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ABSTRACT
Munc18-1 is essential for secretion of neurotransmitters and neuropeptides. Munc18-1 is a soluble
cytosolic protein and interacts with the membrane protein syntaxin-1 during transport and fusion
of vesicles with the plasma membrane. However, the temporal and spatial regulation of Munc18-1
in highly compartmentalized neurons remains poorly understood. We generated knock-in mice
that express fluorescently tagged Munc18-1b, the major Munc18-1 isoform in brain, (Munc18-1-
Venus) from the endogenous munc18-1 locus to study the dynamic behavior of Munc18-1b in
neurons. Munc18-1-Venus is expressed at wild-type levels in the brain, and development and
neurotransmitter release is similar to wild-type neurons. Munc18-1b is strongly expressed in axons
and synapses in the hippocampus, thalamus and substantia nigra. We show that a second splice
variant, Munc18-1a, is mainly expressed in specific nuclei in the brainstem and Calyx of Held that
do not express Munc18-1b. Munc18-1a expression in these nuclei is strongly impaired in Munc18-
1-Venus knock-in mice, which may explain the postnatal lethality. We conclude that Munc18-1-
Venus knock-in mice serve as faithful model to study endogenous Munc18-1b dynamics, and may
be used to assess Munc18-1a function in brainstem and the Calyx of Held.

Tony Cijsouw, Torben Hager, JensWeber, Matthijs Verhage & Ruud F. Toonen

Parts of this chapter were published together with chapter 3 in Journal of Cell Biology 204 (5): 759-775
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2.1 INTRODUCTION
Members of the Sec1/Munc18 (SM) protein family play crucial roles in the cycling of membranes
from the endoplasmic reticulum to the plasma membrane. The exocytosis of neuropeptides and
neurotransmitters in neurons, and neuropeptides and catecholamines in adrenal chromaffin cells
is executed by the SM protein Munc18-1 together with the multi-subunit SNARE-protein complex
of synaptobrevin-2/VAMP2, syntaxin-1 and SNAP25 (Jahn and Fasshauer, 2012; Jahn and Scheller,
2006; Rizo and Südhof, 2012; Südhof and Rothman, 2009; Toonen and Verhage, 2007). Munc18-1 is
essential for synaptic vesicle fusion; deletion of munc18-1completely arrests release of
neurotransmitters (Verhage et al., 2000). Munc18-1 is also critically involved in the release of
hormones from the anterior pituitary and pancreatic islet β-cells (Korteweg et al., 2005; Oh et al.,
2012). Genetic mutations in munc18-1 are found in patients suffering from epilepsy and
intellectual disability, and dysregulation of Munc18-1 is implicated in Alzheimer’s disease and
schizophrenia (Hamdan et al., 2009; Jacobs et al., 2006; Mastrangelo et al., 2013; Milh et al., 2011;
Saitsu et al., 2008; Urigüen et al., 2013; Vatta et al., 2012). Hence, Munc18-1 is required for normal
function of the brain and other secretory organs. However, the molecular mechanisms that
control its transport and localization to sites of secretion remain largely unknown.

Munc18-1 is a soluble cytosolic protein initially found as interacting partner of the SNARE protein
syntaxin-1 (Garcia et al., 1994; Hata et al., 1993; Pevsner et al., 1994). Munc18-1 binds syntaxin-1
with high affinity, clamping syntaxin-1 in a closed conformation that is unable to bind other
SNAREs to form the SNARE complex essential for fusion (Dulubova et al., 1999; Misura et al., 2000).
This closed-form interaction may prevent premature SNARE complex formation and support
proper transport of the syntaxin/Munc18 dimer to the plasma membrane. Indeed, abrogated
Munc18-1 expression results in aberrant targeting (McEwen and Kaplan, 2008; Medine et al., 2007;
Rowe et al., 2001) and strongly reduced expression levels of syntaxin-1 (Verhage et al., 2000; Voets
et al., 2001; Zhou et al., 2013); vice-versa, Munc18-1 levels are strongly reduced in neurons devoid
of syntaxin-1 (Zhou et al., 2013). Hence, the syntaxin-1/Munc18 dimer may function as a co-
chaperone complex aiding the transport and preventing the premature breakdown of its
constituents. Once this complex arrives at the target site for fusion, the Syntaxin/Munc18 dimer
may function as the starting point for SNARE complex formation (Jahn and Fasshauer, 2012; Ma et
al., 2012; Rizo and Südhof, 2012). During this process, Munc18-1 binds the N-terminal peptide of
syntaxin-1 (Khvotchev et al., 2007; Shen et al., 2007) with micro molar affinity (Xu et al., 2010),
which could lead to temporary dissociation and diffusion of Munc18-1 into the cytoplasm (Zilly et
al., 2006). It is debated if Munc18-1 is required in later steps of fusion (Meijer et al., 2012; Zhou et
al., 2013), but it is assumed that after fusion and cis-SNARE disassembly Munc18-1 quickly re-
associates with syntaxin-1 most likely in the closed-formation (Chen et al., 2008Ma et al., 2012;
Rizo and Südhof, 2012). Hence, despite a large body of work on function of Munc18-1 in vesicle
fusion and its interaction with syntaxin-1 the dynamics of Munc18-1 at sites of secretion are
poorly understood.

Type II transmembrane proteins, like syntaxin-1, are inserted into the endoplasmic reticulum (ER)
after translation on free ribosomes (Kim et al., 1999; Kutay et al., 1995; Steel et al., 2002) (Reviewed
in (Borgese and Fasana, 2011; Burri and Lithgow, 2004; Wattenberg and Lithgow, 2001) and
transported through the Golgi apparatus towards target membranes. Although direct evince is
lacking, Munc18-1 may bind Syntaxin1 directly after translation allowing undisturbed trafficking
of syntaxin-1 through the Golgi and to the plasma membrane (Liu et al., 2004; McEwen and
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Kaplan, 2008; Medine et al., 2007; Rowe et al., 2001; Rowe et al., 1999). In developing neurons,
syntaxin-1 is transported on vesicles via kinesin adaptor proteins syntabulin- (Su et al., 2004) and
FEZ1- (Chua et al., 2012) dependent pathways. Other than Munc18-1’s presence in
Syntaxin/FEZ1/Kinesin transport complexes (Chua et al., 2012) it is largely unknown whether
Munc18-1 depends on syntaxin-1 mediated transport for proper targeting to fusion sites.

To investigate the dynamics of endogenous Munc18-1 in neurons and other secretory cells such
as chromaffin cells we created mice expressing fluorescently tagged Munc18-1b, the major
Munc18-1 isoform in brain, from the endogenous munc18-1 locus. We confirm proper expression
and targeting of Munc18-1b in brain, show that cultured neurons develop normally, and that
synaptic transmission is normal. Hence, Munc18-1-Venus functions as wild-type Munc18-1b. We
characterized expression of the two splice variants of Munc18-1 in more detail and show that
Munc18-1a is the main Munc18-1 isoform expressed in specific brainstem nuclei, and in the Calyx
of Held. In addition, we show that expression of Munc18-1a is impaired in Munc18-1-Venus mice.
This provides a plausible explanation for the postnatal death of homozygous Munc18-1-Venus
mice. We conclude that Munc18-1-Venus knock-in mice serve as faithful model to study
endogenous Munc18-1b dynamics, and may serve as a model to study Munc18-1a function in
brainstem and the Calyx of Held.

Figure 2.1 Generation and confirmation of Munc18-1-Venus KI mouse A, Generation of Munc18-1-Venus
(M18V) knock-in gene. Diagrams indicate the wild-type (WT) munc18-1 gene, targeting vector, M18V-neo-
knock-in gene, and Cre-recombined M18V gene. Exons are indicated by grey boxes and numbered. The black
and grey horizontal bars indicate the probe used for Southern Blot analysis and PCR products used for
genotyping, respectively. A 5 kbp section is not shown (arrowhead). Other features are indicates as: LoxP, Cre
recombinase recognition loxP sites; Venus, Venus cDNA; AvrII, restriction enzyme site; NEO, neomycin
resistance gene; TK, thymidine kinase promoter; pGEM-T Easy, targeting vector. B, Southern Blot analysis of
mouse tail DNA from heterozygous (+/m) and wild type (+/+) mice. DNA was AvrII-digested (see A). m, M18V-
neo-knock-in gene (8.2 kbp); +, munc18-1 gene (6.3 kbp). C, Agarose gel of PCR products (see A) from WT
(+/+), heterozygous (+/m) and homozygous (m/m) mouse tail DNA. M18V, munc18-1-Venus gene PCR
product, 449 bp; M18, munc18-1 gene PCR product, 195 bp. D, Western Blot of brain lysate of +/+, +/m, and
m/m mice with staining against M18(V). Tubulin as loading control. E, Quantification of M18(V) expression
levels in +/+ and m/m brain lysate. Homogenates from +/+ and m/m brains were analyzed by SDS-PAGE (10 µg
of protein per lane) and Western blotting with Munc18-1 antibodies. M18(V) protein levels were normalized to
VCP protein levels for each mouse (N = 6). F, Western Blot of brain region lysate of m/m and +/+ mice at E18
with staining against M18(V). VCP as loading control. G, Hippocampal localization of Munc18-1-Venus KI
fluorescence in m/m (M18V homozygote) brain slice (left) and of antibody stained Munc18-1 in WT (+/+) mice
(right) compared with synaptic marker VAMP and dendritic marker MAP2 (in zoomed panels). CA3,
hippocampal CA region; Str, striatum; arrowhead, mossy fiber terminals of the stratum lucidum. Scale bar, 100
µm in overview images and 25 µm in zoomed panels.
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Figure 2.2 Morphology of Munc18-1-Venus KI hippocampal autapse cultures Characterization of neuron
morphology of wild-type (WT, grey) and Munc18-1-Venus KI (M18V, green) hippocampal autapse cultures. A,
Dendrite length measured using MAP2 staining at 1-2 days in vitro (DIV), 3-4 DIV, and 7-8 DIV (Mann-Whitney
(M-W) test: WT 1-2 DIV n = 26 cells, M18V 1-2 DIV n = 44 cells, p = 0.049; WT 3-4 DIV n = 27 cells, M18V 3-4 DIV
27 cells, p > 0.05; WT 7-8 DIV n = 26 cells, M18V 7-8 DIV 32 cells, p > 0.05). B, Axon length measured using a
cocktail of AnkyrinG and Smi-321 antibodies at 1-2 DIV, 3-4 DIV, and 7-8 (M-W: WT 1-2 DIV n = 26 cells, M18V 1-
2 DIV n = 44 cells, p > 0.05; WT 3-4 DIV n = 27 cells, M18V 3-4 DIV n = 27 cells, p > 0.05; WT 7-8 DIV n = 26 cells,
M18V 7-8 DIV n = 32 cells, p > 0.05). C, Dendrite length measured using MAP2 staining at DIV 14 (M-W test: WT
n = 32 cells, M18V n = 27 cells, p > 0.05). D, Synapse number per cell measured using synapsin staining at 14
DIV (unpaired t-test: WT n = 13 cells, M18V n = 13 cells, p > 0.05). E, Typical example images of hippocampal
m/m neurons at DIV 3 stained for dendrites (MAP2) and axon (Smi-312). Bar, 10 µm. F, Typical example images
of hippocampal m/m neurons at DIV 14 stained for MAP2 and Smi-321. Bar, 20 µm. G, Typical example images
of hippocampal m/m neurons at DIV 14 stained for MAP2 and Synapsin. Bar, 20 µm.

2.2 RESULTS

2.2.1 MUNC18-1-VENUS MICE AS REPORTERS OF ENDOGENOUS
MUNC18-1
Munc18-1-Venus knock-in (KI) mice were generated with Venus cDNA replacing the stop codon of
exon 20 of munc18-1 (Figure 2.1A) by homologous recombination in embryonic stem cells (Figure
2.1B). Wild-type (+/+), Munc18-1-Venus heterozygous (+/m) and homozygous (m/m) genotypes
were detected by PCR (Figure 2.1C). Total brain protein levels of Munc18-1-Venus in m/m mice
were indistinguishable from Munc18-1 in +/+ littermates (Figure 2.1D-F). Munc18-1-Venus levels
were lower than wild-type, untagged, Munc18-1 in +/m littermates as was found for Munc13-1-
EYFP mice (Figure 2.1D) (Kalla et al., 2006), and comparable to Munc18-1-Venus expression levels
in -/m littermates (Figure S2.1). Munc18-1-Venus expression in the hippocampus of m/m mice was
comparable with Munc18-1 in brain of +/+ mice, Munc18-1 expression was high in axonal fibers of
the corpus callosum and in mossy fiber terminals of the stratum lucidum in the hippocampus
(Figure 2.1G).

The function of Munc18-1 is important for neurite outgrowth in culture (Broeke et al., 2010).
Developing dendrites (MAP2 antibody staining, Figure 2.2A and E) and axons (SMI-312 antibody
staining, Figure 2.2B and E) of Munc18-1-Venus KI hippocampal neurons at 2, 4, and 8 days in vitro
(2, 4, 8 DIV) were indistinguishable from wild-type (WT) littermates. Also, dendrite length (Figure
2.2C and F) and total synapse number (Figure 2.2D and G) of fully developed neurons at 14 DIV
were similar in WT and Munc18-1-Venus KI. To confirm that mature Munc18-1-Venus KI neurons
were fully functional, we performed whole-cell patch clamp electrophysiology on autaptic
hippocampal neurons at 14 DIV comparing WT and Munc18-1-Venus KI littermates. EPSC
amplitudes (Figure 2.3A), short-term plasticity (STP, Figure 2.3B and F), spontaneous miniature
EPSC frequency and amplitude (Figure 2.3C and G), the size of the readily release vesicle pool (RRP
size, Figure 2.3D) and RRP recovery (Figure 2.3E and G) of Munc18-1-Venus KI autaptic
hippocampal cultures were indistinguishable from WT. Together these results demonstrate that
the Venus tag does not interfere with neuron morphology and synaptic transmission.
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To better understand the function of Munc18-1 we characterized the fluorescence pattern of
sagittal sections of P14 Munc18-1-Venus KI mice. Munc18-1-Venus was present throughout the
brain, but fluorescence expression levels varied from region to region (Figure 2.4A). Munc18-1-
Venus expression was relatively high in the basal ganglia (BG, Figure 2.4A), hippocampus (H,
Figure 2.4A, B and E), substantia nigra reticular part (SNr, Figure 2.4A, B), thalamus (Th, Figure 2.4A,
B), and axonal fibers from the molecular layer of the cerebellar cortex (Figure 2.4A, B and D), layer
1 of the neocortex (Co, Figure 2.4B), and the corpus callosum (cc, Figure 2.4E). Munc18-1-Venus
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expression was relatively low at the internal granular layer of cerebellar cortex (Gr, Figure 2.4D),
and specific nuclei in the brainstem (Figure 2.4B and C). In the hippocampus, Munc18-1 was
strongly expressed at the infrapyramidal (IMF) and suprapyramidal (SMF) mossy fibers of the
stratum lucidum (Figure 2.4E). This area is characterized by innervations, the mossy fibers, from
the dentate gyrus granular cells that synapse onto the thorny excrescences and spiny dendrites of
the CA3 pyramidal neuron (Hobert, 2009), and plays an important role in short-term memory of
new spatial information (Kesner, 2013). Many of the structures rich in Munc18-1-Venus are also
rich in axonal fibers, in line with the axonal expression of Munc18-1 in cultured cells (Figure 2.2E,
G) and (Garcia et al., 1995). Together, these results show that Munc18-1 is highly expressed in most
brain areas and preferentially resides in axons.

2.2.2 HOMOZYGOUS MUNC18-1-VENUS KI MICE LACK MUNC18-1A
IN SPECIFIC NUCLEI IN THE BRAIN STEM
We have shown that Munc18-1-Venus is expressed at WT levels in brain and the Venus tag does
not interfere with the function of Munc18-1 in cultured hippocampal neurons. Hence, Munc18-1-
Venus is a genuine reporter of endogenous Munc18-1. However, some specific nuclei in the
brainstem did not show Munc18-Venus expression.

Munc18-1 is expressed as two splice variants: Munc18-1a and Munc18-1b (Figure 2.5A)(Garcia et
al., 1995). The Munc18-1a mRNA transcript contains all twenty exons of the gene, however exon
19 contains a stop codon that places the remainder of exon 19 and full exon 20 into the 3’
untranslated region (3’ UTR). Through alternative splicing of the pre-mRNA Munc18-1 transcript,
the Munc18-1b mRNA transcript looses exon 19 (and its stop codon) and exon 20, with its own
stop codon, becomes part of the translated mRNA. In Munc18-1-Venus KI mice, the Venus
sequence replaced the stop codon of exon 20. Hence, Venus is expressed fused to Munc18-1b and
because it is part of the 3’ UTR of Munc18-1a it does not tag Munc18-1a. We established that
Munc18-1(b)-Venus is the major isoform expressed in brain and fully functional (Figure 2.2-4).
Since the 3’ UTR of mammalian genes contain many regulatory sequences for RNA stability,
splicing and translation (Barrett et al., 2012; Jia et al., 2013; Michalova et al., 2013), we investigated
the expression of Munc18-1a in developing mouse brain. We observed that Munc18-1a is mainly
expressed in brainstem and cerebellum (Figure 2.5B), in line with previous results (Garcia et al.,
1995). Munc18-1a protein expression levels in these areas of homozygous Munc18-1-Venus mice
were severely reduced (Figure 2.5B). To investigate the endogenous expression of Munc18-1a, we
stained the brainstem of WT mice for Munc18-1a. We found that Munc18-1a is mainly expressed in
specific nuclei of the brainstem: the lateral reticular nucleus (LRN), the facial nucleus (VII), and the
superior olivary complex (SOC) (Figure 2.5C and E). Interestingly, these areas, specifically the LRN
and the SOC, were mostly devoid of Munc18-1-Venus, the Munc18-1b splice variant (Figure 2.5D
and F). More importantly, in Munc18-1-Venus mice, Munc18-1a expression was severely reduced
in these nuclei (compare Figure 2.5E and G). Hence, in Munc18-1-Venus mice, these nuclei are
devoid of any Munc18-1 isoform and as a consequence not able to release neurotransmitters. The
LRN and SOC nuclei are major centers controlling movement (LRN) and hearing (SOC), which may
be affected in Munc18-1-Venus mice.

Homozygous Munc18-1-Venus mice did not reach the adult stage. Offspring of timed matings of
+/m mice were genotyped using standard PCR protocols (Figure 2.1C). At birth (E18 or P1), when
embryos were sacrificed and brains used for hippocampal cell culture, the distribution of offspring
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Figure 2.3 Morphology and synaptic transmission of Munc18-1-Venus KI hippocampal neurons is
indistinguishable from wild-type neurons Characterization of electrophysiology of wild-type (WT, grey) and
Munc18-1-Venus KI (M18V, green) hippocampal autapse cultures. A, Single evoked EPSC amplitudes (WT 6.4 ±
0.9 nA, n = 22; M18V 6.8 ± 1.0 nA, n = 24; M-W test p > 0.05). B, Normalized short-term plasticity (STP) curves
with 5 EPSCs in 1 Hz (left), 10 Hz (middle) and 50 Hz (right) Inter-Stimulus Interval (ISI). Insets: paired-pulse-
ratios (PPRs; WT 1 Hz 0.9180 ± 0.025, n = 14, M18V 1 Hz 0.921 ± 0.017, n = 18; WT 10 Hz 0.769 ± 0.049, n = 12,
M18V 10 Hz 0.804 ± 0.041, n = 19; WT 50 Hz 0.557 ± 0.044, n = 15, M18V 50 Hz 0.514 ± 0.046, n = 19; M-W test p
> 0.05 for all). C, Frequency (left) and amplitude (right) of spontaneous miniature events (mEPSC; WT
frequency 13.1 ± 2.1 Hz, n = 19, M18V frequency 13.5 ± 2.2 Hz, n = 20; WT amplitude 27.4 ± 1.6 pA, M18V
amplitude 28.9 ± 1.4 pA; M-W test p > 0.05). D, Cumulative EPSC amplitudes in a 100 AP, 40 Hz train with
readily-releasable pool size estimation via steady-state back extrapolation (Inset, pool size in WT 41.9 ± 0.1 nA,
n = 13; M18V 42.1 ± 0.2 nA, n = 14; M-W test p > 0.05). E, RRP recovery after train depletion (using 100 AP at 40
Hz) and a test pulse with varying Inter-Stimulus Intervals (ISIs) (Recovery tau: WT 665 ms n = 20; M18V 659 ms
n = 15; M-W test p > 0.05). F, Example traces for STP experiments at 50 (upper) and 1 Hz (lower). G, Example
traces for spontaneous miniature EPSCs (upper) and 100 AP, 40 Hz stimulus train with a recovery test pulse (ISI
400 ms) (lower). Data plotted as means ± SEM (error bars).
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showed a deviation from Mendelian frequency: 15% of siblings were homozygous for Munc18-1-
Venus (Table 2.1). This percentage remained stable until the moment (P14) that siblings from
routine breedings were weaned and genotyped for further breeding. From that moment on,
homozygous Munc18-1-Venus mice were progressively smaller than siblings, displayed abnormal
movements and occasionally had seizure-like behaviors. In addition, their capability to grab and
climb was reduced and motor coordination was affected. Before three weeks of age, all
homozygous mice had died or had to be euthanized according to institutional and Dutch
governmental guidelines for animal welfare.

Together, these results show that Munc18-1a is a brainstem specific isoform that is no longer
expressed in Munc18-1-Venus mice resulting in postnatal lethality of Munc18-1-Venus mice.

2.2.3 MOTOR ACTIVITY OF MUNC18-1-VENUS MICE IS NORMAL
To further characterize the phenotype of young Munc18-1-Venus mice, we turned to behavioral
testing that would ideally probe the areas involved in locomotion and where Munc18-1a is lacking
in Munc18-1-Venus mice. We were limited in the choice of tests since the mice were relatively
young and smaller than siblings. We assessed locomotor activity by a photo beam detection
system controlled by a fear conditioning system. Two different surfaces of floor plates were used.
The floor of setup A consisted of a plain plastic plate, which was replaced by a stainless steel grid
(4 mm diameter, 9 mm spacing) in setup B. The detected activity consisted of locomotor activity
but also included local body movements. Locomotor activity of mice was monitored for 8 minutes
in each of the twosetups on three consecutive days.Overall, during all sessions and on all surfaces,
no significant difference in locomotor activity could be observed between Munc18-Venus-KI and
WT mice (rmANOVA: F2,68=0.523, P=0.594; Figure 2.6). Separate tests for each surface also did not
reveal significant differences in locomotor activity as an effect of the genotype (rmANOVA: Plain:
F2,68=0.498, P=0.610; Grid: F2,68=0.655, P=0.523; Figure 2.6). Additionally, throughout all sessions
and on all surfaces, no effect of gender on locomotor activity could be observed (rmANOVA:
F1,34=1.172, P=0.2808; Data not shown). Consequently, neither the interaction genotype*gender,
genotype*surface nor genotype*gender*surface showed significant effects. The surface of the
floor had a significant effect on locomotor activity,within and across sessions, in both genotypes

Figure 2.4 Characterization of Munc18-1-Venus expression in mouse brain A, Munc18-1-Venus (M18V)
expression in sagittal brain sections (P14). Cortex (Co), hippocampus (H), cerebellum (Ce), brainstem (BS),
substantia nigra, reticular part (SNr), thalamus (Th), and basal ganglia (BS) are indicated. B, Zoomed section of
A, showing M18V expression in the brainstem (left panel), cerebellum (middle panel), and part of the cortex,
hippocampus and thalamus (right panel). In the brainstem the dorsal cochlear nucleus (DCO), spinal nucleus of
the trigeminal, caudal part (SPVC), lateral reticular nucleus (LRN), facial motor nucleus (VII), superior olivary
complex (SOC), and pontine gray (PG) are indicated. C, Zoomed section of the brainstem in B, showing M18V
(left panel) expression, VAMP (middle panel) expression, and a composite (right panel), in the VII and SOC
region. D, Zoomed section of the cerebellum in B, showing M18V (left panel) expression, VAMP (middle panel)
expression, and a composite (right panel), in the molecular (Mol) and granular (Gr) layer of the cerebellum. E,
Zoomed section of the hippocampus in B, showing M18V (top panel) expression, VAMP (bottom panel)
expression, and a composite (right panel) of the hippocampus. Stratum oriens (so), pyramidal cell layer stratum
radiatum (sr), stratum lacunosum moleculaire (slm), molecular layer of the dendate gyrus (ml), granule cell
layer of the dendate gyrus (gcl), polymorphic layer (pl), thalamus (th), infrapyramidal (IMF) and suprapyramidal
(SMF) mossy fibers (stratum lucidum), alveus (al), corpus callosum (cc), and cerebral cortex (co).
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Figure 2.5 Munc18-1a expression in brainstem is impaired in premature dying Munc18-1-Venus KI mice
A, Genomic structure of munc18-1-Venus and munc18-1a and munc18-1b-Venus mRNA splice variants.
Dashed rectangle indicates recombinant Venus sequence, which is only expressed to protein in the Munc18-
1b splice variant (yellow) and is part of the 3’ untranslated region (3’ UTR) in Munc18-1a splice variant. B,
Munc18-1a is mainly expressed in brainstem and cerebellum. Note that Munc18-1a expression in homozygous
Munc18-1-Venus KI (m/m) brain, specifically brainstem, is severely reduced (arrow) compared to heterozygous
Munc18-1-Venus KI (+/m). C, Munc18-1a immunostaining shows specific Munc18-1a expression in the
Superior olivary complex (SOC), Facial motor nucleus (VII), and Lateral reticular nucleus (LRN) of the brainstem
of wild-type (WT: C, E) mice. Scale bar 200 µm (D, F). D, Munc18-1b-Venus is not expressed in nuclei of the
brainstem (SOC: Superior olivary complex; LRN: Lateral reticular nucleus; VII: Facial motor nucleus) of
homozygous Munc18-1-Venus knock-in (M18V KI: C, E, G) mice. E and F, Higher magnification of indicated
regions in C and D, respectively, shows that Munc18-1a is highly expressed in the SOC, which lacks Munc18-
1b-Venus expression. Scale bar 100 µm (D, E, F). G, Munc18-1a in SOC of homozygous Munc18-1-Venus KI mice
is strongly reduced compared to Munc18-1a expression in WT mice (E).

and a significant increase in locomotor activity can be observed in mice placed on the grid floor
(rmANOVA: across session: F1,68=162.632, P<0.0001; within session: Day 1: F1,68=9.344, P=0.0052,
Day 2: F1,68=18.122, P<0.0001, Day 3: F1,68=59.506, P<0.0001; Figure 2.6). Also, a significant effect
of the session on locomotor activity could be observed on both surfaces, i.e. both, on the plain as
well as on the grid floor locomotor activity increased significantly across sessions (rmANOVA: plain
Day 1 vs. Day 2: F1,68=15.317, P=0.0002; plain Day 2 vs. Day 3: F1,68=19.480, P<0.0001; grid Day 1
vs. Day 2: F1,68=13.485, P=0.0005; grid Day 2 vs. Day 3: F1,68=38.509, P<0.0001; Figure 2.6).
Consequently, the overall effect of the session on locomotor activity (rmANOVA: F1,68=68.594,
P<0.0001) as well as the interaction session*surface (rmANOVA: F1,68=17.247, P<0.0001) reveal
significant differences. These results show that Munc18-1-Venus mice have similar locomotor
activity in a standardized behavioural environment as their siblings. This suggests that motor
coordination, not activity, is affected in Munc18-1-Venus mice.

2.2.4 MUNC18-1A IS EXPRESSED IN THE CALYX OF HELD
The Calyx of Held is a well-studied central nervous system synapse located in the mammalian
auditory brainstem (Borst and Soria van Hoeve, 2012; Schneggenburger and Forsythe, 2006). The
Calyx of Held consists of a presynaptic terminal that engulfs its postsynaptic target, the soma of a
principal neuron of the medial nucleus of the trapezoid body (MNTB), located in the superior
olivary complex (SOC). Since we identified Munc18-1a as the main isoform expressed in the SOC,
we tested whether Munc18-1a is also the main isoform in the Calyx of Held in wild-type mice.
Indeed, we found that Munc18-1a is highly expressed in the MNTB and lateral superior olive (LSO)
of the SOC (Figure 2.7B), while Munc18-1b expression is relatively low/absent in these regions
(Figure 2.7C). Munc18-1a and Munc18-1b showed complementary expression in the SOC (Figure
2.7D), in line with earlier results (Figure 2.4 and 2.5). Confocal image slices of the MNTB revealed
high expression of Munc18-1a surrounding the large somas of principal neurons (Figure 2.7E) with
a typical Calyx of Held morphology (Lipstein et al., 2013; Xiao et al., 2010; Xiao et al., 2013). In
addition, Munc18-1a expression was also observed in the cytoplasm of principal cells that project
to the LSO (Figure 2.7E), in line with expression in the LSO (Figure 2.7B). Hence, Munc18-1a is
strongly expressed in the Calyx of Held and appears to be the main Munc18-1 splice variant in the
auditory brainstem.
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2.3 DISCUSSION
Munc18-1 is an essential component of the vesicle fusion machinery and global Munc18-1 levels
correlate with synaptic release. However, how local Munc18-1 levels are regulated and how
Munc18-1 is transported in the highly compartmentalized neuron remains to be tested. To this
end, we generated a mouse model that expresses fluorescently tagged Munc18-1b, the major
Munc18 isoform in brain, from its endogenous locus. We show that Munc18-1-Venus is expressed
at normal levels in the brain, localizes to similar brain structures as wild-type Munc18-1 and
functions identical to wild-type Munc18-1 in hippocampal cultures. In addition, we report that the
minor isoform Munc18-1a is expressed in specific nuclei in the brainstem and in the Calyx of held.
Finally, in Munc18-1-Venus knock-in mice expression of Munc18-1a is strongly reduced, which
may explain the postnatal death of these mice. Hence, Munc18-1-Venus KI mice provide a unique
model system to study dynamics of Munc18-1b in cortical and hippocampal neurons, and may be
a valuable tool to study the function of Munc18-1a in brainstem nuclei and the Calyx of Held.

2.3.1 MUNC18-1-VENUS IS A FULLY FUNCTIONAL, FLUORESCENT
MARKER FOR ENDOGENOUS MUNC18-1
We generated mice in which Munc18-1-Venus is expressed from the endogenous munc18-1locus.
As gene expression is controlled by genomic regulatory elements of which identity and location is
hard to predict, this strategy ensures that knocked-in fluorescent proteins are under control of all
genomic regulatory elements and temporarily and spatially expressed at the same level as their
wild-type versions (Chiu et al., 2002; Herzog et al., 2011; Kalla et al., 2006) in contrast to other
methods such as viral transduction of cDNA. Indeed, Munc18-1-Venus was expressed at normal
levels in the brain and spatial expression in the brain was indistinguishable from wild-type. Hence,
this approach prevents over-expression artifacts that may create imbalance in protein
stoichiometry, for example with Munc18’s major binding partner syntaxin-1. However, the Venus
tag adds a significant portion to Munc18-1 that could sterically hinder interactions with binding
partners and affect its function in vesicle fusion. We did not find evidence that suggests that the
Venus tag interferes with the function of Munc18-1. We confirmed that development, morphology
and neurotransmission of hippocampal neurons was normal in Munc18-1-Venus knock-in mice.
Therefore, we conclude that Munc18-1-Venus is a fully functional, fluorescent marker for Munc18-
1. In addition, the fluorescent signal from Venus resulted in a better contrast than
immunohistochemical staining of wild-type Munc18-1.

2.3.2 MUNC18-1 IS HIGHLY EXPRESSED IN AXONS AND SYNAPSES
OF THE MAMMALIAN BRAIN
Munc18-1 is required for neurotransmitter release at the synapse in the central and peripheral
nervous system (Verhage et al., 2000), and expressed at the axons (Garcia et al., 1995) and
synapses (Toonen and Verhage, 2007) of cultured neurons. In line with those observations we
found that Munc18-1 was expressed at areas rich in axonal fibers and synapses, such as layer 1 of
the cortex and the molecular layer of the cerebral cortex, and in areas that contain primarily
axonal projections such as the corpus callosum. In the hippocampus, the infrapyramidal mossy
fiber tract is relatively high in VAMP fluorescence compared to the suprapyramidal mossy fiber
(SMF) projections, while this is reversed for Munc18-1-Venus.
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Genotype:

Age: +/+ +/m m/m

E18 25% 60% 15%

P14 29% 53% 17%

Table 2.1 Survival of Munc18-1-Venus KI mice Genotype analysis of
offspring from heterozygous Munc18-1-Venus KI (+/m) parents at embryonic
day 18 (E18) and post-natal day 14 (P14).
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Figure 2.6 Locomotor activity of Munc18-1-Venus KI mice Mean locomotor activity of WT-, HZ-, and KI-mice
during 8 minutes (photobeam system detection rate: 0.1 Hz) either on a plain surface or a stainless steel grid. A
significant difference in locomotor activity as an effect of the genotype cannot be found on both surfaces and
during all sessions. The effects of surface and session both show significant differences within session as well
as across sessions. Vertical dashed lines define daily sessions. Error bars show S.E.M.
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Munc18-1 is expressed as two splice variants in the brain (Garcia et al., 1995). Munc18-1b is the major
variant expressed in the hippocampus and cortex of the mammalian brain and has been studied
extensively, while Munc18-1a is expressed in the brainstem and cerebellum, and is mostly absent
from the hippocampus and neocortex. Munc18-1a is functionally redundant to Munc18-1b when
expressed in hippocampal cultures, although it contains a unique CAMKII phosphorylation site (M.
Meijer, unpublished). No functional studies have addressed Munc18-1a’s role in synaptic
transmission in brainstem or cerebellum. A few studies suggest a role for Munc18-1a in
schizophrenia (Gil-Pisa et al., 2012; Urigüen et al., 2013). Munc18-1a and Munc18-1b show
complementary expression in the brainstem, which may suggest specific functions for both splice
variants. The Calyx of Held may be a good model system to study the function of Munc18-1a. We find
that in the Calyx of Held, Munc18-1a is the main splice variant expressed, not the canonical Munc18-
1b variant (Khvotchev et al., 2007). Recently, it was found that the Calyx of Held expressed different
isoforms of calcium sensors compared to hippocampal synapses (Chen et al., 2013; Xiao et al., 2010),
which may be a general characteristic of the neurotransmission machinery in the Calyx of Held
(Kochubey et al., 2011).

2.3.3 MUNC18-1A DEFICIENCY AND POSTNATAL DEATH OF
MUNC18-1-VENUS MICE
Homozygous Munc18-1-Venus mice at three weeks after birth were smaller, had uncoordinated
behavior, and died prematurely. Earlier studies reported successful knock-in of tagged versions and
expression in brain of different receptors (Lu et al., 2009; Scherrer et al., 2006; Usuku et al., 2005),
neurotransmitter transporters (Chiu et al., 2002; Herzog et al., 2011; Rao et al., 2012) and an active
zone protein (Kalla et al., 2006) without detrimental effects on mouse survival. We did not find defects
in the expression or function of the Munc18-1(b)-Venus protein. Instead, we observed that the splice
variant Munc18-1a, expressed in brainstem and cerebellum, was severely reduced in expression. The
Venus tag is not expressed in this variant, so we could rule out possible detrimental effects of the
Venus tag on the Munc18-1a protein. RNA transcription may also be normal since Munc18-1(b)-Venus
expression is unaffected. Most likely a defect exists at the Munc18-1a mRNA level; mRNA splicing,
stability or translation are controlled by regulatory elements in the 3’-UTR (the site of the inserted
Venus tag). Can a severe reduction of Munc18-1a in the brainstem and cerebellum result in the death
of the organism? Deletion of munc18-1 leads to complete arrest of neurotransmission,
neurodegeneration of affected neurons, and ultimately death of the affected mice (Dudok et al., 2011;
Verhage et al., 2000). A well-established role for the cerebellum is motor coordination, and it may also
play a role in higher cognitive functions (Reeber et al., 2013). The brainstem is vital for relaying
information from and to the sensory organs, e.g. coordinating motor control signals sent from the
brain to the body (Purves et al., 2001a; Purves et al., 2001b), and is involved in basal functions such as
blood pressure, breathing and heartbeat (Smith et al., 2013; Smith et al., 2009; Spyer and Gourine,
2009). It is likely that a malfunction in these areas leads to disruption of these functions and explains
the observed motor coordination problems and death. We show that locomotor activity is not altered;
therefore the observed locomotor problems may be caused by a problem in motor coordination and
not locomotor activity per se. Although we were not able to objectively determine that brainstem
nuclei were affected in Munc18-1-Venus mice, Munc18-1a appears to be exclusively expressed in
these nuclei that support basic life functions. As Munc18-1a expression is severely reduced in
Munc18-1-Venus mice, a robust effect on neurotransmission and neuronal survival in these areas is to
be expected. The globular bushy cells in the anteroventral cochlear nucleus and their Calyx of Held
synapses at the MNTB principal cells provides for a good system to test these hypotheses.
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Hence, in addition to the fact that Munc18-1-Venus mice provide an excellent model system to
answer important questions regarding spatial and temporal regulation of Munc18-1 transport and
targeting to sites of secretion in neurons and neurosecretory cells, Munc18-1-Venus KI mice could
prove an important mouse model to test Munc18-1a function in brainstem and Calyx of Held.

2.4 EXPERIMENTAL PROCEDURES

2.4.1 GENERATION OF MUNC18-1-VENUS KNOCK-IN MICE
A Venus cDNA fragment from pVenus-N1 (Nagai et al., 2002) was subcloned using restriction
enzymes (SmaI/NotI and SmaI, respectively) into pUC21 (Vieira and Messing, 1991), resulting in
pUC21VENUS. A loxNEOlox cassette (containing neomycin resistance gene and thymidine kinase
promoter flanked by two LoxP sites) was subcloned using SalI/ XbaI into pUC21VENUS in an
antisense orientation 3’ of the Venus STOP codon. The left cloning arm, a genomic sequence 5’ of,
and including, exon 20 of the munc18-1 gene from 129/Sv embryonic stem (ES) cell DNA, was
subcloned using PCR into pGEM-T Easy (Promega, Fitchburg, WI), resulting in pGEM-T Easy-Left-

Figure 2.7 Munc18-1 splice variant 1a (non-canonical) is expressed in the MNTB of mice A. Bright field
(bf ) image of a coronal section of P21 wild-type mouse brain (all images from same section), showing part of
the brainstem including MNTB (white oval) and and LSO. B. Fluorescence image of immunostaining against
Munc18-1a (M18-1a), showing relative high expression in the MNTB and LSO. C. Fluorescence image of
immunostaining against Munc18-1b (M18-1b), showing relative low expression in the MNTB and LSO. D.
Composite image of A, B, C showing non-complementary expression of Munc18-1a (red) and Munc18-1b
(green). E and F. Zoom, from image in B, of the MNTB region showing Munc18-1a expression in presynaptic
Calyces (arrowheads) and post-synaptic principal cells (*). In contrast, expression of Munc18-1b (F) is punctate
but unspecific for Calyces.
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Arm. The right cloning arm, a genomic sequence 3’ of exon 20 of the munc18-1 gene from 129/Sv
ES cell DNA, was subcloned using PCR into pGEM-T Easy, resulting in pGEM-T Easy-Right-Arm. The
right cloning arm was subcloned into pGEM-T Easy-Left-Arm using KpNI/AvrII and KpNI/SpeI.
Venus and the loxNEOlox cassette from pUC21VENUS were subcloned in between the left and
right arm, Venus replacing the STOP codon of exon 20 in-frame, creating the targeting vector
(Figure 2.1A). Mice carrying the munc18-1-venus-neo gene were generated by homologous
recombination in ES cells and identified by Southern blot (Figure 2.1B) or PCR (Figure 2.1C).
Heterozygous mice (+/m) were crossed with EIIa-cre mice, which express Cre recombinase in early
embryonic stages (Lakso et al., 1996), to remove the neomycin resistance cassette. All imaging
experiments were conducted on hippocampal neurons of +/m times +/m crosses. All animals
were housed and bred according to the institutional and Dutch governmental guidelines for
animal welfare.

For genotyping of the mice, DNA was isolated from mouse tails. This was done by lysing the tails in
lysis buffer, consisting of 100 mM NaH2PO4, 10 mM Tris (pH 8.0), 100mM NaCl, and 100 µg/ml
proteinase K, in a waterbath at 55°C. Isopropanol was added and the precipitated DNA was fished
out, washed in 70% ethanol, and dissolved in water, again in a water bath at 55°C. PCR was
performed using Taq polymerase. Primers used were rt27, rz197, and mav451, which were
engineered at the lab and produced by Sigma. Amplified DNA was separated using 1% w/v
agarose gels and stained with ethidium bromide and visualized using UV light and a camera. The
sequences that were amplified using PCR are indicated in Figure 2.1A by grey bars. The wild-type
Munc18-1 gene results after amplification with engineered primers and separation in a band of
approximately 200 basepairs (bp). Amplification of the Munc18-1-Venus fusion gene results in a
band of approximately 500 bp (Figure 2.1C).

2.4.2 NEURONAL CULTURES
Dissociated hippocampal cultures were obtained from E18 m/m mice as described previously
(Meijer et al., 2012). In brief, hippocampi were dissected in HEPES buffered HBBS (Invitrogen) and
digested with 0.25% trypsin (Invitrogen) at 37° C for 20 min. After washing and trituration, cells
were plated at a density of 2,000 cells/well on microislands of rat glia as described previously
(Meijer et al., 2012). Cultures were kept in Neurobasal medium (containing 2 % B27, 18 mM HEPES,
0.5 mM GlutaMAX, and penicillin/streptomycin; all obtained from Invitrogen), and half the
medium was replaced once every week in low density cultures. Neurons were used for
experiments at 14-21 days in vitro(DIV).

2.4.3 ELECTROPHYSIOLOGICAL RECORDINGS
Electrophysiological recordings were performed on autaptic glutamatergic hippocampal neurons
at room temperature (± 21°C) as described earlier (Weber et al., 2010). Isolated hippocampal
neurons were plated on astrocyte micro islands (Bekkers and Stevens, 1991) in Neurobasal
medium (Invitrogen, Carlsbad, CA) supplemented with B-27 (Invitrogen), 17.3 mM HEPES, 1%
GlutaMax-I (Invitrogen), 1% penicillin/streptomycin (Invitrogen). Autaptic cells between 10 and 14
DIV were used for experiments. The patch-pipette solution included 135 mM K-gluconate, 10 mM
HEPES, 1 mM EGTA, 4.6 mM MgCl2, 4 mM Na-ATP, 15 mM creatine phosphate and 50 U/ml
phosphocreatine kinase, 300 mOsm, pH 7.3. The standard extracellular medium consisted of 140
mM NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM glucose, 4 mM CaCl2and 4 mM MgCl2, 300 mOsm, pH
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7.3. Cells were whole-cell voltage clamped at −70 mV with an EPC-9 amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany) under control of Pulse 8.80 software (HEKA Elektronik). Currents were
low-pass filtered at 1 or 5 kHz and stored at either 10 or 20 kHz. Pipette resistance ranged from 4
to 6 MΩ. The series resistance was compensated for 75%. Only cells with series resistances below
20 MΩ were analyzed. EPSCs were evoked by depolarizing the cell from −70 to 0 mV for 2 ms.

2.4.4 IMMUNOCHEMISTRY
Cultured neurons from 1 to 14 DIV were fixed in 3.7 % formaldehyde in PBS, pH 7.4, for 20 minutes
at room temperature (RT). Neurons were washed three times in PBS, permeabilized in 0.5 % Triton
X-100 (Sigma-Aldrich) in PBS for 5 minutes and incubated with blocking solution (PBS containing
2 % normal goat serum, 2 % bovine serum albumin and 0.1 % Triton X-100) for 30 minutes at RT.
Neurons were then incubated with primary antibodies in blocking solution for 1 h at RT, washed 3
times with PBS, and incubated with secondary antibodies conjugated to Alexa Fluor in blocking
solution for 1 hour at RT (1:1000, Invitrogen). Primary antibodies used were chicken polyclonal
MAP2 (1:20,000; Abcam), mouse monoclonals AnkyrinG (1:1000; Santa Cruz (SC-12719) and Smi-
312 (1:500; Covance), and rabbit polyclonal synapsin (1:2000; SySy). Finally, cells were washed
three times in PBS and coverslips were mounted in Mowiol on glass slides. Images were acquired
on a confocal microscope (LSM 510 Meta, Zeiss) with a 63x oil objective, NA 1.4 and analyzed in
Matlab using SynD (Schmitz et al., 2011).

For labeling of brain slices, P14-P21 WT and Munc18-1-Venus KI mice were perfused transcardially
with 4% PFA in PBS, brains were removed and post-fixed in 4% PFA in PBS overnight.
Subsequently, brains were submerged in 30% sucrose in PBS for 3 days prior to cryo-sectioning.
Before incubation in blocking solution (5% normal goat serum, 2.5% BSA, 0.2% Triton X-100 in
PBS) for 1 h, 35 µm cyrosections were incubated in 1% H2O2 for 30 min and rinsed with PBS.
Sections were incubated with primary antibody in blocking solution overnight at 4˚ C on a shaker.
Primary antibodies used were rabbit polyclonal Munc18-1b (1:200, SySy), chicken polyclonal MAP2
(1:200; Abcam) and mouse monoclonal VAMP-2 (1:500, SySy). Cryosections were then washed 4
times in PBS and incubated with secondary antibody (Alexa Fluor, Invitrogen) diluted in blocking
solution for 2 h on a shaker. Finally, cryosections were mounted in 2.5% DABCO (Invitrogen) in
Mowiol on glass slides. All steps were performed at RT, unless otherwise stated. Images were
acquired on a confocal microscope (LSM 510 Meta, Zeiss) with either a 10x air objective and 0.7x
mechanical zoom (Figure 2.1G, top) or a 40x objective (1.3 NA) and 0.7x mechanical zoom (Figure
2.1G, bottom).

To characterize protein expression levels of Munc18-1(-Venus) in brain tissue, whole or sections of
mouse brains were homogenized and dissolved in Laemmli sample buffer consisting of 2% w/v
sodium dodecyl sulfate (SDS), 10 % v/v Glycerol, 0.26 M β-mercaptoethanol, 60 mM Tris-HCl pH
6.8, and 0.01% w/v Bromophenolblue. Samples were separated on 10% acrylamide gels using the
standard SDS-PAGE technique. Proteins were transferred to PVDF membranes using the standard
Western blot technique (1 hour at 350 mA). Blots were incubated in 2% powdered milk and 0.5%
bovine serum albumin (BSA) in PBS containing 0.01% Tween-20 (PBS-tween) for 1 hr at 4°C, and
incubated with primary antibody in PBS-tween for 1 hr at 4°C. After washing three times for 5
minutes with PBS-tween, blots were incubated with anti-rabbit or anti-mouse alkaline
phosphatase (Sigma) in PBS-tween for 1 hr at 4°C, and washed three times for 10 min in PBS-
tween. Blots were incubated with ECF substrate for 5 minutes at room temperature (RT) and
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scanned on a Fuji FLA-5000 scanner (Fuji Photo Film Co., Ltd., Japan) using a 473 nm laser and an
LPG green emission filter. Primary antibodies used were polyclonal rabbit anti-Munc18-1b(2701;
in-house, (de Wit et al., 2006)) and monoclonal mouse anti-tubulin (Synaptic Systems, Goettingen,
Germany),polyclonal rabbit anti-VCP (K331; (Sugita and Südhof, 2000)), monoclonal mouse anti-
Actin (Chemicon) and polyclonal goat anti-Munc18-1a (EB06140, Everest Biotech). Images of
western blots were loaded into ImageJ (NIH, USA) and protein expression was quantification by
integration of all grey values in a protein band.

2.4.5 BEHAVIORAL TESTING
Mice (P14-P16) were individually housed in standard Macrolon cages (type 2: 22x16x13 cm)
together with their littermates and their mother with free access to food and water at a constant
ambient temperature of 21 ± 1°C and 55 ± 5% humidity. The experiments were performed during
the light phase of a 12-h dark/light cycle with lights switched on at 7 a.m. under the same ambient
conditions as described above. For behavioral testing, they were transferred from their home-cage
into the behavioral setup. Two setups were used, which differed exclusively in the surface of their
floor plate. The floor in setup A consisted of a plain plastic plate (21 x 36 cm), while this plate was
replaced by a stainless steel grid (21 x 36 cm, 4 mm diameter, 9 mm spacing) in setup B.

Locomotor activity was assessed by a photo beam detection system (10 Hz detection rate),
controlled by a fear conditioning system (TSE, 303410, Bad Homburg, Germany). Minimum grid
area covered by photo beams was 1.3 x 2.5 cm. The detected activity consisted of locomotor
activity but also included local body movements. Locomotor activity of mice was monitored for 8
minutes in each of the both setups. The setups were thoroughly cleaned after each session with
70% ethanol solution. Mice were tested on three consecutive days, with a randomized sequence
of testing (animal x setup).

2.4.6 STATISTICS
Differences between two groups were tested for significance using a Student’s t test for unpaired
data when data passed a normality test (Kolmogorov-Smirnov) and a Mann-Whitney (M-W) test
when not. Differences were regarded significant when p < 0.05. Statistics were performed in SPSS
(IBM). All data plotted as mean ± SEM (error bars or shaded area) in arbitrary units.
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Figure S2.1 Decreased Munc18-1b-Venus expression is independent
of Munc18-1b A. Western blot of brain lysate of +/+, +/m, and -/m mice
stained for M18V. Tubulin was used as a loading control. B. Quantification
of M18V expression levels in +/m and -/m brain lysate. Homogenates were
analyzed by SDS-PAGE (10 µg of protein per lane) and Western blotting
with Munc18-1 antibodies. M18V protein levels were corrected for loading
and normalized to wild-type Munc18-1 in +/+ mice (n = 3 mice per
genotype from three independent litters). Error bars indicate mean ± SEM.
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