015). SNARE proteins (Wilhelm et 

al., 2014), but not DCVs (van de Bospoort et al., 2012), are enriched at synapses. Therefore, SNARE 

proteins could contribute to the pre-synaptic enrichment of CAPS-1. This enrichment could be 

mediated by VAMP proteins. Since VAMP1 and VAMP3 contain the same CAPS-1 binding sequence 

as VAMP2 (Figure 6.1), synaptic enrichment of CAPS-1 could be mediated by all three VAMPs. 

However, VAMP1 is not enriched at pre-synaptic sites (Chapter 4) and VAMP3 is not expressed 

in neurons (Chapter 4; Schoch et al., 2001; Schubert et al., 2011). Hence, VAMP2 is a candidate to 

regulate CAPS-1 enrichment at pre-synaptic sites. Alternatively, interactions with syntaxin-1 and 

SNAP-25, which also interact with CAPS-1 via its MHD1 domain (Daily et al., 2010; Khodthong et 

al., 2011), could be responsible for the pre-synaptic enrichment of CAPS-1. In conclusion, pre-

synaptic enrichment of CAPS-1 requires its C-terminus and VAMP2, syntaxin-1 and SNAP-25 are 

candidates to contribute to CAPS-1 pre-synaptic localization.

1.1.3 Differences in SNARE binding of CAPS and Munc13 proteins

Munc13 proteins have a similar structure as CAPS proteins (Koch et al., 2000; Maruyama and 

Brenner, 1991). Munc13-1 also binds to SNARE proteins via its MUN domain (Guan et al., 2008; Lai 

et al., 2017). CAPS and Munc13 proteins have non-redundant roles in vesicle exocytosis (Jockusch 

et al., 2007; Liu et al., 2010). They both function in SNARE complex assembly, where Munc13-1 is 

proposed to change the molecular conformation of syntaxin-1 (from ‘closed’ to ‘open’) (Yang et 

al., 2015) and CAPS-1 is proposed to stabilize this conformation (Liu et al., 2010). Thus, Munc13-

1 and CAPS-1 bind different conformations of syntaxin-1 and could therefore have different 

SNARE binding mechanisms. The calcium-binding C2 domains of Munc13-1 stimulate the binding 

to SNARE proteins (Lai et al., 2017), and in Munc13-4 the interaction with SNAREs is calcium-

dependent (Boswell et al., 2012). Munc13 proteins contain three C2 domains, but CAPS only one 

(Stevens and Rettig, 2009). The C2 domain of CAPS-1 does not contain aspartic acid residues, which 

enable calcium binding of C2 domains (Nalefski and Falke, 1996). This suggests that the CAPS-1 

C2 domain can not bind calcium. Hence, SNARE binding in Munc13 proteins is calcium-regulated, 

but the CAPS-SNARE interaction is not likely to be calcium-dependent. This could contribute to 

Munc13 binding to closed and CAPS to open syntaxin-1 and that the two proteins have distinct 

functions in regulated exocytosis.

1.2 The role of neuronal VAMPs in DCV exocytosis 

1.2.1 Structural differences between VAMP1 and VAMP2

In Chapter 4, we conclude that VAMP1 and VAMP2 are both required for neuronal DCV exocytosis 
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and suggest two models of how the two proteins function in the DCV secretory pathway. One: 

VAMP1 and VAMP2 could function in a parallel pathway, where they both form distinct SNARE 

complexes driving DCV fusion with the plasma membrane. Two: the two VAMP proteins have 

sequential functions in the DCV secretory pathway (serial pathway). Structural differences 

between VAMP1 and VAMP2 influence their function and could explain their specific role in 

DCV exocytosis. VAMP proteins contain a SNARE domain, a transmembrane domain (TMD) 

and a N-terminal region (Rizo and Südhof, 2012; Rossi et al., 2004a). VAMP1 and VAMP2 are 89% 

homologous and show 78% identity. VAMP1 and VAMP2 can regulate SV exocytosis, but with 

different release properties (Zimmermann et al., 2014). Only two amino acids in the VAMP1 SNARE 

domain are different, but still similar, compared to VAMP2 (VAMP2/VAMP1: D40/E42, T79/S81). 

VAMP2 D40 is highly conserved in Drosophila, C. elegans, and S. cerevisae VAMP/synaptobrevin 

proteins, which indicates that the substitution to E42 in VAMP1 occurred later in evolution. 

Evolutionary polymorphisms in the VAMP1 sequence have led to altered sensitivity to neurotoxins 

(Patarnello et al., 1993; Peng et al., 2014) and substitution of D40 in VAMP2 to asparagine abolishes 

the cleavage by botulinum neurotoxin/F (Pellizzari et al., 1997). The D40/E42 substitution is not likely 

to alter neurotoxin sensitivity because these residues are very similar. VAMP2 T79 is, together with 

S75 and E78, involved in calcium-triggered exocytosis in chromaffin cells (Sørensen et al., 2002) 

and Munc18-1 stimulated liposome fusion (Shen et al., 2007), but not in SNARE complex formation 

(Shen et al., 2007; Sørensen et al., 2002). Hence, there are only small differences between the 

SNARE domains of VAMP1 and VAMP2. More sequence differences between VAMP1 and VAMP2 

are found in the N-terminus and the C-terminal TMD. The VAMP2 TMD regulates fusion pore flux 

and conductance of chromaffin secretory vesicles (Chang et al., 2015) and fusion pore properties 

of SV exocytosis in mouse hippocampal neurons (Chiang et al., 2018). Specific amino acid residues 

in the TMD determine pore characteristics (Chang et al., 2015; Chiang et al., 2018; Hastoy et al., 

2017). In the VAMP1 TMD, none of these residues are different in such a way that pore dynamics 

are likely to be altered. Hence, the TMD of VAMP1 and VAMP2 are likely to have a very similar 

function. The VAMP2 N-terminal domain is important for priming stability of secretory granules 

in chromaffin cells (Borisovska et al., 2005) and efficient Munc18-1 stimulation of SNARE complex 

formation (Shen et al., 2007). In conclusion, differences in the N-termini of VAMP1 and VAMP2 

are most likely to lead to specific functions of the individual VAMP proteins in the DCV secretory 

pathway. In addition to their structural differences, binding to different SNARE partners could 

explain individual roles of VAMP1 and VAMP2 in DCV exocytosis.

1.2.2 SNARE protein partners of VAMP1 and VAMP2

Functional differences between VAMP proteins can arise from interaction with specific SNARE 

partners. VAMP2 interacts with SNAP-25 and syntaxin-1 for SV exocytosis (Jahn and Fasshauer, 

2012). SNARE complexes containing VAMP2 and other SNAP and syntaxin proteins regulate fusion 

of different types of membrane compartments (Kasai et al., 2012). VAMP1 forms a complex with 

SNAP-25 and syntaxin-1 to insert transient receptor potential channels into the membrane of 
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trigeminal ganglion neurons (Meng et al., 2016). VAMP1 and syntaxin-1 are both isolated with spinal 

cord DCVs (Zhao et al., 2011). NMDA receptor exocytosis in hippocampal neurons is mediated 

by VAMP1, SNAP-25 and syntaxin-4 (Gu and Huganir, 2016). Hence, VAMP1 forms complexes 

with SNAP-25 and syntaxin-1 or -4. VAMP2 also forms SNARE complexes with syntaxin-4 in vitro 

(Latham et al., 2006) and VAMP2-syntaxin-4 insert glucose transporter 4 in the plasma membrane 

of adipocytes (Thurmond et al., 1998). VAMP2 and syntaxin-4 form a SNARE complex with SNAP-

23 (Kasai et al., 2012; Latham et al., 2006; Thurmond et al., 1998). This is different to VAMP1 and 

syntaxin-4 which bind to SNAP-25 (Gu and Huganir, 2016). Hence, VAMP1 generally binds to the 

same SNARE proteins as VAMP2, but a SNARE complex containing syntaxin-4 and SNAP-25 is only 

found together with VAMP1, although the picture is still far from complete. The specific interaction 

with syntaxin-4 and SNAP-25 may be one aspect that could contribute to a different role of VAMP1 

in the DCV secretory pathway.

1.2.3 Possible roles of VAMP4 and 7 in DCV exocytosis

In addition to VAMP1 and VAMP2, neurons express VAMP4 and VAMP7 (Advani et al., 1998; 

Elferink et al., 1989; McMahon et al., 1993; Schoch et al., 2001; Schubert et al., 2011). Endogenous 

levels of VAMP4 and VAMP7 did not support DCV exocytosis upon TeNT treatment in mature 

neurons (Chapter 4). Genetic deletion of VAMP7-expression did not affect DCV exocytosis in DIV 

4 neurons (Chapter 3), which indicates that VAMP7 is not required for DCV exocytosis. Although 

VAMP4 and VAMP7 are not sufficient for DCV exocytosis, they might have a redundant role in 

the DCV secretory pathway (e.g. biogenesis, maturation, fusion). VAMP4 and VAMP7 are both 

co-purified with SVs (Takamori et al., 2006) and have a role in SV exocytosis: VAMP4 regulates 

calcium-dependent asynchronous SV release (Raingo et al., 2012), and VAMP4 and 7 are proposed 

to be involved in spontaneous calcium-independent SV exocytosis (Kavalali, 2015; Raingo et al., 

2012). VAMP4 is present on immature vesicles in pituitary AtT-20 cells. VAMP4, together with 

synaptotagmin 4, is sorted away from vesicles which increases their release probability (Eaton et 

al., 2000). VAMP7 regulates fusion of Golgi-derived secretory vesicles with the plasma membrane 

(Daste et al., 2015) and is present at the synapse (Muzerelle et al., 2003). Hence, VAMP4 and VAMP7 

are unlikely to play a role in DCV exocytosis, but the presence of VAMP4 on immature DCVs may 

inhibit fusion with the plasma membrane.

In conclusion, our data suggest that neuronal DCV exocytosis requires VAMP1 and VAMP2. These 

two VAMP proteins function in parallel, both regulating fusion of DCVs with the plasma membrane, 

or in series, one VAMP regulating DCV exocytosis and the other functioning upstream. CAPS-1, 

which is essential for neuronal DCV exocytosis, binds to VAMP2 and likely also to VAMP1
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2. Developmental alterations of molecular mechanisms

2.1 Molecular changes affecting DCV release probability during development

2.1.1 Role of synapse formation in increasing DCV release probability

In DIV 4 neurons, the number of DCV fusion events is 10-times lower compared to DIV 14 neurons. 

This is partly explained by the lower number of DCVs per neuron but also an effect of lower 

release probability. DCV release probability increases during neuronal development, with a sharp 

increase in the number of fusion events (8-fold) from DIV 5 to DIV 6 (Chapter 3). Interestingly, this 

coincides with in vitro synaptic development which starts around DIV 5-7 (Arimura and Kaibuchi, 

2007; Dotti et al., 1988; Mozhayeva et al., 2002). In mature hippocampal neurons, 66% of DCV fusion 

events occur at synapses (van de Bospoort et al., 2012). Therefore, the formation of synapses could 

contribute to the developmental increase in DCV release probability. Expression levels of CAPS-1 

at synapses positively correlates with DCV release probability (Farina et al., 2015). CAPS-1 levels 

increase during postnatal development (Speidel et al., 2003, 2005). Thus, increased expression 

and synaptic localization of CAPS-1 contribute to higher number of DCV fusion events in mature 

compared to young neurons. Synapses are also enriched with other secretory proteins (Wilhelm 

et al., 2014). Hence, the formation of synapses, when CAPS-1 and other secretory proteins are 

being clustered, likely contributes to the increase of DCV release probability during development.

2.1.2 Function of VAMP proteins in DCV exocytosis in young and mature neurons

We conclude that mature neurons require both VAMP1 and VAMP2 for efficient DCV exocytosis 

(Chapter 4). At DIV 4, VAMP1 expression levels are relatively high and VAMP2 expression levels 

relatively low compared to DIV 14 (Chapter 3). This suggests that there could be a switch in 

the role of specific VAMP proteins during neuronal development, as is seen for SNAP proteins 

(Arora et al., 2017). We propose two different models of how VAMP1 and VAMP2 can regulate 

DCV exocytosis. First, DCVs in young neurons contain mainly VAMP1 while DCVs in mature 

neurons contain mainly VAMP2. We find that the number of DCV fusion events is 10-fold lower 

in young compared to mature neurons (Chapter 3). Hence, in this scenario VAMP1-rich DCVs 

have a low and VAMP2-rich DCVs have a high release probability. A developmental switch in 

exocytotic protein requirement is also observed for SNAP proteins in neuronal DCV exocytosis 

(Arora et al., 2017) and synaptotagmin proteins in synaptic transmission in the cochlear nucleus 

(Kochubey et al., 2016). Second, since TeNT-insensitive VAMP2, but not TeNT-insensitive VAMP1 

expression supported a low level of DCV exocytosis after TeNT treatment, we suggested VAMP1 to 

be upstream of VAMP2 (Chapter 4). VAMP1 could therefore function in a maturation step, similar 

to VAMP4 (Eaton et al., 2000). In this scenario, young neurons contain many mature DCVs, because 

of the high VAMP1 level, but these DCVs have a low release probability because of the low VAMP2 

levels. When VAMP2 levels rise during development, DCVs gain a higher release probability. 

Increasing VAMP2 levels in young neurons should therefore increase DCV release probability. 

However, our experiments show that increasing VAMP2 levels at DIV 4 or 7 does not increase the 

number of DCV fusion events (Chapter 3) making this scenario less likely. In conclusion, VAMP 
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protein levels and their function in DCV exocytosis changes during neuronal development. We 

propose that there is a developmental switch in the VAMP protein regulating DCV exocytosis: 

VAMP1 in young and VAMP2 in mature neurons. 

In conclusion, during neuronal development the number of DCVs and DCV release probability 

increases. Synapse formation, an increased CAPS-1 expression level and enrichment of CAPS-1 at 

synapses all contribute to the increase of DCV release probability. VAMP1 levels are relatively high 

VAMP2

VAMP1

DCV

tSNAREs

SV

CAPS

2: CAPS-1 levels rise. CAPS-1 at 
synapses increases release 
probability.

Young neuron Mature neuron

3: Young neurons have high 
VAMP1 levels, mature neurons 
have high VAMP2 levels.

1: Number of DCV fusion 
events increases. Number of 
DCVs increases in line with 
neurite extension. Synapses 
arise.

Changes during development:

Figure 6.2 – Changes during neuronal development
Schematic representation of changes during neuronal development. The number of DCV fusion events is low 
in young neurons (around DIV 4). Mature neurons (around DIV 14) have synapses, increased number of DCVs 
in line with their increased neurite length and 10-fold increased number of DCV fusion events (1). CAPS-1 levels 
increase during development, and CAPS-1 pre-synaptic clustering increases DCV fusion probability (2). VAMP1 
levels are high in young neurons, VAMP2 levels are high in mature neurons (3). 
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in young and VAMP2 levels relatively high in mature neurons. We suggest that during development 

there is a switch from VAMP1 to VAMP2 in regulating DCV exocytosis.

2.2 Molecular mechanisms regulating neuronal development

2.2.1 Involvement of DCV exocytosis in neuronal development

Neurite extension requires insertion of new membrane (Wojnacki and Galli, 2016). Regulated 

secretion of DCVs could supply this new membrane in growing neurons. We show that TeNT 

treatment or CAPS DKO severely affects DCV fusion but not neuronal development (Chapter 4 

and 5). This shows that regulated secretion of DCVs is not essential for neurite extension. However, 

DCV cargo is important for neuronal development (Kim et al., 2015; Maduna and Lelievre, 2016; 

Malva et al., 2012; Park and Poo, 2013; Zaben and Gray, 2013). Hence, alternative mechanisms 

must compensate the lack of DCV cargo secretion to support proper neuronal development. 

Neurotrophins are DCV cargo which play an important role in neuronal development (Gondré-

Lewis et al., 2012; Poo, 2001). BDNF, the most widely expressed neurotrophin, influences multiple 

stages of neuronal development, including neurite outgrowth and synapse formation (Park and 

Poo, 2013). Genetic silencing of BDNF-expression in a subset of neurons affects axon outgrowth 

only in the targeted cells (Cheng et al., 2011). Addition of exogenous BDNF stimulates synapse 

formation (Vicario-Abejón et al., 1998) and reverses the defects in dendritic branching and 

outgrowth after genetic deletion of BDNF-expression (Wang et al., 2015). Hence, BDNF regulates 

neuronal development in an autonomous and non-autonomous manner. Therefore, the rich 

medium in which the neurons were cultured may compensate for the absence of autonomous 

BDNF secretion. 

2.2.2 Roles of VAMP and CAPS proteins in neuronal development

Neuronal development requires vesicle exocytosis to support elongation of neurites (Wojnacki 

and Galli, 2016). However, cleavage of VAMP1, 2 and 3 does not impair dendritic outgrowth 

(Chapter 4), synaptogenesis, neurite extension and brain assembly (Harms and Craig, 2005; Osen-

Sand et al., 1996; Sando et al., 2017), nor do other manipulations that block regulated secretion 

(Molnár et al., 2002; Verhage et al., 2000). Overexpressed CAPS-2 increases cell survival and CAPS-

2 deficiency reduces dendritic arborization (Sadakata et al., 2004, 2007a). Additional deletion of 

CAPS-1 expression does not lead to more severe defects in neurite outgrowth or synaptogenesis 

(Chapter 5). Thus, TeNT-insensitive VAMP proteins, together with CAPS-2, could be involved in 

neurite elongation. VAMP7 regulates axonal and dendritic outgrowth (Alberts et al., 2003; Grassi 

et al., 2015; Martinez-Arca et al., 2001), axon guidance (Cotrufo et al., 2011) and exocytosis at the 

growth cone (Burgo et al., 2012), but is not required for DCV exocytosis in immature neurons 

(Chapter 3). VAMP4 is required for vesicle secretion to support axon formation (Grassi et al., 2015). 

Hence, VAMP4 and VAMP7 are probably the VAMP proteins regulating neurite extension.
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3. Differences in the DCV and SV release machinery

3.1 VAMP proteins influencing vesicle fusion characteristics

We suggest that DCVs require both VAMP1 and VAMP2 while SVs require only VAMP2 (Chapter 

4). The amino acid sequence of VAMP proteins influences fusion pore characteristics. Amino acid 

residues in the VAMP TMD influence fusion efficiency and pore dynamics in pheochromocytoma 

and insulinoma cells (Hastoy et al., 2017), pore flux and conductance in chromaffin cells (Chang 

et al., 2015), and SV fusion pore characteristics in hippocampal neurons (Chiang et al., 2018). This 

indicates that VAMP proteins could influence fusion properties of DCVs and SVs. In the VAMP3 

TMD, many residues which determine fusion pore characteristics are drastically altered (van 

Keimpema and Kroon, 2015), suggesting altered vesicle secretion kinetics in VAMP3-regulated 

events. Indeed, VAMP3-mediated exocytosis of chromaffin granules is less efficient than VAMP2-

mediated exocytosis (Borisovska et al., 2005). SV exocytosis properties are altered when VAMP1, 

and not VAMP2, regulates fusion in hippocampal neurons (Zimmermann et al., 2014). Hence, 

VAMP proteins affect the efficiency and characteristics of vesicle fusion. VAMP1, which we suggest 

to be involved in DCV but not SV exocytosis, is likely to influence DCV fusion characteristics.

3.2 Differences in the requirement of CAPS and Munc13 proteins in DCV and SV exocytosis

CAPS and Munc13 proteins regulate vesicle exocytosis in a step upstream of fusion with the 

plasma membrane (Augustin et al., 1999; van de Bospoort et al., 2012; Farina et al., 2015; Jockusch 

et al., 2007). We show that in CAPS DKO neurons, DCV exocytosis is significantly more affected 

compared to SV exocytosis upon intense stimulation (Chapter 5). This shows that the function of 

CAPS proteins in SV, but not DCV, exocytosis is partly redundant in conditions of high calcium. 

On the other hand, Munc13 proteins are partly redundant in DCV exocytosis but essential for 

SV exocytosis, also at high calcium (van de Bospoort et al., 2012; Speese et al., 2007; Varoqueaux 

et al., 2002; Zhou et al., 2007) (see discussion of Chapter 5). Hence, CAPS proteins are mainly 

important for DCV, and less for SV, exocytosis, but Munc13 proteins are essential for SV, but not 

DCV, exocytosis.

3.3 Differences in calcium regulation of SV and DCV exocytosis

Neurons require repetitive calcium influx for DCV exocytosis (van de Bospoort et al., 2012; 

Hartmann et al., 2001), while many SVs already fuse with the plasma membrane after a single 

action potential (Borst and Sakmann, 1996; Südhof, 2004). Our data shows that the requirement 

for CAPS proteins in SV and DCV exocytosis depends on the intracellular calcium levels (Chapter 

5). This suggests that there could be differences in how calcium influx is linked to DCV and SV 

exocytosis. DCV exocytosis is mainly regulated by L-type calcium channels, but also by P/Q- 

and N-type calcium channels (Leenders et al., 1999; Matsuda et al., 2009; Wang et al., 2002; Xia 

et al., 2009). SV exocytosis depends mostly on P/Q- and N-type calcium channels (Mochida, 

2018). Synaptotagmins are calcium sensors for vesicle exocytosis. SV exocytosis is regulated by 

synaptotagmin 1, 2, 7 and 9, and exocytosis of DCVs in chromaffin cells by synaptotagmin 1 and 
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VAMP2

VAMP1

DCV

tSNAREs

SV

CAPS

Ca2+

1: Large DCVs bud from 
the Golgi, are transported 
and can fuse in and 
outside the synapse. 
Smaller SVs are localized in 
the synapse where they 
exo- and endocytose.

2: DCVs require VAMP1 
and VAMP2.
SVs only require VAMP2.

low Ca2+

high Ca2+

3: At low Ca2+, 
CAPS is required 
for DCV and SV 
exocytosis.
At high Ca2+, 
CAPS is partly 
redundant for SV, 
but not DCV, 
exocytosis.
 

Figure 6.3 – Differences in the DCV and SV release machinery
Schematic representation of the differences in the vesicle characteristics and release machinery of DCVs and 
SVs. DCVs are transported through the neuron and can fuse with the plasma membrane in or outside the 
synapse. SVs are localized at presynaptic sites where they exo- and endocytose (1). VAMP2 is essential for SV 
exocytosis. DCV exocytosis requires multiple VAMP proteins, most likely VAMP1 and VAMP2 (2). Upon low 
calcium influx, CAPS proteins are required for both DCV and SV. When calcium levels are high, CAPS proteins 
are essential for DCV, but partially redundant for SV, exocytosis (3).
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7 (Bacaj et al., 2013; Jackman et al., 2016; Pang and Südhof, 2010). Thus, SV and DCV exocytosis 

depends on the same calcium channels and sensors.

In conclusion, SVs require only VAMP2 and our data suggest that DCVs require VAMP1 and VAMP2 

for exocytosis. CAPS proteins are essential for DCV, but partially redundant for SV, exocytosis, 

but Munc13 proteins are essential for SV, but not DCV, exocytosis. These findings suggest that 

the utilization of similar proteins in the molecular release machineries of DCVs and SVs could 

influence their fusion characteristics. How and to which degree remains to be determined in 

future studies.
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4. Future directions

4.1 Understanding the molecular mechanisms of neuronal DCV exocytosis

4.1.1 Developmental changes in DCV release probability

The findings described in this thesis increase our understanding of the molecular mechanisms of 

neuronal DCV exocytosis, but the picture is not yet complete. It will be important for follow-up 

studies to determine which factors regulate the developmental increase in DCV fusion probability. 

These factors could include protein expression levels, localization and SNARE protein isoforms as 

discussed above. Detailed knowledge of how these factors affect the developmental increase in 

DCV release probability will help to understand the complete molecular machinery required for 

DCV exocytosis. In addition, full understanding of which factors increase DCV release probability 

during development could reveal differences with the SV release machinery, which matures later 

during in vitro development. It will be insightful to study how DCV release probability changes 

during development, in in vivo experiments. The timeframe of the developmental maturation of the 

DCV release machinery in vivo will help to understand how these changes relate to developmental 

changes in the nervous system. For instance, knowing the timing of DCV release probability 

maturation in vivo will enable to link the increase in DCV release probability to requirements for 

signalling molecules released upon DCV exocytosis, like BDNF or NPY. Alternatively, the in vivo 

study could determine whether synaptogenesis is important for the developmental increase of 

DCV release probability, as we suggested above.

4.1.2 Function of SNARE proteins in the DCV secretory pathway

The requirement of multiple VAMP proteins for DCV exocytosis led to two hypotheses: a serial or 

parallel pathway (Chapter 4). Understanding which of the two hypotheses is correct will provide 

knowledge about the complete intracellular pathway of DCVs: from budding of the Golgi, 

possible maturation steps, to fusion with the plasma membrane. This will also show differences 

to other cell types, for instance chromaffin cells which have a much simpler cellular structure. 

Other SNARE proteins might function in a similar way, which could be studied in parallel. The 

expression level of the seven VAMP/synaptobrevin proteins depends on the cell type, brain area 

and type of vesicle. Studying the molecular mechanisms of how these VAMP proteins are sorted 

to specific compartments, interact with different SNARE partners and regulate fusion properties 

will shed light on the importance of multiple VAMP proteins which is seen in vertebrates but not 

in lower organisms (see Introduction). Especially studying the neuronal role of VAMP1, which is 

highly expressed in the brain but poorly studied, could lead to important discoveries on VAMP 

function and diversity.

4.1.3 New tools for future experiments

In his thesis, we characterized two tools, which can be used for future research. First, we determined 

that already from DIV 4 we can study fusion of neuronal DCVs with the plasma membrane using 

exogenous DCV markers. Second, we identified SCG2 and ChgA as more suitable DCV markers 
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compared to ChgB and BDNF for young neurons. Both observations will aid future research on 

the release mechanisms of DCVs in young neurons.

4.2 Involvement of DCV exocytosis in neurological diseases

Altered levels of DCV cargo can be linked to many different neuropsychiatric and neurodegenerative 

diseases, including attention-deficit hyperactivity disorder (ADHD), schizophrenia, autism, 

Alzheimer’s and Parkinson’s disease (see Introduction). Altered expression of or polymorphisms in 

VAMP1, 2 and CAPS-1 are associated with some neurological diseases. Increased VAMP1 transcript 

level is found in schizophrenic patients (Sokolov et al., 2000) and increases the risk of Alzheimer’s 

disease (Sevlever et al., 2015). A mutation in VAMP1 that causes loss of the neuronal splicing 

isoform VAMP1A leads to the neurodegenerative disorder spastic ataxia (Bourassa et al., 2012). 

Reduced VAMP2 levels are linked to Alzheimer’s disease (Sze et al., 2000) and major depressive 

disorder (Malki et al., 2014). VAMP2 polymorphisms are associated with ADHD (Kenar et al., 2014). 

CAPS-1 levels are correlated to growth and severity of hepatocellular carcinoma (Xue et al., 2016), 

but are not reported to be involved in neurological disorders. CAPS-2 is linked to Parkinson’s 

disease (Reinhardt et al., 2013), autism (Bonora et al., 2014; Sadakata et al., 2007c) and schizophrenia 

(Hattori et al., 2011). Hence, there is overlap in the disorders which are linked to altered levels of 

DCV cargo and the disorders associated with altered expression of or polymorphisms in VAMP or 

CAPS proteins. Therefore, studying the role of CAPS and VAMP proteins in depth will also enable 

to further understand the cause of these diseases, which might partly depend on dysfunctional 

DCV exocytosis. Hopefully, this will eventually result in the development of therapies.
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Plasmids

mCerulean-VAMP2 Q76V, F77W (TI-VAMP2) (Degtyar et al., 2013) was purchased from Addgene. 

mCerulean-VAMP1 Q78V, F79W (TI-VAMP1) and mCerulean-VAMP3 Q63V, F64W (TI-VAMP3) were 

designed according to the TI-VAMP2 construct. All three VAMP constructs were cloned into pLenti 

vectors. Mouse CAPS-1 (CAPS-1-ires-EGFP) was previously described (Farina et al., 2015). For 

CAPS-1 (K428E), CAPS-1 (G476E) (Grishanin et al., 2004), CAPS-1 (R558D/K560E/K561E) (Grishanin et 

al., 2002) and CAPS-1 (Δ654-1355), mutations were generated in CAPS-1 (mKIAA1121-Kazusa DNA) 

and sequence verified to obtain mutant CAPS-1 construct with an IRES-EGFP. NPY-mCherry was 

generated by replacing Venus in NPY-Venus (Nagai et al., 2002) with mCherry. NPY-pHluorin (van 

de Bospoort et al., 2012), synaptophysin-pHluorin (SypHy) (Granseth et al., 2006), and TeNT-IRES-

mCherry (Emperador Melero et al., 2017) were described before.

Laboratory animals, primary neuron cultures and infection

All animal experiments were approved by the animal ethical committee of the VU University/

VU University Medical Centre (“Dier ethische commissie (DEC)”; license number: FGA 11-03). 

Animals were housed and bred according to institutional and Dutch governmental guidelines and 

regulations.

Wildtype mouse neurons were obtained from embryonic day 18 (E18) embryos, acquired by 

caesarean section of pregnant mice, or postnatal day 1 (P1) pups. Neurons from VAMP7 KO 

(Danglot et al., 2012) and wildtype littermates were taken at P1. CAPS DKO and CAPS-2 KO control 

littermates (Jockusch et al., 2007) were obtained from E18 embryos. 

Primary neuron cultures were prepared as described before (Farina et al., 2015; Wit et al., 2009). 

Briefly, dissected hippocampi and cortices were digested with 0.25% trypsin (Life Technologies) 

in Hanks’ balanced salt solution (Sigma) with 10mM HEPES (Life Technologies) for 20 min at 37°C. 

Hippocampi were washed, triturated and 1,000-2,000 neurons/well were plated on pre-grown 

micro-islands generated by plating 6000 rat glia on 18mm glass coverslips coated with agarose 

and stamped with a solution of 0.1 mg/ml poly-D-lysine (Sigma) and 0.7 mg/ml rat tail collagen (BD 

Biosciences) as in Mennerick et al. (1995) and Wierda et al. (2007) (Mennerick et al., 1995; Wierda 

et al., 2007). For western blots, cortices were washed, triturated and 300,000 neurons/well were 

plated on 6 well plates coated with a solution of 0.5*10-3 % poly-L-ornithin and 2.5µg/ml laminin 

(Sigma). For trafficking experiments, 1,000 neurons/well were plated on 18mm glass coverslips 

coated with a solution of 0.5*10-3 % poly-L-ornithin and 2.5µg/ml laminin (Sigma). Neurons were 

kept in neurobasal medium supplemented with 2% B-27, 18 mM HEPES, 0.25% glutamax and 0.1% 

Pen-Strep (Life Technologies) at 37 °C and 5% CO2. Whole brain lysate was derived from brains 

from wildtype E18 embryos.

Imaging

Neurons were imaged in Tyrode’s solution (2mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2mM MgCl2, 

30mM glucose, 25 mM HEPES; pH 7.4). For infection and imaging timings, see Table 7.1. Imaging was 
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performed with a custom build microscope containing an imaging microscope (AxioObserver.Z1), 

561 nm and 488 nm lasers, polychrome V, appropriate filter sets, 40x oil objective (NA 1.3) and an 

EM-CCD camera (C9100-02; Hamamatsu, pixel size 200nm). Images were acquired with AxioVision 

4.8 software (Zeiss) at 2Hz, or 0.5Hz 2x2 binning for the co-trafficking experiments (Figure 4.5). 

Electrical stimulation was performed with two parallel platinum electrodes placed around the 

neuron. 16 trains of 50 action potentials at 50Hz were initiated by a Master-8 (AMPI) and a stimulus 

generator (A-385, World Precision Instruments) delivered the 1ms pulses of 30mA. Tyrode’s with 

50mM NHCl2 (replacing 50 mM NaCl) was delivered by gravity flow through a capillary placed 

above the neuron. Experiments were performed at room temperature (21-25 °C).

For DCV fusion experiments, 180 images were acquired at 2Hz. After the first 30 seconds of 

baseline recording (of which the last 10 seconds are shown in the figures, since spontaneous 

DCV fusion is extremely rare), neurons were stimulated with 16 burst of 50 AP at 50 Hz. Image 

acquisition and stimulus timing were set automatically via AxioVision software and a Master-8 

controlling the stimulus generator. For NPY-pHluorin and SypHy experiments, 200 images were 

acquired at 2Hz. After 90 seconds, neurons were superfused with NH4
+. For DCV co-trafficking 

experiments, 45 images were acquired at 0.5Hz and 2x2 binning. For every image, two consecutive 

frames in both colour channels were acquired, taking 2 seconds to complete. 

Immunocytochemistry

Neurons were fixed (for infection and fixation timing see Table 7.2) in 2% formaldehyde (Merck) in 

phosphate-buffered saline (PBS; 137mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 

7.4) for 10 minutes followed by 4% formaldehyde in PBS for 30 minutes. Cells were permeabilized 

in 0.5% TritonX-100 (Fisher Chemical) for 5 minutes and blocked with 0.1% TritonX-100 and 2% 

normal goat serum for 30 minutes. Primary antibody incubation with polyclonal MAP2 (Abcam, 

1:1000), monoclonal SMI312 (Biolegend, 1:1000), polyclonal SCG2 (Biodesign International, 1:500-

1:1000), polyclonal ChgA (SySy, 1:1000), polyclonal ChgB (SySy, 1:500), monoclonal BDNF (DSHB, 1:4), 

monoclonal mCherry (Signalway, 1:1000), polyclonal synaptophysin 1 (SySy; 1:1000), monoclonal 

Table 7.1: Time points of infection and experiment of the imaging experiments
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VAMP2 (Sysy, 1:1000), polyclonal VAMP1 (Sysy, 1:1000), polyclonal GFP (bioconnect,1:1000), 

polyclonal CAPS-1 (SySy; 1:200), polyclonal synaptotagmin 1 (W855 a kind gift from T. Südhof, 

Stanford, CA; 1:2000) was performed in 2 hours at RT, or overnight at 4 °C for the experiments in 

Chapter 5. Alexa Fluor conjugated secondary antibodies (1:1000; Invitrogen) were incubated for 1 

hour at room temperature. Coverslips were mounted in Mowiol and imaged on a Zeiss LSM 510 

confocal laser-scanning microscope (40x objective; NA 1.3) and LSM510 software.

Western blotting

Cortical neurons or whole brain lysate were lysed at specific time points, see Table 7.3. Lysates 

were run on a SDS-PAGE and transferred to a Polyvinylideenfluoride (PVDF) membrane (Bio-rad) 

for CAPS-1, ChgA, ChgB and SCG2 detection or a nitrocellulose membrane (Bio-rad) for BDNF or 

VAMP protein detection. Membranes were blocked with 5% milk (Merck, for PVDF membranes) 

or 2.5% BSA (Acros Organics, for nitrocellulose membranes) in PBS with 0.1% Tween-20, and 

subsequently incubated with monoclonal BDNF (DSH, 1:250), polyclonal ChgA (SySy, 1:1000), 

polyclonal ChgB (SySy, 1:1000), polyclonal SCG2 (GeneTex (bioconnect), 1:500), polyclonal VAMP1 

(Sysy; 1:1000), monoclonal VAMP2 (Sysy; 1:2000), polyclonal VAMP4 (Sysy; 1:1000), polyclonal VAMP7 

(Sysy; 1:1000), Polyclonal VAMP3 (Abcam, 1:1000) or polyclonal CAPS-1 (SySy; 1:500) antibodies 

overnight (4 °C) and 2 hours with monoclonal actin (Chemicon; 1:10.000). PVDF membranes were 

incubated with secondary alkaline phosphatase conjugated antibodies (1:10.000, Jackson Immuno 

Research) for 30 minutes (4 °C), visualized with AttoPhos (Promega) and scanned with a FLA-5000 

fluorescent image analyzer (Fujifilm). Nitrocellulose membranes were incubated with fluorescent 

IRDye secondary antibodies (1:5000-1:15000, LI-COR) and scanned with an Odyssey Fc imaging 

system (Li-COR Bioscience).

Electrophysiology

Whole-cell recordings of DIV 15 cells, infected with TeNT or control at DIV 10, were performed at 

room temperature with an Axopath 200B amplifier (Molecular Devices). Data was acquired with a 

Digidata 1440 and Clampex 10.0 (Molecular Devices). The patch pipette contained a solution of (all 

in mM) 125 K+–gluconic acid, 10 NaCl, 4.6 MgCl2, 15 creatine phosphate, 10 U/ml phosphocreatine 

kinase and 1 EGTA (pH 7.30) and the extracellular solution consisted of (all in mM) 140 NaCl, 2.4 

KCl, 4 MgCl2, 4 CaCl2, 10 HEPES and 10 glucose (pH=7.30, 300 mOsmol).

Table 7.2: Time points of infection and fixation for immunocytochemistry experiments
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Data analysis

The distance tree was generated with NCBI protein blast, using the fast minimum evolution 

method to produce the tree and Grishin (protein) distance.

Fluorescent images were analyzed using the ImageJ plugin JACoP (Bolte and Cordelières, 2006) 

to analyse Pearson’s and Manders’ coefficient. Background signal was removed if required, and 

exclusion of the soma for Figure 2.2. In Figure 5.1, co-localization of VAMP2 in synaptophysin 1 

was used as positive control to objectively pool the data of multiple independent experiments; 

co-localization of CAPS-1 in synaptophysin 1 was calculated relative to this positive control 

(relative Manders’ coefficient). Quantification of neuropeptide (co-)staining (Figure 2.1-2.2) was 

done manually: a positive cell shows punctuate DCV cargo staining in the neurites (as depicted 

in Figure 2.1e). Profiles of co-stainings were generated with ImageJ: the profile was generated in 

both channels of a line drawn over the neurite. CAPS-1 positive puncta were counted manually 

in ImageJ.

Neurite length and branching, synaptotagmin 1 puncta number, Sholl analysis, and number, 

size and intensity of SCG2 or NPY positive puncta were analyzed with SynD (van de Bospoort 

et al., 2012; Schmitz et al., 2011) software running in MATLAB (MathWorks, Inc.). In Chapter 3, 

images during NH4
+ application, which un-quenched the NPY-pHluorin, were used to quantify the 

number of DCVs and perform Sholl analysis.

Westernblots were analysed using Image Studio Lite (LI-COR). Protein expression in Figure 3.4 

was determined relative to DIV 14 expression (DIV 14 expression set at 100%), with VAMP protein 

expression divided by the total protein expression (actin) or VAMP2 expression.

Analysis of DCV exocytosis events was performed manually: sudden appearance of NPY-pHluorin 

or abrupt disappearance of NPY-mCherry positive puncta was detected with ImageJ, which was 

used to calculate number and timing of exocytosis events. Release probability was calculated by 

dividing the number of exocytosis events by the total number of DCVs. Quantification of moving 

puncta and co-trafficking was done manually. Kymographs were generated with ImageJ of a 

neurite stretch positive for both NPY-mCherry and VAMP. Kymograph lines were analyzed for 

stationary (vertical lines) and moving puncta (not completely vertical lines). Co-trafficking was 

determined by overlapping lines of moving puncta. SV exocytosis was measured with ImageJ in 

manually placed regions where NH4
+ increased fluorescence, where the Fstimmax was the maximal 

Table 7.3: Time points of infection and preparation of lysates for Western blot experiments
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response during stimulation relative to the maximal response during NH4
+ wash in.

Electophysiological data was analysed with Clampfit 10.2, MiniAnalysis (Synaptosoft) and custom-

written software routines in MATLAB. 

Statistics

To test multiple groups, we used one-way analysis of variance (ANOVA) followed by a post-hoc 

Tukey test to compare all groups or Dunnett’s test to compare conditions to the control condition in 

Chapter 5 (CAPS2 KO control neurons if not specified otherwise) if the ANOVA showed significant 

differences. To test two groups of exocytic events, we used Mann-Whitney U test because of small 

sample size and outliers in the dataset. A t-test was used in Figure 3.5, S4.1 and to compare the 

data from Figure 5.3e and 5.3f to assess whether the U-values gained with the Mann-Whitney U 

tests are significantly different (standard errors were pooled). We used a two-way ANOVA to test 

multiple groups with two variables (DIV and genotype, Figure S5.1), followed by a post-hoc Tukey 

test. Data is represented as average with standard error of the mean (SEM). Dots in bar graphs 

indicate individual data points of single neurons. 
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English summary

The brain is a very important organ, since it directs almost all actions the body can execute. For 

instance, the brain regulates muscle movement, receives and processes sensory inputs, and keeps 

you alive by regulating your breathing, heartbeat and consciousness. In addition, the brain allows 

for cognitive processes like social interaction, personality, learning and memory.

The brain contains around 100 billion brain cells which are called neurons. These neurons have 

a specific shape, with a central soma and multiple long extensions (see Figure 1A). Neurons have 

to communicate with each other for the brain to function. Neurons communicate by sending 

messages packed in small “parcels” (vesicles) from one neuron to the next. The transfer of this 

message happens at the synapse. The synapse is the site where long extensions of two neurons 

meet, and where messenger molecules pass a small space between the two neurons. In the 

neuron that sends information, the pre-synaptic neuron, the messenger molecules are packed 

into vesicles. These vesicles need to fuse with the membrane on the outside of the neuron (the 

plasma membrane) to release these molecules. Subsequently, the signalling molecules can bind 

to receptors on the neuron which receives information, the post-synaptic neuron, who “reads” 

the message (see Figure 1B).

There are two types of vesicles involved in neuronal communication: synaptic vesicles (SVs) and 

dense core vesicles (DCVs) (see Figure 1C). Synaptic vesicles are small and contain neurotransmitters. 

Neurotransmitters regulate fast communication, like controlling muscle movement and sending 

visual information from the eyes to the brain. The way neurons communicate with synaptic vesicles 

is quite well known, because of extensive research over the last decades. On the other hand, 

dense core vesicles are relatively big compared to synaptic vesicles and contain neuromodulators 

(which include neuropeptides and neurotrophic factors). These neuromodulators are involved 

in processes which are relatively slow, for instance development, learning and behaviour. An 

Figure 1. A: Two neurons communicate at the synapse. B (zoom of A): Vesicles fuse with the plasma membrane to 
release their content. Receptors on a post-synaptic neuron can pick up their message. C: Neurons contain two 
types of vesicles. D: SNARE proteins bridge the vesicle with the plasma membrane to enable fusion.
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example of a neuromodulator is oxytocin, popularly known as the “cuddle hormone” for being 

involved in establishing social connections. Since far less research has focussed on dense core 

vesicles, the details of neuronal communication via dense core vesicles are not known. Therefore, 

this thesis aims to provide more insight in neuronal communication via dense core vesicles. 

The focus is to determine which proteins regulate fusion of dense core vesicles with the plasma 

membrane, and how these proteins regulate fusion. Also, we aim to discover how the number of 

dense core vesicle fusion events changes during neuronal development. In Box 1 (next page), we 

describe the methods to study vesicle fusion.

In Chapter 1, we introduce the topic by describing the molecular mechanisms of how vesicles 

fuse with the plasma membrane. Vesicles can not spontaneously fuse with the plasma membrane, 

but require multiple proteins to mediate this process. Essential proteins are the SNARE proteins 

(see Figure 1D). One SNARE protein (VAMP) is inserted into the vesicle. Two other SNARE proteins 

(SNAP and syntaxin) are bound to the plasma membrane. The SNARE proteins all contain a helix, 

a special protein structure which allows proteins to bind to each other. When the helices of the 

SNARE proteins (one in VAMP and syntaxin, two helices in SNAP*) bind, the SNARE complex is 

formed. The SNARE complex functions as  a bridge between the vesicle and the plasma membrane 

to enable vesicle fusion. The SNARE complex is assisted by multiple other proteins, including 

CAPS**.

In Chapter 3 and 4, we study VAMP proteins (one of the SNARE proteins, see Figure 1D). There 

are seven different VAMP proteins, and we show that VAMP1, VAMP2 and VAMP3 are important 

for dense core vesicle fusion in neurons. The other four VAMP proteins can not support dense 

core vesicle fusion. Synaptic vesicle fusion only requires VAMP2. CAPS proteins interact with the 

SNARE proteins to help them bind each other. In Chapter 5, we study CAPS proteins. Proteins 

contain different functional parts, and we show that all the parts of CAPS are important for dense 

core vesicle fusion. We find that CAPS proteins are essential for dense core vesicles, but less 

important for synaptic vesicles if the intercellular calcium is high. Communication via dense 

core vesicles is very important during neuronal development. In Chapter 2, we study whether 

the dense core vesicles themselves change during development of the neuron. We show that in 

young neurons, only some neuromodulators are abundantly present. Also, the number of dense 

core vesicles increases over time in line with the increased size of the neuron. In Chapter 3, we 

study how many dense core vesicles fuse with the plasma membrane at different time points 

during the development of a neuron. We find that in young neurons only a few vesicles fuse, and 

that after ten days this number increases by a factor 10. Interestingly, this increase is not gradually 

but happens abruptly from day 5 to 6 (counted from the day the neurons were cultured).

In Chapter 6, we summarize and discuss our findings. This thesis provides more understanding 

of how proteins guide dense core vesicle fusion. We find subtle differences with the fusion 

mechanism of synaptic vesicles. Also, we show that during the development of neurons, the 

number of fusion events increases abruptly.

* See also the cover of this thesis, where the ballerinas represent the helices of VAMP (green), syntaxin (yellow) and SNAP 
(red) bridging the dense core vesicle with the plasma membrane.
** The ballet dancer at the back cover of this thesis symbolises CAPS. See also the chapter cover pages for references to the 
different proteins.
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Box 1: Methods. How can we study fusion of vesicles with the plasma membrane?

Neurons are too small to detect with the naked eye (the central part of the neuron, the soma, 

is roughly one hundredths of a millimetre). Therefore, all experiments are performed using a 

microscope. In addition, to be able to see the vesicles within the neurons, we add a colour to 

them using fluorescent proteins. Fluorescent proteins emit light of one specific colour, when 

you activate them by illuminating them with light of another, specific, colour. The most widely 

used and known fluorescent protein in cell biology is the Green Fluorescent Protein (GFP), 

which emits a green light when you shine blue light on it. We use a modified version of GFP, 

which is only fluorescent at neutral or high pH (the scale for acidity). This special GFP, called 

pHluorin, is dark when inside the vesicle (because of low pH), and emits green light when the 

vesicle fuses with the plasma membrane (because of neutral pH outside the cell). Therefore, 

we can detect fusion of a vesicle with the plasma membrane as a small dot of light appearing 

(see Figure 2).

Figure 2. A-C: Cartoon of how pHluorin (pH sensitive Green Fluorescent Protein) shows vesicles fusing with 
the plasma membrane. D-F: Real neuron in which a vesicle fuses with the plasma membrane, which can be 
seen as a green dot appearing (in F).
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Nederlandse samenvatting

De hersenen zijn een essentieel orgaan want ze coördineren bijna alle taken die het lichaam 

uitvoert. Hersenen zijn bijvoorbeeld belangrijk voor het bewegen van je spieren, voor het 

verwerken van visuele en auditieve informatie, en om je in leven te houden door je hartslag, 

ademhaling en bewustzijn te regelen. Daarnaast worden alle cognitieve functies door de hersenen 

uitgevoerd, zoals het vormen van je persoonlijkheid en het vermogen om te leren, te herinneren 

en een sociale band op te bouwen.

De hersenen bevatten ongeveer 100 miljard hersencellen die we neuronen noemen. Deze 

neuronen hebben een specifieke vorm met een centraal cellichaam en meerdere lange uitlopers 

(zie Figuur 1A). Neuronen moeten met elkaar communiceren om hersentaken uit te voeren. 

Neuronen communiceren door berichten in kleine pakketjes (vesicles) te versturen van de ene 

naar het andere neuron. Het versturen van dit bericht (in de vorm van moleculen) gebeurt in de 

synaps. In de synaps komen de uitlopers van twee neuronen samen, en worden de moleculen 

over een kleine ruimte tussen de neuronen overgedragen. In het neuron dat het bericht zendt, 

het presynaptische neuron, worden de moleculen in de vesicles verpakt. Deze vesicles kunnen 

versmelten (fuseren) met de buitenste membraan van het neuron (plasmamembraan), waardoor 

de moleculen worden uitgescheiden. Hierna kunnen de moleculen binden aan receptoren op 

het ontvangende neuron, het postsynaptische neuron, dat dan het bericht “leest” (zie Figuur 1B).

Er zijn twee type vesicles die communicatie tussen neuronen regelen: synaptische vesicles 

en dense core vesicles. Synaptische vesicles zijn klein en bevatten neurotransmitters. Deze 

neurotransmitters reguleren snelle communicatie, en zijn daarom bijvoorbeeld belangrijk voor 

het bewegen van spieren en het versturen van informatie vanuit de ogen. Hoe communicatie 

tussen neuronen via deze synaptische vesicles verloopt is vrij goed bekend, omdat dit al enkele 

Figuur 1. A: Twee neuronen communiceren bij de synaps. B (zoom van A): Vesicles in het presynaptisch neuron 
versmelten met de plasmamembraan zodat de inhoud vrijkomt en receptoren op het postsynaptische neuron 
hun boodschap kunnen lezen. C: Neuronen bevatten twee type vesicles. D: SNARE eiwitten vormen een brug 
tussen het vesicle en de plasmamembraan zodat de vesicles kunnen fuseren.
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decennia is onderzocht. Daarnaast zijn er de dense core vesicles. Deze zijn relatief groter en 

bevatten neuromodulatoren (bijvoorbeeld neuropeptiden of neurotrofines). De neuromodulatoren 

beïnvloeden processen die relatief langzamer gaan, zoals ontwikkeling, leren en gedrag. Een 

voorbeeld van een neuromodulator is oxytocine, beter bekend als het “knuffelhormoon” omdat 

het betrokken is bij het vormen van sociale interacties. Hoe de dense core vesicles berichten 

versturen in de hersenen is veel minder goed bekend, omdat er veel minder onderzoek naar is 

gedaan. Daarom richt dit proefschrift zich erop meer inzicht te krijgen in neuronale communicatie 

via dense core vesicles. Hierbij ligt de focus op het bestuderen van de eiwitten die zijn betrokken 

bij het fuseren van dense core vesicles met de plasmamembraan en hoe deze eiwitten dat doen. 

Daarnaast bekijken we hoe de mate van dense core vesicle fusie verandert tijdens ontwikkeling. 

In Box 1 beschrijven we de technieken om vesicle fusie te bestuderen.

In Hoofdstuk 1 introduceren we het onderwerp. We beschrijven het moleculaire mechanisme 

waarmee vesicles kunnen fuseren met de plasmamembraan. Vesicles kunnen niet spontaan 

fuseren, maar hebben meerdere eiwitten nodig om dit te doen. Essentieel zijn de SNARE eiwitten 

(zie Figuur 1D). Één SNARE eiwit zit aan het vesicle vast (deze heet VAMP). Twee andere eiwitten 

zijn gebonden aan de plasmamembraan (dit zijn syntaxin en SNAP). Al deze eiwitten bevatten een 

helix, een speciaal gevouwen stuk in het eiwit waarmee eiwitten aan elkaar kunnen binden. Als de 

helices van de SNARE eiwitten (één in VAMP en syntaxin, twee in SNAP*) binden, vormen ze het 

SNARE complex. Dit SNARE complex vormt een brug tussen het vesicle en de plasmamembraan, 

waardoor vesicles met de membraan kunnen fuseren. Het SNARE complex wordt gevormd met 

behulp van andere eiwitten, waaronder het CAPS eiwit**.

In Hoofdstuk 3 en 4 bestuderen we de VAMP eiwitten (een van de SNARE eiwitten, zie Figuur 

1D). Er zijn zeven verschillende VAMP eiwitten, en we laten zien dat VAMP1, VAMP2 en VAMP3 

belangrijk zijn voor de fusie van dense core vesicles in neuronen. De andere vier VAMP eiwitten 

kunnen dense core vesicles niet laten fuseren. Synaptische vesicles hebben alleen VAMP2 nodig. 

CAPS eiwitten interacteren met de SNARE eiwitten, wat de binding tussen de SNARE eiwitten 

mogelijk maakt. In Hoofdstuk 5 bestuderen we CAPS eiwitten. Eiwitten bevatten verschillende 

functionele delen, en we tonen aan dat alle delen belangrijk zijn voor de functie van CAPS voor 

dense core vesicle fusie. We laten zien dat CAPS eiwitten essentieel zijn voor dense core vesicles, 

maar minder belangrijk voor synaptische vesicles als het intercellulair calcium level hoog is. 

Communicatie via dense core vesicles is zeer belangrijk tijdens de ontwikkeling van de hersenen. 

In Hoofdstuk 2 bestuderen we of de dense core vesicles zelf veranderen tijdens ontwikkeling 

van neuronen. We laten zien dat in jonge neuronen alleen bepaalde neuromodulatoren hoog 

aanwezig zijn. Ook laten we zien dat het aantal vesicles toeneemt over tijd. Deze toename wordt 

veroorzaakt door de groei van het neuron. In Hoofdstuk 3 onderzoeken we hoeveel dense core 

vesicles fuseren op verschillende tijdspunten tijdens de ontwikkeling van een neuron. We laten 

zien dat in jonge neuronen slechts een paar vesicles fuseren, en dat dit in tien dagen met een 

factor tien toeneemt. Opmerkelijk genoeg is deze toename niet gradueel, maar abrupt tussen dag 

5 en 6 (geteld vanaf de dag dat de neuronen worden gekweekt).

*  De ballerina’s op de voorkant van dit proefschrift symboliseren de helices in VAMP (groen), syntaxin (geel), en SNAP 
(rood).
** De balletdanser op de achterkant van dit proefschrift symboliseert CAPS. Zie ook de illustraties bij de hoofdstukken die 
refereren naar de verschillende eiwitten.
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In Hoofdstuk 6 vatten we onze bevindingen samen en bediscussiëren wij deze. Dit proefschrift 

geeft nieuwe inzichten in hoe eiwitten helpen bij het fuseren van dense core vesicles met de 

plasmamembraan. We tonen kleine verschillen aan vergeleken met fusie van synaptische vesicles. 

Daarnaast laten we zien dat het aantal dense core vesicles die fuseren drastisch toeneemt tijdens 

ontwikkeling van neuronen.

Figuur 2. A-C: Cartoon van hoe pHluorin (pH gevoelig groen fluorescent eiwit) vesicle fusie laat zien. D-F: 
Echt neuron waarin fusie met de plasmamembraan te zien is als een groene stip (in F).

Box 1: Methoden. Hoe kunnen we fusie van vesicles met het plasmamembraan zien?

Neuronen zijn te klein om met het blote oog te zien (het cellichaam, het centrale deel van het 

neuron, is ongeveer een honderdste van een milimeter in doorsnee). Daarom voeren we alle 

experimenten uit met behulp van een microscoop. Om de vesicles te kunnen zien voegen we 

een kleur toe met behulp van fluorescerende eiwitten. Fluorescerende eiwitten schijnen licht 

van één specifieke kleur wanneer ze worden geactiveerd door er licht van een andere kleur op 

te schijnen. Het meest bekende en gebruikte fluorescerende eiwit in celbiologie is het groene 

fluorescerende eiwit (Green Fluorescent Protein, GFP). Dit eiwit schijnt groen licht als het met 

blauw licht beschenen wordt. Wij gebruikten een aangepaste versie van GFP dat alleen licht 

geeft in neutraal of hoog pH (pH is de zuurtegraad). Dit speciale GFP, pHluorin, is donker in 

het vesicle (daar is de pH laag) en schijnt groen licht als het vesicle fuseert (buiten de cel is 

de pH neutraal). Door pHluorin in de vesicles te stoppen kunnen we vesicle fusie zien als het 

verschijnen van een klein lichtpuntje (zie Figuur 2).
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