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Chapter 6

General discussion

Dense-core vesicles (DCVs) release neuromodulators that are essential for tun-
ing brain function. Despite their importance, little is known about how DCVs are 
transported and secreted in mammalian neurons. In this thesis, we investigated 
the processes involved in DCV trafficking and fusion in murine hippocampal neu-
rons. We established a novel quantitative assay to study DCV recruitment to fu-
sion sites and their fusion with the plasma membrane (PM) in isolated neurons at 
single vesicle resolution. Subsequently we focused on unravelling the molecular 
machinery involved in trafficking and fusion of neuronal DCVs. 

In Chapter 2 we simultaneously investigated DCV transport and fusion using two 
fluorescent reporters: one for monitoring DCV fusion (NPY-pHluorin) and one to 
study DCV transport (NPY-mCherry). We used high frequency electrical stimula-
tion to efficiently trigger DCV fusion and showed that DCVs preferentially fuse at 
synapses. This study also highlighted that DCVs are highly mobile. Nonetheless in 
adult hippocampal neurons stationary DCVs are more likely to fuse than mobile 
DCVs. 

In Chapter 3 we investigated the role of Munc18-1 and Munc18-2 in DCV re-
lease. We showed that in developing neurons (at 3 days in vitro, DIV 3) deletion 
of Munc18-1 does not impair DCV fusion. However, in mature neurons (DIV 14) 
deletion of Munc18-1 strongly reduces DCV fusion resulting in a complete arrest 
of DCV fusion in the majority of neurons and the remaining, secreting, neurons 
release fewer DCVs compared to WT. In the absence of Munc18-2 a significant 
proportion of neurons do not respond to electrical stimulation and the number 
of DCV fusion events per neuron is reduced, suggesting that Munc18-2 also plays 
an important role in DCV fusion. We concluded that Munc18-1 and Munc18-2 
are both required for efficient DCV fusion in 14 DIV hippocampal neurons. Fur-
thermore the non-additive effect observed in Munc18-1/2 double null mutants 
suggests that the two isoforms function in a serial pathway to drive DCV fusion: 
Munc18-1 most likely functions at the PM to drive DCV fusion while Munc18-2 
performs a crucial role upstream of DCV fusion, possibly in generating fusion 
competent DCVs.

In Chapter 4 we studied the role of CAPS proteins in DCV trafficking and fusion. 
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Endogenous CAPS-1 puncta showed partial overlap with synaptic and DCV mark-
ers. Deletion of CAPS-1 and CAPS-2 strongly reduces DCVs fusion and CAPS-1 de-
letion specifically affects DCV fusion of vesicles that are stationary prior to fusion. 
Hence, CAPS-1 promotes fusion competence of stationary (tethered or docked) 
DCVs. 

In Chapter 5, we analyzed the role of two Munc13 isoforms in DCV fusion. The 
simultaneous deletion of Munc13-1 and Munc13-2 strongly impairs DCV fusion 
while Munc13-1 overexpression increased of DCV fusion. Munc13-1 and Munc13-
2 deletion specifically reduces synaptic release events, while Munc13-1 overex-
pression enhances fusion from extra-synaptic sites. Hence, Munc13-1 is important 
for synaptic DCV fusion and organizes DCV fusion machinery to form de novo 
fusion competent sites for DCV fusion at extra-synaptic locations. 

Neuronal DCV fusion: differences and similarities with SV 

fusion 

Mammalian neurons have two main regulated secretory pathways. Neurotrans-
mitters are released via synaptic vesicles (SVs) and neuropeptides and neurotroph-
ic factors are released via DCVs. As for SVs, DCVs fusion depends on Ca2+ influx and 
relies on SNAREs (de Wit et al. 2009a) and SM proteins (Chapter 3). However these 
two processes differ for several aspects. Besides the obvious differences, like size 
and content, there are differences between SVs and DCVs that are particularly re- 
levant and emerged from the projects described in this thesis. 

(Absence of ) clustering at the active zone 

SVs cluster at the active zone (AZ) (see review Sudhof, 2004). SV clusters contain a 
variable number of SVs, typically between 100-200, depending of the type of the 
pre-synaptic terminals (Sätzler et al. 2002; Schikorski & Stevens, 2001; Taschen-
berger et al. 2002; Xu-Friedman et al. 2001). On the contrary, DCVs clusters at the 
AZ have not been detected (see review Harris & Weinberg, 2012) (Bospoort et al. 
2012; Farina et al. 2015; Hammarlund et al. 2008). In fact, electron microscopic 
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(EM) synapse sections (comprising the AZ) only contained 1.4 DCVs on average 
and about 40 % of the sections did not contain a single DCV. Only ~ 5 % of the 
synaptic sections we analyzed contained more than 5 DCVs and these were not 
necessarily in a cluster nor in close proximity to the AZ (Bospoort et al. 2012). Why 
are SVs and DCVs so different in this aspect? It has been shown that Synapsin 1 is 
responsible for clustering SVs at the AZ (Greengard et al. 1993; Vasileva et al. 2012). 
On the contrary, Synapsin 1 does not associate with DCVs (Navone et al. 1984). 
Possibly, the lack of interaction with synapsin1 precludes DCVs from clustering. 
And, the mere fact that AZs are filled with SVs may prevent DCVs from reaching 
the AZ thereby preventing DCV clustering.

Delay of fusion onset

While SVs typically fuse with milliseconds delay after Ca2+ influx (Sabatini & Regehr, 
1996), neuronal DCVs fuse with a delay of seconds following Ca2+ influx (Kolarow 
et al. 2007; Lessmann et al. 2003; Xia et al. 2009). In our experiments, stationary 
DCVs fuse on average 7 seconds after the beginning of the stimulation, and mov-
ing DCVs fuse with a further delay of 4 seconds on average (Chapter 2). Why do 
DCVs fuse with such a delay? SVs, as previously discussed, cluster in the vicinity of 
the AZ (see review Sudhof, 2004), that is a highly specialized site for vesicle fusion 
(see review Südhof & Rizo, 2011). DCVs do not accumulate at highly fusogenic 
membrane patches (Bospoort et al. 2012; Farina et al. 2015) and the closest mem-
brane to them is typically not the AZ membrane (see review (Bospoort et al. 2012; 
Farina et al. 2015; Harris & Weinberg, 2012). Therefore, (1) DCVs have to move to 
reach the AZ and use the fusion machinery present there to fuse, causing a delay 
in the fusion onset, or (2) DCVs fuse at sites that are not highly specialized and rich 
in release machinery proteins, like the AZ, and therefore fusion onset takes longer. 
Option (2) is more plausible for two main reasons. First, we have shown that DCVs 
fuse extra-synaptically, where the PM is not equipped with AZs (Chapter 2). Sec-
ond, in our experiments two thirds of DCVs fused from a stationary pool (Chapter 
2) so they have to fuse within a distance of few hundreds of nm (our spatial resolu-
tion) from their original position; for most of them, reaching the AZ (based on our 
EM data, Chapter 4 and 5) would exceed this distance making option (1) less likely.
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Mechanisms of constant vesicle supply

SVs are endocytosed at the presynaptic terminals (see review Saheki & De Camil-
li, 2012) and refilled with neurotransmitters in loco by the simultaneous action 
of neurotransmitter transporters and proton pumps (see review Dittman & Ryan, 
2009). This ensures a constant supply of fusion competent SVs. Conversely DCVs 
are formed and filled with neuropeptides and neurotrophins in the soma (see re-
view Kim et al. 2006) and  the supply of DCVs at fusion sites is guaranteed by a  
constant flow  of DCVs, that are occasionally captured (Wong et al. 2012). Why do 
SVs and DCVs use a different strategy for constant supply? Firstly, unlike SVs, DCVs 
need several maturation steps before becoming fusion competent (see Chapter 
1). This may explain why a constant transport from the soma is more convenient 
than a recycling mechanism that may be too fast to allow DCVs to mature. In the 
second instance, the heterogeneity of DCVs fusion sites may make it difficult to 
set up specialized recycling “facilities” at the PM and thereby making it more effi-
cient to have a constant flow of DCVs from the soma. 

The role of release machinery proteins

Some proteins play a very similar role in SVs and DCV release. For instance, SNARE 
proteins, which are crucial for SV (see reviews Lang & Jahn, 2008; Schiavo et al. 
2000) and  DCV release (de Wit et al. 2009b; McMahon et al. 1992; Shimojo et al. 
2015).

Munc18-1 is essential for SVs fusion (Verhage et al. 2000)  while 5-10 % of the 
normal DCV release events are still observed in Munc18-1 cKO neurons (Chapter 
3). This resembles the situation of adrenal chromaffin cells where 5-10 % of large 
dense core vesicles (LDCVs) release is Munc18-1 independent (Voets et al. 2001). 
While SVs fully rely on Munc18-1, for DCVs there is a Munc18-1 independent com-
ponent of release. Hence, Munc18-1 plays a bigger role in SVs than in DCV release. 

CAPS-1 and CAPS-2 deletion causes 50 % reduction in SV release, which can be 
transiently rescued by applying high-frequency stimulation (Jockusch et al. 2007). 
To elicit DCV release, high-frequency stimulation is required also in wild type cells, 
as DCVs are more reluctant to fuse than SVs (chapter 2). Under these conditions, 
that elicit massive Ca2+ influx, only elicit 30 % of DCV release in CAPS DKO com-
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pared to control (Farina et al. 2015). Hence, high-frequency stimulation can rescue 
most of SV release in the absence of CAPS proteins, but not DCV release. This sug-
gests that CAPS proteins are more important for DCVs then for SV release in neu-
rons. However, since DCVs are in general reluctant to fuse, application of multiple 
burts of high frequency stimulation should be applied to test if the loss of DCV 
fusion in CAPS DKO neuron can be bypassed. 

Depletion of Munc13 isoforms 1 and 2 abolishes SV release (Varoqueaux et al. 
2002), while 40 % of DCV release remains (Bospoort et al. 2012). Hence, we could 
argue that Munc13-1 and Munc13-2 are more important for SV release then for 
DCV release. This argument is supported by the fact that all kinds of SV release, 
spontaneous, evoked by hypertonic solutions and AP evoked, are abolished in 
Mun13-1/2 DKO (Varoqueaux et al. 2002). Moreover, as for CAPS proteins, it is still 
unknown if the role of Munc13-1 and Munc13-2 in DCVs could also be bypassed 
by application of multiple episodes of high frequency stimulation. 

The idea that CAPS proteins play a more important role in DCV release while 
Munc13s are more involved in SVs, has already been proposed for C. elegans. In 
worms Unc-31, (CAPS homolog) is involved in DCVs exocytosis while it does not 
play a role in SV release (Speese et al. 2007; Tandon et al. 1998) while Unc-13, ho-
molog of Munc13 in C. elegans, is involved in the release of SVs but not of DCVs.

The minimal requirements for DCV fusion 

What does it take to fuse a DCV? We showed that Munc13-1, CAPS-1 and Munc18-
1, together with SNARE complexes are important for Ca2+-dependent DCV fusion. 
SNARE proteins are essential for DCV fusion (de Wit et al. 2009b; McMahon et 
al. 1992; Shimojo et al. 2015) and M18-1 is required for 90-95 % of DCV release 
(chapter 3). Secondly, we showed that Munc13-1, a pre-synaptic AZ protein (Fa-
rina et al. 2015; Kalla et al. 2006), is required for DCV fusion at synapses and that 
expression of Munc13-1 at extra-synaptic sites increases the chance of DCVs to 
fuse extra-synaptically (Bospoort et al. 2012). Endogenous CAPS-1 is present at 
extra-synaptic sites (Farina et al. 2015). It is therefore plausible that the expres-
sion of Munc13-1 at extra synaptic sites stimulates DCV fusion in CAPS-1-rich mi-
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cro-domains along the plasma membrane. Hence, Munc13-1 and CAPS-1 at the 
same location increase the chance of DCV release at this particular site. Another 
important element for DCV fusion is the lipid composition of the PM. DCVs fuse 
in PIP2 rich domains at the PM (Kabachinski et al. 2014). Both CAPS-1 and Munc13 
interact with PIP2 and the CAPS-1 interaction with PIP2 (via its PH domain) is es-
sential for CAPS-1 vesicle priming activity (Kabachinski et al. 2014). Furthermore 
the SNARE protein syntaxin-1 clusters at the PM by electrostatic interactions with 
PIP2 (van den Bogaart et al. 2011), and Ca2+ sensors like synaptotagmin 1 bind 
PIP2 (Bai et al. 2004). Therefore efficient fusogenic sites may consist of PIP2 rich 
domains.Taken together these observations suggest that the presence of SNAREs 
and Munc18-1 is required for DCVs to fuse. The further presence of CAPS-1 (which 
co-localizes with PIP2) and Munc13 increase the probability that DCVs are released 
at these sites. Our data show that synapses are preferred sites for DCV fusion. And 
this can be explained by the fact that most pre-synaptic terminals contain SNARE 
proteins, Munc18-1, Munc13-1 (Bospoort et al. 2012; Farina et al. 2015; Kalla et al. 
2006), CAPS-1 (Farina et al. 2015) and PIP2 (Micheva et al. 2001) .

 

Last events preceding DCVs fusion

Based on the work presented in this thesis, we propose a model to describe the 
sequence of events leading to the fusion of DCVs in mammalian neurons. 

DCVs are either stationary, or moving along microtubules (Figure 1). Stationary 
vesicles are presumably tethered to the PM at synapses or extra-synaptically. 
DCVs that are stationary at synapses typically fuse with shorter delay after the 
onset of stimulation than moving vesicles, probably because they are more likely 
to be already in the proximity of secretory machinery proteins or already engaged 
with them. DCVs that are located at extra-synaptic sites need more prolonged 
stimulation to fuse. We showed that the delay could arise from the lack of the 
priming protein Munc13-1 at extra-synaptic sites (Bospoort et al. 2012). DCVs that 
are moving in the seconds preceding fusion, first have to travel along the micro-
tubules and perhaps disconnect from the tracks (see Chapter 1) to reach a fusion 
competent site, and this may cause more delay in the fusion onset. DCVs that 
are moving and approach the PM only before fusing (Chapter 2), do not rely on 
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CAPS-1, while DCVs that were stationary before fusing do (Farina et al. 2015). We 
also observed DCVs that are moving and once they approach the PM they imme-
diately fuse, and DCVs that are stationary in the place where they eventually fuse 
for long time before they fuse. As stationary and moving DCVs are one population 
of vesicles (DCVs frequently start and stop moving), we postulate that the fusion 
sites may be diff erent. Perhaps some release sites are more prone to release DCVs 
and thereby release moving DCVs that just arrived. On the other hand, less release 
prone sites may let DCVs sit there perhaps waiting for proteins of the release ma-
chinery to diff use in, or waiting for Ca2+ to build up in order to be eventually able 
to fuse a DCV.

Future perspectives

This thesis contributes to our understanding of the principles of DCV traffi  cking 
and fusion in mammalian neurons and identifi es members of the DCV fusion ma-
chinery. However, several questions about DCVs traffi  cking and fusion remain. 
Further experiments are needed to further clarify several aspects of this process. 

Firstly, as reported in this thesis and in several previous studies, DCVs in neurons 
are reluctant to fuse and they require prolonged Ca2+ infl ux to release their con-
tent (de Wit et al. 2009c; Kolarow et al. 2007; Lessmann et al. 2003; Xia et al. 2009). 
Our stimulation pattern (Bospoort et al. 2012; de Wit et al. 2009c; Farina et al. 2015; 
Hartmann et al. 2001) composed of high frequency repetitive stimuli does not 
usually occur in the brain. Therefore future experiments should focus on fi nding a 
robust, yet more physiological trigger ,to elicit effi  cient DCV fusion. Furthermore, 
to mimic physiological conditions, it would be interesting  to investigate DCV traf-
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ficking and release in brain slices and ultimately in vivo. 

Secondly, it is yet to be elucidated how DCV maturation is regulated in mamma-
lian neurons. In this thesis we postulate a role for Munc18-2 in this process but 
more experiments are needed to confirm this theory. Moreover, other players in 
DCV biogenesis and maturation, such as those previously identified in secretory 
cells (Walter et al. 2014) need to be studied in neurons. 

Also, it remains unclear how cargo proteins are sorted to (immature) DCVs. Do 
all DCVs have the same molecular contents? When we overexpress DCV cargo 
in order to study DCV trafficking and fusion, we may override the endogenous 
sorting mechanism and label 90 % of the DCVs present in the neuron. Hence, 
we study the behavior of an “average” DCV. Future studies should investigate the 
sorting mechanisms of endogenous cargo molecules in DCVs of the same cell and 
also analyze the different DCVs composition in neurons derived from different 
brain areas. A recent study focusing on the hippocampus highlighted the hetero-
geneity of DCVs cargos in the different cell types in this brain area. The authors 
show that DCVs present in inhibitory neurons contain different cargo molecules 
if compared to DCVs present in excitatory neurons (Ramirez-Franco et al. 2016). 
Moreover Ramamoorthy and colleagues showed that hippocampal and hypotha-
lamic neurons differ in the subcellular localization of DCVs (Ramamoorthy et al. 
2011). Since DCVs content and cellular localization depend on the neuronal type, 
it would be interesting to compare DCVs trafficking and release also in different 
neuronal types to characterize spatial and temporal localization of the fusion 
events and investigate which stimulation protocol triggers efficient DCV fusion. 
These experiments would help understanding the cell type and brain area speci-
ficity of DCVs fusion characteristics. Ultimately this knowledge will allow a better 
understanding of the mechanisms underlying DCVs related diseases (see reviews 
Broberger & Hökfelt, 2001; Griebel & Holmes, 2013; LoParo & Waldman, 2015; Mey-
er-Lindenberg et al. 2011; Sah & Geracioti, 2013; Valentino & Aston-Jones, 2010; 
Widerlöv et al. 1988) and may help develop therapeutic strategies.
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