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ABSTRACT
Brain function requires the precisely orchestrated connectivity between neurones. Establishment of these
connections is believed to require signals secreted from outgrowing axons, followed by synapse formation
between selected neurones. Deletion of a single protein, munc18-1, in mice leads to a complete loss of
neurotransmitter secretion from synaptic vesicles throughout development. However, this does not prevent
normal brain assembly, including layered structures, fibre pathways, and morphologically defined synapses.
After assembly is completed, neurones undergo apoptosis, leading to widespread neurodegeneration.
Thus, synaptic connectivity does not depend on neurotransmitter secretion, but its maintenance does.
Neurotransmitter secretion functions to validate already established synaptic connections.
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Synapses are focal points of communication between nerve cells. Together, billions of synapses account
for the unique connectivity of the brain (Sheperd, 1990). To establish the synaptic network, outgrowing
axons are precisely directed to their targets using a variety of guidance cues and recognition signals on the
outgrowing axon and the target cell (Keynes and Cook, 1995; Goodman, 1996; Tessier-Lavigne and
Goodman, 1996). Fusion of neurotransmitter vesicles at the axon tip is believed to supply the membrane for
axonal outgrowth (Catsicas et al., 1994; Osen-Sand et al., 1996; Williamson and Neale, 1998). The
concomitant neurotransmitter release is thought to have a trophic role, and to provide essential signals for
the correct targeting of axons and synapse formation: components of the presynaptic secretion machinery
are already expressed in immature neurons before they differentiate (Fletcher et al., 1991; Daly and Ziff,
1997). These components are targeted to the axon tip where they are thought to be essential for axonal
outgrowth in vitro (Matteoli et al., 1992; Osen-Sand et al., 1993, 1996; Catsicas et al., 1994; Igarashi et al.,
1997; Williamson and Neale, 1998). Outgrowing neurons have an active synaptic vesicle cycle, secrete
neurotransmitters prior to synapse formation, and upregulate this secretion once the growth cone comes
close to its target (Xie and Poo, 1986; Sun and Poo, 1987; Coco et al., 1998). After synapses have formed,
the secretion capacity of nerve terminals is upregulated, and the Ca2+-affinity and tetanus toxin sensitivity
increase.

Many genes that function in neurotransmitter secretion at mature synapses have been identified (Sudhof,
1995; Calakos and Scheller, 1996), and drastic phenotypes have been observed upon deleting such genes
in mice (Fernandez-Chacon and Sudhof, 1999). However, all currently known gene-deletions show normal
brain development. This can be explained by the fact that only certain aspects of the presynaptic function
are abolished in these mutants. In particular, spontaneous, quantal transmitter release is retained even in
the most severely affected mutants (Geppert et al., 1994b; Augustin et al., 1999). We have now identified
the munc18-1 gene as essential for all components of neurotransmitter release throughout the brain.
Munc18-1 is a neuron-specific protein of the SEC1-family of membrane trafficking proteins (Hata et al.,
1993; Garcia et al., 1994; Hata and Sudhof, 1995; Tellam et al., 1995) and is expressed throughout the
brain and interacts with at least three classes of proteins, suggesting it may regulate cell polarization as
well as focal secretion at synapses (Okamoto and Sudhof, 1997; Verhage et al., 1997; Butz et al., 1998).
We have abolished munc18-1 expression in mice by homologous recombination (Fig.1). This resulted in a
completely paralysed organism. Null-mutant embryos are alive until birth, but die immediately after,
probably because they cannot breathe.

Synaptic transmission can normally be detected as soon as a synapse is formed. In the mammalian
neocortex, the first synapses are observed at E16 (Konig et al., 1975). Electron microscopy of the marginal
zone in control embryos confirmed the presence of a few synapses at E16, although we did not detect
synaptic secretion events in neocortical slices at E17. However, at E18, synaptic events were readily
observed (Fig.2A). In contrast, null-mutants lacked synaptic events (Fig.2A). Nevertheless in these
mutants, postsynaptic receptors were functional (Fig.2B), spontaneous action potentials were occasionally
observed (Fig.2C), and ion-channels showed normal properties (Fig.2D). To study neurotransmitter
secretion in a different, earlier developing synapse, we investigated the diaphragm neuromuscular junction
between E15 and E18 (16). In these synapses too, synaptic events were detected in controls, but null-
mutants  lacked  synaptic  events  at  E15,  E16, and E18  (Fig.2E). Application of α- latrotoxin or  electrical
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Fig.1) Generation of mice lacking munc18-1. A) Gene structure of wild type munc18-1 (wt) and after homologous recombination
(null). Boxes indicate exons with encoding amino acid numbers above. Five exons are replaced with a neomycin resistance gene
(NEOR). Arrow-pairs indicate PCR primers for genotyping. The top arrow indicates the Northern probe and the grey boxes
indicate Southern probes. H, HindIII; E, EcoRI, B, BamHI; K, KpnI; and S, SmaI. B) Southern blot of munc18-1 mutants. EcoRI-
digested genomic DNA from wild types (+/+), heterozygotes (+/-), and homozygotes (-/-) was hybridised with probe 1. Two
independent mouse lines (called 18 and 23 after the ES cell clone) contained identical deletions. C) RNA blot of munc18-1 mRNA
in wild types and homozygotes around birth. D) Immunoblot analysis of munc18-1 at E18 in all genotypes. Blots were probed with
a munc18-1-specific monoclonal antibody (left) or a general munc18 polyclonal antibody (right) to detect possible compensatory
changes in other munc18 isoforms. RBH: rat brain homogenate.

nerve stimulation strongly stimulated synaptic transmission in control littermates but caused no response in
null-mutants, although their postsynaptic receptors were functional (Figs.2E & F).

Despite the general, complete and permanent loss of synaptic transmission in the knockout mice, their
brains  were  assembled  correctly  (Fig.3). Neuronal proliferation, migration and differentiation into  specific
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Fig.2) Munc18-1 deficient mice lack synaptic neurotransmitter release. A) Whole-cell voltage-clamp recordings from neocortical
neurons in slices at E18. Wildtype neurons showed frequent spontaneous synaptic events (5.4 ± 2.4 min-1; mean ± SEM, n=3
animals, 4 recordings) while neurons in null-mutant slices were completely devoid of such activity (n=3 animals, 5 recordings, total
recording: 30.8min). B). GABA-iontophoresis (1M, 200-400nA, 10-20 pulses for 0.1s at 4Hz) in mutant brain slices caused a
normal postsynaptic response, sensitive to bicuculline (20µM in bath). C) Spontaneous action potentials in the cell-attached
mode. D) Voltage-gated inward ion currents in whole-cell mode in mutant cells. (C) and (D) indicate that we recorded from
neurons, not glial cells. E) Intracellular recordings in diaphragm musclefibres from control and null-mutant littermates. Control
embryos exhibited miniature endplate potentials (MEPPs), 5.4 ± 0.6min-1 at E15 (1 animal, 9 fibers ± SEM); 1.3 ± 0.3min-1 at E16
(2 animals, 5 fibers per animal ± SEM), and 2.8 ± 0.6 min-1 at E18 (2 animals, 5 fibers per animal ± SEM). No MEPPs were
detected in munc18-1 deficient mice at E15 (9 fibers, total recording: 18.8min), E16 (5 fibers, 21.5min recording) and E18 (11
fibers, 35.5min recording). α-Latrotoxin (4nM) induced massive neurotransmitter release in controls, but was completely
ineffective in mutant muscle fibers. F. Carbachol (1mM) elicited a strong postsynaptic potential and contraction in E18 mutant
muscle fibers.

brain areas were unaffected. At E12, brains from null-mutant and control littermates were morphologically
indistinguishable (Figs.3A & B). At birth, late-forming brain areas such as the neocortex appeared identical
in null-mutant and control littermates, including a distinctive segregation of neurones into cortical layers
(Figs.3C & D). Furthermore, fibre pathways were targeted correctly in null-mutants: The growth cone
marker GAP-43 showed a normal distribution, including marked staining of fibre bundles and synaptic
layers (Fig.3G & H). Immunolabelling patterns for presynaptic markers were similar in mutant and control
littermates (Figs.3I & J). The levels of several synaptic proteins were also normal in the mutants, suggesting
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Fig.3) Correct assembly of the brain in the absence of neurotransmitter secretion. A & B) Coronal sections of developing brains
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at E12 from control (A, B) and null-mutant (A’, B’) littermates stained with hematoxylin/eosin. (A) is located anterior to (B). C:
cortex, CB: cerebellar anlage; T: tectum; L and M: lateral and medial ganglionic eminence; B: brainstem. C & D) Normal
architecture of the neocortex in null-mutant mice at E18. Bars: 100µm (C), 20µm (D). E) Clustering of acetylcholine receptors in
the diaphragm neuromuscular junction visualised with fluorescent α-bungarotoxin at E18. Bar: 2.5µm. F) Accumulation of
acetylcholine esterase at synaptic sites in the diaphragm at E18. G & H) GAP-43 staining of the developing cortex at E18 (G) and
the giant fiber pathway above the pontine nucleus (PN). M: marginal zone (synaptic layer); F: fimbria fornix fiber bundle. Bar:
200µm (G), 20µm (H). I & J) Synapsin I (I) and synaptobrevin/VAMP II (J) staining at E18, showing that synaptic vesicle markers
are transported to the synaptic layer (M). Bar: 200µm. K) Synapses in the neocortex marginal zone at E16 showing apparently
normal synaptic structures in the null-mutants (K’) with clustered and docked synaptic vesicles near/at presynaptic active zones
and postsynaptic densities. Bar: 50nm.

Fig.4) Massive neurodegeneration after assembly of the neuronal networks. Coronal brain sections of control (A-F) and null-
mutant (A’-F’) littermates between E14 and birth. The asterisks identify locations where degeneration starts. Bar: 1mm. C: cortex;
CB: cerebellar anlage; B: brainstem; H: hypothalamus; P: putamen; T: thalamus; Te: tectum.

that neuronal differentiation and synthesis of synaptic components proceeded normally. Moreover,
synapses were readily formed in null-mutants, in the neocortex already at the onset of synaptogenesis at
E16 (Konig et al., 1975). These synapses exhibited all signs of synaptic complexes (Fig.3I). The synapses
in controls and knockouts contained the same numbers of total and docked synaptic vesicles (see chapter
4). Other ultrastructural aspects were also indistinguishable between mutants and controls (Sanes and
Lichtman, 1999).

Formation of neuromuscular synapses requires precise navigation of nerve terminals over large distances.
At the neuromuscular junction, nerve terminals secrete signals such as agrin that induce clustering of
postsynaptic acetylcholine receptors and acetylcholinesterase (DeLaPorte et al., 1998). Thus, assembly of
receptor- and enzyme clusters provides a sensitive measure of pathfinding and synaptogenesis. α-
Bungarotoxin and acetylcholinesterase staining of diaphragm muscles revealed clear receptor- and
enzyme-clusters in null-mutant mice (Fig.3E & F), suggesting that long-range axonal pathfinding and initial
synapse formation must have occurred.
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Fig.5) Neurones undergo massive apoptosis after initial synaptogenesis. A & B) Cell death exhibiting dark, indented nuclei in the
thalamus of null-mutant mice at E18 stained with hematoxylin-eosin (A, see methods histology and immunohistochemistry) or
methylene blue (B, see methods electron microscopy). Bar: 20µm. C & D) TUNEL staining of null-mutant hippocampus. Bar:
200µm (C), 20µm (D). E, F & H) Activated macrophage staining in the hippocampus/thalamus at E18 using F4/80 antibody. In
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controls, activated macrophages were largely restricted to the ventricles (E). In the null-mutants, dense staining was observed
throughout the tissue and colocalised with apoptotic cell bodies (panel F & H) that were probably engulfed by macrophages
(panel H). H: hippocampus, FIM: fimbria, Th: thalamus. Bar: 200µm (E,F), 20µm (H). G) Electron micrograph of an affected
neurone in the null-mutant thalamus showing compacted chromatin inside the nucleus. Bar: 3µm.

After initial brain assembly, extensive cell death of mature neurones was observed in the null-mutants
(Fig.4), occurring first in lower brain areas that mature and form synapses relatively early (Fig.4D & F). For
example, at E12 the brainstems of null-mutant and control littermates were morphologically similar (Fig.3B).
While this area expanded further in controls, the neurones disappeared in null-mutants until, at E18, the
brainstem was almost completely lost. Degeneration occurred later in the midbrain and basal forebrain
(Fig.4A & C). Brain areas that develop last, especially the neocortex, were indistinguishable from control at
birth. The degeneration in the mutant brains exhibited all characteristics of apoptosis: apoptotic bodies were
readily observed with standard histology (Fig.5A & B). These were positive in TUNEL (TdT-mediated dUTP
nick end labelling) staining (Fig.5C & D). Apoptotic bodies contained condensed chromatin (Fig.5G). A final
phase of these degeneration was accompanied by abundant staining for activated macrophages (Fig.5E, F
& H), and disintegration of lower brain areas around birth (Fig.4).

Thus, a gene-deletion that abolishes presynaptic secretion and herewith synaptic transmission, allows an
apparently normal assembly of the brain. This is quite unlike gene-deletions for developmental factors,
which generally result in some defect in the assembly of the brain (agenesis) (Joyner, 1996; Tanabe and
Jessell, 1996; Hallonet et al., 1998). Ablation of munc18-1 renders the brain synaptically silent, identifying
munc18-1 as the currently most upstream essential protein in neurotransmitter release. Axons in the
munc18-1 mutants extend normally and form precise connections between widely separated brain areas,
and synapses develop that look morphologically normal. It has been proposed that early spontaneous
activity of neurons results in Ca2+ transients and may be critical for proper differentiation and pathfinding
(Gomez and Spitzer, 1999; Milner and Landmesser, 1999). However, this spontaneous activity must act
bya mechanism that does not require synaptic neurotransmitter release because munc18-deficient
neurones differentiate normally, exhibit spontaneous action potentials, and perform apparently normal
pathfinding. After synaptic assembly of the brain, activity-dependent selection is thought to maintain certain
synaptic connections for adult life while others are discarded (Sheperd, 1990; Keynes and Cook, 1995;
Goodman, 1996; Tessier-Lavigne and Goodman, 1996). Our data indicate that the neuronal networks are
synaptically assembled and reach the selection stage without synaptic transmission, but cannot persist
without it. When synaptic transmission is absent in newly established synaptic connections, these synapses
degenerate, and the neurons go into apoptosis. Finally, our data indicate that the distribution of membrane
to the growing axon tip and the release of signals that allow correct axon targeting depend on different
molecular mechanisms than neurotransmitter release by regulated exocytosis of synaptic vesicles.

METHODS

Homologous recombination
Two murine genomic munc18-1 clones in λ-FIX were used to construct a targeting vector to replace five
exons of the munc18-1 gene by a neomycin-resistance gene flanked by an 11.5Kb long arm and a 1.4Kb
short arm, which in turn is flanked by two copies of the Herpes simplex thymidine kinase gene. ES cells
("G-cells", gift of J. Herz, Dallas) were electroporated (Rosahl et al., 1993) and analysed using PCR with
oligonucleotide A: outside sense primer CGGTACTTGGGGATTGAACCCAGGC; B: Neomycin antisense
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primer to detect the mutant allele GGATGCGGTGGGCTCTATGGCTTCTGA; and C: inside antisense
primer to detect wildtype allele, AAAGGAACGGGGTGGAGGGAGAGA. Homologously recombined clones
were confirmed by Southern blotting with outside probes (A and B in Fig.1A). Two positive ES cell clones
were injected into blastocysts, generating highly chimeric mice that transmitted the mutation through the
germline. The genotypes of litters from heterozygote matings exhibited a Mendelian distribution.

Electron microscopy
Brains of E16-18 embryos were immersed in 1% paraformaldehyde, 2% glutaraldehyde, 0.05M sodium
cacodylate buffer pH7.4 for 2 days at 4°C, post-fixed in 1% OsO4 in 0.1M cacodylate buffer, dehydrated,
and embedded in EPON. Ultrathin (90nm) sections were contrasted with uranyl acetate/lead citrate.
Synapses were defined as structures containing 1 or more 30-50nm vesicles in the vicinity of a pre- and
postsynaptic specialisation. For panel B of Fig.5, brains were sectioned at 5µm and post-stained with
methylene blue.

Electrophysiology
Cortical slices (400µm) at E17 and E18 were prepared on a Camden vibratome and whole cell recordings
were performed in situ at 33°C and a holding potential of –70mV (Brussaard et al., 1997). Neuromuscular
junction recordings were performed on diaphragm nerve/muscle preparations at E15, E16, and E18 using
30-40MΩ glass capillary microelectrodes at 26-28°C (Plomp et al., 1994). The phrenic nerve was
stimulated via a suction electrode; responses were recorded intracellularly in muscle fibres at endplates.
Thereafter, 1µM tetrodotoxin was added to suppress spontaneous contractions of fibres which occurred in
all genotypes and interfered with recording of spontaneous events. In control experiments, a micropipette
with 1mM carbachol and a broken tip to allow leakage was brought into the vicinity of the measuring
electrode.

Quantification of electron micrographs from the neocortex marginal zone at E16: Synaptic vesicles per
synapse, wild type: 5.2 ± 2.5; null-mutant: 3.9 ± 1.7. Docked synaptic vesicles per synapse, wild type: 2.1 ±
1.4; null-mutant: 1.9 ± 1.1 (3 animals, 3 sections per animal ± SEM; one section = ±1700µm2).

Histology and immunohistochemistry
Throughout this study, mouse embryos were obtained by caesarean section of pregnant females from
timed heterozygous matings. Littermates were analysed without prior genotyping. Null-mutant animals had
a beating heart until birth. Data from wild type and heterozygous embryos were pooled as the control group
after pilot experiments revealed no significant differences between these groups. Animals were housed and
bred according to institutional, Dutch and US governmental guidelines.

Mouse embryos (E12-18) were immersed in 71.4% saturated picric acid, 23,8% formalin, 4.8% acetic acid
for 3 days, dehydrated, and embedded in paraffin. Brain sections  (5µm)  were  stained with
hematoxylin/eosin. For immunohistochemistry, sections were rehydrated, microwaved in 0.1% Froggy®

detergent in 50mM TBS pH7.5 (4x 5min) and washed 3x in TBS. Endogenous peroxidase was blocked with
0.6% H2O2 in 100% methanol for 30min at room temperature. Sections were washed again 3x in TBS, and
incubated for 1h at room temperature in 3% normal goat serum (NGS), 250mM TBS, 1% BSA, 0.1% Triton-
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X-100. For monoclonal antibodies, NGS was replaced by 1% goat anti-mouse serum. Section were
incubated at room temperature with primary antibodies overnight, with biotinylated secondary antibody for
1h, with peroxidase-labelled streptavidin-biotin complex for 1h, and with 3’,3’-diaminobenzidine. For the
monoclonal synaptobrevin antibody the Sternberger PAP-method® was used for detection. Antibodies used:
9527 (GAP-43), CL69.1 (synaptobrevin II), and E028 (Synapsins). Control experiments omitting primary
antibodies confirmed staining specificity.

Acetylcholine receptors and acetylcholine esterase were analysed in whole mount diaphragm
neuromuscular junctions at E18. Diaphragms were fixed (90min, 2% paraformaldehyde in PBS) and rinsed
(30min in 0.1M glycine in PBS). After 15min pre-incubation in 0.5% Triton-X-100 and 1% BSA in PBS, 1
µg/ml TRITC-labeled α-bungarotoxin was added, and diaphragms were incubated overnight at 4°C.
Diaphragms were washed, mounted in Dabco-Mowiol and analysed with confocal laser microscopy.
Acetylcholine esterase was stained in unfixed diaphragms 1h with 0.5mM 5-bromo indoxylacetate.

Cryosections of embryonic mouse heads (10µm) were fixed for 10min in acetone, incubated with
monoclonal antibody F4/80 (undiluted cell supernatant, Hume and Gordon, 1983) for 1h at room
temperature, rinsed 3x with PBS, incubated with peroxidase-coupled rabbit anti-rat antibody for 1h, rinsed
again 3x with PBS and stained with 3’,3’-diaminobenzidine. Sections were washed in 0.9% NaCl, incubated
in CuSO4 for 30min, washed again, immersed in hematoxylin, and dehydrated.

Protein analysis
Protein quantification in total brain homogenates from E18 embryos was performed by quantitative
immunoblotting using 125I-labelled secondary antibodies (McMahon et al., 1996). To correct for
degeneration in the null-mutants (Fig.4 & 5), protein levels were corrected using hexokinase, GDI, and
calmodulin as internal standards. Relative protein levels in knockout animals compared to wild type (100%)
were (mean ± SEM from triplicate determinations): synaptophysin, 96 ± 14%; synaptobrevin II, 98 ± 12%;
rab3A/C, 87 ± 16%; GAP-43, 95 ± 10%; and NMDA-receptor, 101 ± 5%.

TUNEL staining
For TUNEL staining, paraffin sections (see histology and immunohistochemistry) were rehydrated,
incubated with 1% H2O2 in methanol for 5min, microwaved in 1% ZnSO4, 1% Triton in 10mM PBS at
45°C/150W for 5min, rinsed at 4°C, and microwaved and rinsed again. Sections were stained with In situ
Cell Death Detection Kit, peroxidase-conjugated converter enzyme POD and 3’,3’-diaminobenzidine-Ni3+.
As controls either TUNEL enzyme or POD converter enzyme were omitted.


