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Chapter 3

Munc18-1 and Munc18-2 are required for efficient 
neuropeptide secretion in DIV14 hippocampal neu-
rons 

Margherita Farina, Swati Arora, Rhea van de Bospoort, Ruud F. Toonen and Mat-
thijs Verhage

Abstract

Sec1/Munc18 (SM) proteins are essential for SNARE-dependent vesicle fusion. In 
the brain, three Munc18 isoforms (Munc18-1, -2, and -3) are expressed. Synaptic 
vesicle fusion is abolished in the absence of Munc18-1, but which Munc18 iso-
form controls the fusion of neuropeptide-filled dense-core vesicles (DCVs) is un-
known. Here, we show that munc18-1 null mutant hippocampal neurons at 3 days 
in culture (DIV3) are smaller and have fewer DCVs than wild-type (WT) neurons, 
but DCV fusion is normal. As neuronal lethality precludes fusion analysis at later 
time points, conditional munc18 null mutant neurons infected with Cre at DIV8 
were used to show that at DIV14, deletion of Munc18-1 expression results in a 
complete inhibition of DCV fusion in 70 % of the neurons and strongly impaired 
fusion in the remaining neurons. Conditional deletion of Munc18-2 also inhibited 
DCV fusion completely in 35 % of the neurons and fusion in responding cells was 
severely reduced. Conditional deletion of both Munc18-1 and Munc18-2 resulted 
in a complete inhibition of DCV fusion in 50 % of the neurons, similar to deletion 
of Munc18-1 or Munc18-2 only. These data suggest that Munc18-1 and Munc18-
2 are both required for efficient DCV fusion in mature hippocampal neurons but 
that at DIV3, prior to synapse formation, DCV fusion is Munc18-1 independent. 
The non-additive effect observed in munc18-1/2 double null mutants suggests 
that both isoforms function in the same pathway to drive DCV fusion. 
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Introduction

Synaptic vesicle (SV) fusion requires the assembly of the SNARE proteins syntax-
in-1, SNAP25, and synaptobrevin-2 into a fusion competent SNARE complex and 
the presence of the SM family member Munc18-1 (see review Südhof & Roth-
man, 2009). SNARE complex assembly is also essential for DCV fusion (de Wit et al. 
2009b), but which SM protein is involved in DCV fusion in central nervous system 
(CNS) neurons is unknown. 

In mammals, three genes encode Munc18 isoforms: munc18-1, munc18-2 and 
munc18-3. Munc18-2 shares 60 % homology with Munc18-1 at the protein level 
(Hata & Südhof, 1995), while Munc18-3 homology to Munc18-1 is about 50 % (Tel-
lam et al. 1997). Munc18-1 is the most abundant isoform expressed in brain and 
in neuroendocrine cells (Hata et al. 1993; Pevsner et al. 1994). It interacts with syn-
taxin 1 (Hata et al. 1993) and with the assembled SNARE complex (Burkhardt et al. 
2008; Dulubova et al. 2007; Shen et al. 2007). SV exocytosis is abolished in munc18-
1 null mutant mice (Verhage et al. 2000). In adrenal chromaffin cells, the lack of 
Munc18-1 strongly impairs DCV docking and fusion (Voets et al. 2001), whereas its 
overexpression increases DCV docking and fusion (Voets et al. 2001). In pituitary 
cells, Munc18-1 deletion also results in decreased growth hormone release and a 
strong reduction in the number of docked DCVs (Korteweg et al. 2005).

Munc18-2 is required for cytotoxic granule exocytosis from natural killer cells and, 
in addition to syntaxin 1,2 and 3 (Hata & Südhof, 1995), interacts with syntaxin 11 
in these cells (Cote et al. 2009; Meeths et al. 2010). Mutations in Munc18-2 also 
impair membrane fusion and arrest SNARE-complex assembly in lymphocytes 
causing human familial hemophagocytic lymphohistiocytosis (F-HLH) (Cote et al. 
2009; Meeths et al. 2010).  Munc18-2 is expressed in the brain (Mandic et al. 2011), 
but its function in neuronal secretory vesicle fusion is unknown. 

Munc18-3 is involved in granule fusion from pancreatic β cells in a complex with 
syntaxin-4 (Thurmond et al. 2000) and controls glucose homeostasis by regulat-
ing cell surface expression of GLUT4 in adipocytes (Latham et al. 2006; Tellam et al. 

1997). Munc18-3 is ubiquitously expressed with low expression levels in the brain 
(Tellam et al. 1995). 
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Which of these Munc18 isoforms are involved in DCV fusion in CNS neurons is 
unclear. Here, we tested the role of the two most abundant (Hata & Südhof, 1995; 
Tellam et al. 1995) SM isoforms in brain, Munc18-1 and Munc18-2. Munc18-1 null 
mutant neurons at DIV3 were smaller and contained fewer DCVs than wild type 
littermate controls but Ca2+-dependent DCV fusion was not affected. However, 
in DIV14 neurons Munc18-1 deletion resulted in a complete arrest of DCV fusion 
in 70 % of the neurons and a significant impairment of DCV fusion in responsive 
neurons. Deletion of Munc18-2 also led to a higher proportion of non-secreting 
cells (~35 %) and DCV fusion in remaining neurons was strongly impaired. Si-
multaneous deletion of Munc18-1 and Munc18-2 led to a severe impairment of 
DCV fusion, similar to deletion of Munc18-1 or Munc18-2 only. We conclude that 
Munc18-1 and Munc18-2 are both required for efficient DCV fusion in DIV14 hip-
pocampal neurons, while Munc18-1 is not essential for DCV fusion in developing 
neurons at DIV3. 
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Results

DCV fusion is not abolished in munc18-1 null mutant neurons at DIV3 Munc18-
1 null mutant (munc18-1 KO) neurons do not survive beyond 4 days in cell culture 
(Heeroma et al. 2004). To test if the lack of DCV fusion could explain this pheno-
type, we investigated whether Munc18-1 is involved in DCV fusion at these early 
stages of neuronal development. We used hippocampal munc18-1 null neurons 
and measured DCV fusion at DIV3 using the DCV cargo protein Semaphorin3A 
fused to a pH sensitive variant of EGFP (Sema-pHluorin) that is quenched in the 
lumen of DCVs due to the low intraluminal pH (~5.5). Upon DCV fusion with the 
plasma membrane, Sema-pHluorin is exposed to the neutral pH of the extracel-
lular medium and its fluorescence is de-quenched. Using this method, individ-
ual DCV fusion events are characterized by a sudden increase of fluorescence. 
First we analyzed the morphology of munc18-1 null neurons at DIV3 compared 
to WT littermates. Munc18-1 null neurons showed reduced neurite length (WT: 
2179.3 ± 167.6 µm; M18KO: 995.8 ± 185.7, p<0.01, Figure 1A). The total number 
of DCVs per cell was reduced (WT: 216.6 ± 28.3 vesicles/cell; M18KO: 96.7 ± 15.4 
vesicles/cell, p<0.01, Figure 1B) but the number of DCVs per µm neurite length 
was unchanged (WT: 0.11 ± 0.02 vesicles/µm; M18KO: 0.13 ± 0.04 vesicles/µm, 
p = 0.54, Figure 1C). DCV fusion was triggered using electrical field stimulation 
(16 x 50AP at 50 Hz), which resulted in robust Ca2+ influx. Incubating these neu-
rons with a Ca2+ indicator Fluo-5 AM revealed that Ca2+ influx and efflux were not 
different between munc18-1 null and WT neurons (Figure 1D). DCV fusion events 
were rare in DIV3 hippocampal neurons but fusion in munc18-1 null neurons 
did not differ from WT neurons (WT: 1.5 ± 0.2 events/cell, n = 24; M18KO: 1.1 ± 
0.3 events/cell, n = 16, p = 0.23, Figure 1E, F, G and H). DCV fusion rate in DIV3 
munc18-1 null neurons during stimulation was comparable with the rate in WT 
neurons (WT: 0.09 ± 0.05 vesicles/s; M18KO: 0.05 ± 0.03 vesicles/s, Figure 1G) with 
no evidence of a delayed response upon stimulation. Munc18-1 deletion also did 
not affect the number of fusion events after the stimulation period (WT: 0.9 ± 
0.2 vesicles/cell; M18KO: 1.1 ± 0.2 vesicles/cell, p = 0.54, Figure 1H). Taken toge- 
ther, these data show that munc18-1 null neurons at DIV3 are smaller and con-
tain fewer DCVs than WT neurons. Despite the reduced number of DCVs per neu-
ron, evoked DCV fusion in munc18-1 null neurons is not lower than WT neurons. 
Hence, Munc18-1 is dispensable for DCV fusion in hippocampal neurons at DIV3.
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Figure 1. DCV fusion is not abol-
ished in munc18-1 null mutant neu-

rons at DIV3 

(A) Average neurite length (µm) analyzed using 
ECFP as a morphology marker in wild type (WT) 
and munc18-1 null mutant (M18KO) neurons 
(WT: 2179.3 ± 167.6 µm, n = 6 cells; M18KO: 995.8 
± 185.7, n = 4 cells, N = 1 experiment; p<0.01). (B) 
Total number of DCVs per cell using NH4

+ applica-
tion to visualize all SemapHluorin-labeled DCVs 
(WT: 216.6 ± 28.3 vesicles/cell, n = 7 cells; M18KO: 
96.7 ± 15.4 vesicles/cell, n = 6 cells,  p = 0.0046, N 
= 2 experiments for KO, 1 experiment for WT). (C) 
Average number of DCVs per micrometer neurite 
(WT: 0.11 ± 0.02 vesicles/µm, n = 6 cells; M18KO: 
0.13 ± 0.04 vesicles/µm, M18 KO = 4 cells; N = 1 
experiment; n.s. p = 0.54). (D) Typical Ca2+ traces 
(Fluo5) of WT and M18KO neurons at DIV4 (blue 
bars represent the stimulation of 16 bursts of 50 
AP at 50 Hz). (E) Average number of DCV fusion 
events during stimulation for WT and M18KO 
neurons at DIV3 (WT: 1.5 ± 0.2 events/cell, n=24; 
M18 KO: 1.1 ± 0.3 events/cell, n=16; N = 4 exper-
iments; p = 0.23). (F) Histogram showing fusion 
events for WT and M18KO neurons at DIV3 during 
the 16 x 50 APs at 50 Hz stimulation period (blue 
bars). (G) Cumulative frequency plot of DCV fu-
sion events in WT and M18KO neurons (WT: 0.09 
± 0.05 vesicles/s; M18 KO: 0.05 ± 0.03 vesicles/s), 
blue bars represent the stimulation of 16 bursts 
of 50 APs at 50 Hz. (H) Average number of DCV 
fusion events in a 60 sec time period after stim-
ulation (WT: 0.9 ± 0.2 vesicles/cell, n = 24 cells; 
M18KO: 1.1 ± 0.2 vesicles/cell, n = 16 cells; p = 
0.54).
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DCV fusion at DIV14-15 is severely impaired upon Cre expression at DIV8 in 
munc18-1 conditional KO neurons 

Since munc18-1 null neurons do not survive beyond DIV4 (Heeroma et al. 2004), 
we used a different strategy to study the role of Munc18-1 in neurons at DIV14-
15. Munc18-1 conditional null mutant mice, munc18-1 cKO (Heeroma et al. 2004), 
were infected with Cre-EGFP, which resulted in a gradual depletion of Munc18-1 
expression (not shown). To assess the temporal pattern of Munc18-1 depletion in 
munc18-1 cKO neurons upon expression of Cre-EGFP, we infected single neurons 
grown on micro-islands of glia cells at different time points during development. 
Infection with Cre-EGFP at DIV4 resulted in cell death before DIV14 (not shown). 
Infection at DIV8 resulted in complete inhibition of synaptic vesicle fusion at 
DIV14-15 assessed using Synaptophysin-pHluorin, an optical reporter of synaptic 
vesicle fusion (Granseth et al. 2006). As synaptic vesicle fusion requires Munc18-
1 expression (Verhage et al., 2000), the lack of synaptic vesicle fusion indicated 
the depletion of Munc18-1 expression (Figure 2A and C). At this time point, Ca2+ 
dynamics during our stimulation protocol were similar compared to WT neurons 
infected with Cre (WTCre+

,Figure 2B). 
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Figure 2. Munc18-1 conditional null mutant paradigm to study DCV fusion in neu-
rons at DIV14-15

(A) Isolated Munc18-1 cKO (M18 cKO) and WT (M18 WT control) neurons infected at DIV 8 with Cre-EGFP (arrow) test-
ed for viability (+ = viable, - = non-viable) and for SV exocytosis using Synaptophysin-pHluorin. (B) Typical Ca2+ traces 
during electrical fi eld stimulation (16x50AP@50 Hz), obtained using Fluo5-AM, which incases fl uorescence upon Ca2+ 
binding, in DIV14-15 Munc18-1 cKO Cre+ and Munc18-1 cKO Cre- neurons. (C) SV fusion assessed using SypHy in M18-1 
cKO Cre+ and M18-1 cKO Cre- neurons. SypHy fl uorescence intensity increase reports synaptic vesicle fusion. NH4

+ is su-
perfused at second 85 to de-quench SyPhy fl uorescence in all synaptic vesicles. Insert: Quantifi cation of (C), ΔFMax/Δ 

NH4
+ of SypHy in M18-1 cKO Cre- and M18-1 cKO Cre+.

In the majority of DIV14-15 munc18-1 cKO neurons infected at DIV8 with Cre-EGFP, 
DCV fusion was abolished (Figure 3A, Munc18-1 cKO Cre-: 12.5 %, n = 8; Munc18-1 
cKO Cre+: 66.6 %, n = 9). DCV fusion in the remaining cells was signifi cantly re-
duced (Figure 3B, Munc18-1 cKO Cre-: 20.2 ± 7.5 events/cell, n = 8 cells; Munc18-1 
cKO Cre+: 1 ± 0.6 events/cell, n = 9 cells;). Remaining DCV fusion in munc18-1 cKO 
Cre+ cells was Ca2+ dependent but required prolonged stimulation as compared 
to munc18-1 cKO Cre- neurons (Figure 3C-D). Hence, unlike in immature DIV3 neu-
rons, deletion of Munc18-1 expression in mature (DIV14) neurons leads to an ar-
rest of DCV fusion in the majority of neurons and signifi cantly impairs fusion in 
the remaining neurons. 
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Figure 3. DCV fusion is abolished upon Cre expression in M18-1 cKO neurons at 

DIV14-15  

(A) Percentage of non-secreting cells (M18-1 cKO Cre-: 12.5 %, n = 8; M18-1 cKO Cre+: 66.6 %, n = 9). (B) Average num-
ber of DCV fusion events during acquisition for M18-1 cKO Cre- and M18-1 cKO Cre+ at DIV14-DIV15 (M18-1 cKO Cre-: 
20.2 ± 7.5 n = 8 cells; M18-1 cKO Cre+: 1 ± 0.6, n = 9 cells, N=3; p < 0.05). Non-secreting neurons in (A) are included. (C) 
Histogram showing fusion events in M18-1 cKO Cre- and M18-1 cKO Cre+ neurons over time during acquisition (blue 
box indicates electrical stimulation 16 x 50 APs at 50 Hz). Inset: example traces of release events (NPY-mCherry) from 
M18-1 cKO Cre- neurons (black) and M18-1 cKO Cre+ (green). Dashed line indicates the start of the stimulation. (D) 
Cumulative frequency plot of the fusion events described in C.
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Cre mediated deletion of munc18-2 strongly reduces DCV fusion in DIV14-15 
neurons 

DCV fusion in munc18-1 cKO Cre+ neurons is strongly impaired but in some 
neurons not completely abolished (Figure 3). To test if the presence of another 
Munc18 isoform could support DCV fusion in these cells we examined DCV fu-
sion upon conditional deletion of Munc18-2, the other major Munc18 isoform in 
the brain. Munc18-2 cKO neurons were infected with Cre-expressing lenti virus at 
DIV8, similar to the approach we used for munc18-1 cKO neurons. Surprisingly, in 
approximately 35 % of munc18-2 cKO Cre+ neurons electrical stimulation did not 
elicit DCV fusion (Figure 4A, Munc18-2 cKO Cre-: 10 %; Munc18-2 cKO Cre+: 35.7 
%). DCV fusion in munc18-2 cKO Cre+ neurons that did respond to stimulation was 
strongly reduced (Figure 4B: M18-2 cKO Cre-: 27 ± 12, n = 15 cells; M18-2 cKO Cre+: 
3.6 ± 1, n = 20 cells). DCV fusion in munc18-2 cKO Cre+ neurons was triggered by 
stimulation (Figure 4C), but the fusion rate (number of fusion events/time) was 
significantly reduced compared to munc18-2 cKO Cre- neurons (Figure 4D). Hence, 
like deletion of Munc18-1, Munc18-2 deletion appears to increase the number of 
non-secreting neurons and strongly reduces DCV fusion in the remaining neu-
rons. 
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Figure 4. Cre mediated depletion of Munc18-2 in M18-2 cKO neurons strongly reduc-

es DCV fusion at DIV14-15 

(A) Percentage of non-secreting cells (M18-2 cKO Cre-: 10 %; M18-2 cKO Cre+: 35.7 %). (B) Average number of DCV 
fusion events during acquisition for M18-2 cKO Cre- and M18-2 cKO Cre+ at DIV14 –DIV18 (M18-2 cKO Cre-: 27 ± 12 
n=15 cells; M18-2 cKO Cre+: 3.6 ± 1, n = 20 cells, N=3;  p = 0.0121). Non-secreting neurons in (A) are incorporated in 
this analysis. (C) Histogram showing fusion events in M18-2 cKO Cre- and M18-2 cKO Cre+ neurons over time during 
acquisition (electrical stimulation 16 x 50 APs at 50 Hz, blue bars). (D) Cumulative frequency plot of the fusion events 
described in C.
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Simultaneous deletion of Munc18-1 and Munc18-2 impairs DCV fusion simi-
larly to depletion of the individual proteins 

To test if deletion of both Munc18-1 and Munc18-2 arrests DCV fusion completely, 
we crossed munc18-1 cKO with munc18-2 cKO mice and infected homozygous 
munc18-1/2 cKO neurons with Cre virus at DIV8 and measured DCV fusion at DIV14-
15. Approximately 50 % of munc18-1/2 cKO Cre+ did not fuse DCVs upon electrical 
stimulation (Figure 5A, Munc18-1/2 cKO Cre-: 0 %; Munc18-1/2 cKO Cre+: 47 %). In 
the remaining cells the number of DCV fusion events per neuron was significantly 
lower compared to munc18-1/2 cKO Cre- (Figure 5B, Cre-: 9.2 ± 2.7 events/cell, n= 
5 cells; Cre+: 3.5 ± 2.6 events/cell, n = 14 cells). The remaining DCV fusion events 
in these cells were triggered by Ca2+ influx upon electrical stimulation (Figure 5C) 
and the onset time and fusion rate of the fusion events were similar compared 
with Cre- (Figure 5D). Together, these data suggest that combined deletion of 
Munc18-1 and Munc18-2 strongly reduces DCV fusion and increases the number 
of cells incapable of fusing DCVs but does not lead to a stronger phenotype than 
deletion of the individual SM-proteins. 
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Figure 5. Simultaneous deletion of Munc18-1 and Munc18-2 impairs DCV fusion at 
DIV14-15  

(A) Percentage of non-secreting cells (M18-1/2 cKO Cre-: 0 %; M18-1/2 cKO Cre+: 47 %). (B) Average number of DCV 
fusion events during acquisition for M18-1/2 cKO Cre- and M18-1/2 cKO Cre+ at DIV14-DIV15 (M18-1/2 cKO Cre-: 9.2 
± 2.7, n = 5 cells; M18-1/2 cKO Cre+: 3.5 ± 2.6, n = 14 cells, N=3;  p < 0.05). Non-secreting neurons (A) are included. (C) 
Histogram showing fusion events in M18-1/2 cKO Cre- and M18-1/2 cKO Cre+ neurons over time during the acquisi-
tion time (electrical stimulation 16 x 50 APs at 50 Hz, blue bars).  (D) Cumulative frequency plot of the fusion events 
described in C.
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Discussion

In this study we investigated the role of Munc18-1 and Munc18-2 in DCV fusion 
in mammalian hippocampal neurons. Although in several experiments the num-
ber of independent observations is too small to draw definitive conclusions, the 
data obtained so far suggest that DCV fusion in munc18-1 null neurons at DIV3 
is not compromised while in most munc18-1 null neurons at DIV14 DCV fusion 
is completely inhibited. Deletion of Munc18-2 also appeared to reduce DCV fu-
sion, leading to a complete inhibition in 35 % of neurons. Simultaneous deletion 
of Munc18-1 and Munc18-2 did not produce an additive effect and resulted in a 
phenocopy of munc18-1 or munc18-2 single null neurons. Together our data sug-
gest that Munc18-1 and Munc18-2 are both important for DCV fusion in mature 
neurons and might function in a linear pathway that controls efficient fusion of 
neuronal DCVs. 

DCV fusion characteristics in hippocampal neurons at DIV3 and DIV14

Electrical stimulation triggered DCV fusion in WT neurons at DIV3 and DIV14 
(Figure 1 and 2). However, we observed several differences in DCV fusion char-
acteristics between DIV3 and DIV14 neurons. Firstly, DIV3 neurons contained less 
DCVs than DIV14 neurons (Figure 1 and Farina et al. 2015). Secondly, DIV3 neurons 
secreted fewer DCVs upon electrical stimulation compared with DIV14 neurons, 
which may be explained, at least in part, by the fact that DIV3 neurons contained 
fewer DCVs. Thirdly, the rate of fusion (the number of DCV released/s) increased 
with age. In WT neurons at DIV14, the DCV fusion rate was 5 to 10 times faster as 
compared to DIV3 (Figure 1G, compare with Figures 3C, 4C, 5C). Hence, despite 
the fact that the increase in number of fusion events in DIV14 neurons can be ex-
plained by the larger DCV pool, the 5-10 times increased fusion rate indicates that 
DCV fusion is also more efficient in DIV14 neurons. Several reasons may underlie 
this difference. First, DIV14 neurons may be equipped with priming proteins and 
release machinery proteins that carry out Ca2+-dependent fusion more efficiently. 
Second, DCV fusion preferentially and more efficiently occurs at synapses (Chap-
ter 2) (de Wit et al. 2009b; van de Bospoort et al. 2012), which are not yet formed 
at DIV3. Hence, DCV fusion in DIV3 neurons may be low due to a combination 
of a smaller total vesicle pool and the absence of efficient fusion machinery and 
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fusion sites. 

DCV fusion is Munc18-1 independent in DIV3 hippocampal neurons

Munc18-1 null neurons at DIV3 are smaller and have less DCVs compared with WT 
neurons. Yet, Ca2+-evoked DCV fusion in munc18-1 null neurons is not reduced. 
In contrast, DCV fusion in embryonic adrenal chromaffin cells upon deletion of 
Munc18-1 is strongly impaired (Voets et al. 2011). This suggests that DCV fusion in 
DIV3 neurons is executed by different, Munc18-1 independent fusion machinery 
than in embryonic chromaffin cells and in mature (DIV14) neurons. At DIV3, polar-
ized neurons are actively extending axons and dendrites. Secretory vesicle fusion 
at this stage is mainly used to deliver guidance cues (like Semaphorin3A), growth 
factors, add membrane lipids and, at a later stage, Piccolo-Bassoon transport ves-
icles (PTVs) to help create new synapses (Shapira et al. 2003). In mature neurons, 
after synapse formation, DCV cargo plays a key role in modulating neurotransmis-
sion. For instance, local dendritic BDNF release influences presynaptic SV release 
(Kuczewski et al. 2009) and axonal oxytocin release in the central amygdala (CeA) 
controls fear responses by activating a local GABAergic circuit (Knobloch et al. 
2012). Therefore, the timing of DCV release may be more critical than during the 
delivery of guidance cues to the navigating axon. To meet these specific require-
ments, it is plausible that DCV fusion is regulated by different fusion mechanisms 
during different stages of development. In embryonic chromaffin cells, rapid and 
timed release of adrenalin from DCVs is critical for proper reactions to stress situa-
tions both during development (see review Gunnar & Quevedo, 2007) and during 
adult life. This may explain the fact that already during development DCV fusion 
in these cells relies on proper Munc18-1 function in contrast to DIV3 neurons. 

One potential caveat in our studies of DCV fusion at DIV3 is the fact that Sema-pHlu-
orin may label a different secretory vesicle type in developing neurons compared 
with mature neurons. Sema-pHluorin labels Chromogranin-positive DCVs in ma-
ture neurons (vd Bospoort et al. 2012). Chromogranins are considered markers 
for DCVs, but identification of Chromogranin-positive vesicles at DIV3 is techni-
cally challenging, preventing conclusive co-labeling studies. Hence, although the 
secretory vesicles labeled with Sema-pHluorin at DIV3 fuse in a Ca2+-dependent 
manner, we cannot exclude the existence of a population of DCVs not labeled by 
Sema-pHluorin that is dependent on Munc18-1 for release at DIV3. Future stud-
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ies using DCV markers that are expressed at a higher level at DIV3, for instance 
Secretogranins, are required to test the co-localization of Sema-pHluorin with bo-
na-fide DCV markers. 

DCV fusion relies on Munc18-1 and Munc18-2 in DIV14 neurons

The deletion of Munc18-1 expression at DIV14 led to the arrest of DCV fusion in 
more than 70 % of neurons. Hence, Munc18-1 is essential for DCV fusion in the 
majority of hippocampal neurons. Moreover, Munc18-1 deletion severely im-
paired the fusion in the remaining neurons. In these neurons fusion of synaptic 
vesicles was completely abolished. This suggests that other proteins could pro-
mote fusion of DCVs in the absence of Munc18-1, proteins that cannot support 
SV release. Munc18-2 expression partially rescues DCV release in munc18-1 null 
mutant chromaffin cells (Gulyás-Kovács et al. 2007) and therefore is a likely candi-
date to support Munc18-1 independent DCV fusion. However, in one experiment 
deletion of both Munc18-1 and -2 did not lead to a stronger reduction in DCV 
fusion events compared to deletion of only Munc18-1. One explanation is that 
other SM proteins with overlapping functions drive DCV fusion in the absence of 
Munc18-1 and -2. Munc18-3 is expressed in the brain (Tellam et al. 1995), it shows 
a high degree of homology with Munc18-1, and rescues the lethal phenotype of 
munc18-1 null mutant neurons, but cannot restore synaptic transmission (unpub-
lished data Verhage lab). Future studies will test the possibility of Munc18-3 res-
cue of DCV release. An alternative, perhaps more likely explanation, is that trace 
amounts of Munc18-1 after Cre mediated depletion are still sufficient to support 
some DCV fusion while SV fusion is fully abolished. To test this hypothesis, DCV 
fusion could be analyzed at longer time points after Cre infection. Unfortunately, 
neuronal death prevents such analysis. 

To our surprise, the deletion of Munc18-2 also arrested DCV fusion in ± 35 % of 
neurons while strongly reducing fusion in the remaining neurons. Munc18-2 is 
expressed at low levels in the brain and based on mRNA expression (Allen Brain 
atlas, http://brain-map.org/) is co-expressed with Munc18-1 in the majority/all 
neurons. Still, deletion of either Munc18-1 or Munc18-2 led to an arrest of DCV 
fusion. This suggests that neuronal DCV fusion depends on both Munc18-1 and 
Munc18-2. In overexpression studies in mouse chromaffin cells, Munc18-2 rescued 
DCV fusion, at least to some extent, in munc18-1 null mutants (Gulyás-Kovács et 
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al. 2007). Our results show that endogenous levels of Munc18-2 in munc18-1 null 
mutant neurons and endogenous levels of Munc18-1 in munc18-2 null mutant 
neurons are not sufficient to support efficient DCV fusion. Both proteins may op-
erate in a serial pathway or act together at the plasma membrane to support DCV 
fusion in neurons. As Munc18-1 is highly expressed at synapses (Cijsouw et al. 
2014) and the plasma membrane, while Munc18-2 is expressed at much lower 
levels, it seems more likely that Munc18-1 functions at these sites. Munc18-2 may 
function upstream of Munc18-1 performing essential functions to generate fu-
sion competent DCVs. In mast cells, Munc18-2 binds to secretory granules (SG) 
and microtubules and depletion of Munc18-2 using shRNAs impairs SG translo-
cation and fusion (Martin-Verdeaux et al. 2003). Also in cytotoxic T-lymphocytes, 
Munc18-2 localizes to granules with only low levels at the PM (Dieckmann et al. 
2015). Here, deletion of Munc18-2 results in loss of syntaxin-11 expression at the 
PM, suggesting that Munc18-2 chaperones syntaxin-11 to the PM. Munc18-2 may 
have a similar role in neurons functioning in DCV trafficking by interaction with 
the DCV membrane, microtubule network and its syntaxin-binding partner at the 
PM. We thus propose a model in which Munc18-2 functions upstream of Munc18-
1 (Figure 6). In line with its function in non-neuronal cells, Munc18-2 may func-
tion in (1) intra-Golgi or post-Golgi steps involved in DCV generation, (2) steps to 
convert immature DCVs to mature, fusion competent vesicles, or (3) controlling 
DCV transport and PM recruitment. In this model Munc18-1 functions as essential 
SM-protein at the plasma membrane supporting both SV and DCV fusion.   

BookletCorrect.indd   61 27/03/2017   19:33



62

Chapter 3

Figure 6. Model of Munc18-1 and Munc18-2 functions in DCV fusion

Model in which Munc18-2 functions upstream of Munc18-1. In line with its function in non-neuronal cells, Munc18-2 
may function in (1) intra-Golgi or post-Golgi steps involved in DCV generation, (2) steps to convert immature DCVs 
to mature, fusion competent, vesicles, or (3) controlling DCV transport and PM recruitment. In this model Munc18-1 
functions as essential SM-protein at the plasma membrane supporting both SV and DCV fusion.
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Materials and Methods

Plasmids. Sema-pHluorin was generated by replacing EGFP in Sema3A-EGFP 
(De Wit et al. 2005) with super-ecliptic pHluorin (de Wit et al. 2009b). Neuropep-
tide Y-Venus was previously described (Nagai et al. 2002) and Neuropeptide Y 
(NPY)-mCherry and NPY-pHluorin were generated by replacing Venus with mCher-
ry and pHluorin. Cre-EGFP was generated in our lab and Synaptophysin-pHluorin 
has been described (Granseth et al. 2006). All constructs were sub-cloned into 
Lenti vectors that were produced as described (Naldini et al. 1996). Transduction 
efficiencies were tested on HEK cells. 

Laboratory animals. Munc18-1 conditional knock out were described in (Heero-
ma et al. 2004). We obtained Munc18-2 conditional null mutant mice from the 
lab of Prof. Tuvim (University of Texas, MD Anderson Cancer Center). These mice 
where engineered to have munc18-2 between loxP sites. Munc18-2 cKO neurons 
do not show a lethal phenotype. We therefore always performed parallel experi-
ments for Munc18-1 cKO and Munc18-2 cKO (or M18-1/2 cKO) in which lethality of 
Munc18-1 cKO upon Cre infection was used as proxy for the depletion of Munc18-
2. Munc18-1/2 cKO were obtained by crossing Munc18-1 cKO and Munc18-2 cKO 
mice. Animals were housed and bred according to institutional and Dutch gov-
ernmental guidelines.

Primary neuron cultures. Dissociated hippocampal neurons were prepared from 
embryonic day 18 mice as described (de Wit et al. 2009) or at postnatal day 1 (P1) 
from timed matings. Hippocampi were dissected in Hanks Buffered Salts Solution 
(HBSS, Sigma) and digested with 0.25 % trypsin (Invitrogen) for 20 min. at 37˚C. 
Hippocampi were washed and triturated with fire-polished Pasteur pipettes, neu-
rons were counted and plated in Neurobasal medium (Invitrogen) supplemented 
with 2 % B-27 (Invitrogen), 1.8 % HEPES, 1% glutamax (Invitrogen) and 1% Pen-
Strep (Invitrogen). High-density cultures (25,000 neurons/well) were seeded on 
pre-grown cultures of rat glia cells (37,500 cells/well) on 18mm glass coverslips in 
12-well plates. For micro-island culture originally described by (Mennerick et al. 
1995), hippocampal neurons were plated at a density of 2,000 neurons/well of a 
12-well plate on micro-islands of rat glia as in (Wierda et al. 2007). These micro-is-
lands were generated by plating 8,000/well rat glia on UV-sterilized agarose-coat-
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ed etched glass coverslips stamped with a 0.1 mg/ml poly-D-lysine (Sigma) and 
0.2 mg/ml rat tail collagen (BD Biosciences) solution. 

Infection and transfection. At DIV 4 or DIV 8, neuronal cultures were infected with 
a combination of Lenti viruses encoding Cre-EGFP, NPY-mCherry and Synapto-
physin-pHluorin. Neurons were imaged at DIV14-DIV18.

Imaging. Coverslips were placed in an imaging chamber perfused with Tyrode’s 
solution (2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2 mM MgCl2, 20 mM glucose 
and 25 mM HEPES, pH 7.4). All live imaging experiments were performed on a 
custom-built tandem illumination microscope (TIM; Olympus) consisting of an 
inverted imaging microscope (IX81; Olympus) and an upright laser-scanning mi-
croscope. The inverted microscope part was used for imaging fluorescence using 
an MT20 light source (Olympus), appropriate filter sets (Semrock), and a 40x oil 
objective (NA 1.3), on an EM charge-coupled device (EM-CCD) camera (C9100-02; 
Hamamatsu Photonics). Xcellence RT imaging software (Olympus) was used to 
control the microscope and record the images. In pHluorin experiments intracel-
lular pH was neutralized with Tyrode’s solution containing 50 mM NH4Cl, which 
replaced NaCl on an equimolar basis. NH4

+ solution was delivered by gravity flow 
through a capillary placed onto the cells. To electrically stimulate the cells, parallel 
platinum electrodes placed close to the cell soma delivered 30 mA, 1 ms pulses 
controlled by a Master 8 system (AMPI) and a stimulus generator (A385RC, World 
Precision Instruments). The stimulus used was 16 trains of 50 action potentials at 
50 Hz with 0.5 s intervals. All imaging experiments were performed at room tem-
perature (21-24 °C). For DCV fusion assays the imaging frequency used was 2 Hz. 

Image analysis. Stacks from time-lapse recordings acquired at 0.5 s intervals were 
used to analyze DCV fusion. NPY-mCherry: fusion events were scored as the com-
plete disappearance of a 2x2 pixel punctum after bleaching correction (ImageJ 
Bleaching correction plug-in). We only measured fusion events from neurites and 
excluded somatic fusion events. Null mutant cells were selected upon the pres-
ence of green fluorescence of Cre-EGFP in the nucleus. DCV fusion was only as-
sessed if Cre+ cKO neurons of the same litter plated on different coverslips did not 
show Synaptophysin-pHluorin fusion events  and a normal Ca2+ response mea-
sured with Fluo5-AM (see below). Synaptophysin-pHluorin: fluorescent traces 
were expressed as fluorescence change (∆F) compared to the initial fluorescence 
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(F0), obtained by averaging the first 4 frames of the time-lapse movie. Neurons 
were stimulated using the same paradigm used to elicit DCV fusion (16x50AP@50 
Hz). Fluo5-AM: neurons, infected with NPY-cherry and Cre-EGFP, were incubated 
for 20 minutes at 37 degrees and imaged at 2 Hz upon the same stimulation that 
was used to elicit DCV fusion (16x50AP@50 Hz). Fluorescent traces were expressed 
as fluorescence change (∆F) compared to initial fluorescence (F0).
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