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Synaptic Assembly of the Brain
in the Absence of

Neurotransmitter Secretion
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Brain function requires precisely orchestrated connectivity between neurons.
Establishment of these connections is believed to require signals secreted from
outgrowing axons, followed by synapse formation between selected neurons.
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 formation of
layered structures, fiber pathways, and morphologically defined synapses. After
assembly is completed, neurons undergo apoptosis, leading to widespread
neurodegeneration. Thus, synaptic connectivity does not depend on neuro-
transmitter secretion, but its maintenance does. Neurotransmitter secretion
probably functions to validate already established synaptic connections.

Synapses are focal points of communication
between nerve cells. Together, billions of
synapses account for the unique connectivity
of the brain (/). To establish the synaptic
network, outgrowing axons are precisely di-
rected to their targets using a variety of guid-
ance cues and recognition signals on the out-
growing axon and the target cell (2). Fusion
of neurotransmitter vesicles at the axon tip is
believed to supply the membrane for axonal
outgrowth (3). The concomitant neurotrans-
mitter 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 ma-
chinery are already expressed in immature
neurons before they differentiate (4). These
components are targeted to the axon tip,
where they are thought to be essential for
axonal outgrowth in vitro (3, 5). Outgrowing
neurons have an active synaptic vesicle cycle,
secrete neurotransmitters before synapse for-
mation, and up-regulate this secretion once
the growth cone comes close to its target (6).
After synapses have formed, the secretion
capacity of nerve terminals is up-regulated,
and the Ca?* affinity and tetanus toxin sen-
sitivity increase.
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Many genes have been identified that
function in neurotransmitter secretion at ma-
ture synapses (7), and drastic phenotypes
have been observed upon deleting such genes
in mice (8). However, all currently known
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gene deletions do not impair normal brain
development. This can be explained by the
fact that only certain aspects of the presyn-
aptic function are abolished in these mutants.
In particular, spontaneous, quantal transmit-

ter release is retained even in the most se-
verely affected mutants (9). We have now
identified the muncl8-1 gene as an essential
gene for all components of neurotransmitter
release throughout the brain. Muncl8-1/

nSecl (/0) is a neuron-specific protein of the
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Fig. 2. munc18-1-deficient mice lack synaptic neurotrans-
mitter release. (A) Whole-cell voltage clamp recordings from
neocortical neurons in slices at E18. Wild-type neurons
showed frequent spontaneous synaptic events (5.4 * 2.4
min~"; mean * SEM, n = three animals and four recordings),
whereas neurons in null mutant slices were completely
devoid of such activity (n = three animals and five record-
ings; total recording time, 30.8 min). (B) y-Aminobutyric acid
(GABA) iontophoresis (1 M, 200 to 400 nA, 10 to 20 pulses
for 0.1 s at 4 Hz) in mutant brain slices caused a normal
postsynaptic response, sensitive to bicuculline (20 pM 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 muscle fibers from control and null mutant lit-
termates. Control embryos exhibited miniature endplate po-
tentials (MEPPs): 5.4 = 0.6 min~" at E15 (one animal, nine
fibers = SEM); 1.3 £ 0.3 min~" at E16 (two animals, five
fibers per animal * SEM); and 2.8 * 0.6 min~" at E18 (two
animals, five fibers per animal = SEM). No MEPPs were
detected in munci8-1-deficient mice at E15 (nine fibers;
total recording time, 18.8 min), E16 (five fibers, 21.5 min
recording), or E18 (11 fibers, 35.5 min recording). a-Latro-
toxin (4 nM) induced massive neurotransmitter release in
controls but was completely ineffective in mutant muscle
fibers. (F) Carbachol (1 mM) elicited a strong postsynaptic
potential and contraction in E18 mutant muscle fibers.
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Fig. 3. Correct assembly of the brain in the
absence of neurotransmitter secretion. (A
and B) Coronal sections of developing brains
at E12 from control [(A) and (B)] and null
mutant [(A’) and (B')] littermates stained

with hematoxylin and 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 and D) Normal
architecture of the neocortex in null mutant mice at E18. Scale bars, 100 pm in (C), 20 wm in
(D). (E) Clustering of acetylcholine receptors in the diaphragm neuromuscular junction
visualized with fluorescent «-bungarotoxin at E18. Scale bars, 15 pum. (F) Accumulation of acetyl-
cholinesterase at synaptic sites in the diaphragm at E18. Scale bars, 250 pm. (G and H) GAP-43 staining
of the developing cortex at E18 (H) and the giant fiber pathway above the pontine nucleus (PN). M,
marginal zone (synaptic layer); F, fimbria fornix fiber bundle. Scale bars, 200 pm in (G), 20 pm in (H).
(1 and J) Synapsin | (1) and synaptobrevin/VAMP I (]) staining at E18, showing that synaptic vesicle
markers are transported to the synaptic layer (M). Scale bars, 200 pm. (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 or at presynaptic active zones and postsynaptic densities.

Scale bars, 50 nm.

Synaptic transmission can normally be de-
tected as soon as a synapse is formed. In the
mammalian neocortex, the first synapses are
observed at embryonic day 16 (E16) (/4). Elec-
tron microscopy of the marginal zone in control
embryos (/3) confirmed the presence of a few
synapses at E16 (15), although we did not
detect synaptic secretion events in neocortical
slices at E17 (/6). However, at E18, synaptic
events were readily observed (Fig. 2A). In con-
trast, null mutants lacked synaptic events (Fig.
2A). Nevertheless, in these mutants postsynap-
tic receptors were functional (Fig. 2B), sponta-
neous action potentials were occasionally ob-
served (Fig. 2C), and ion channels showed nor-
mal properties (Fig. 2D). To study neurotrans-
mitter secretion in a different, earlier de-
veloping synapse, we investigated the dia-
phragm neuromuscular junction between E15
and E18 (/6). In these synapses too, synaptic
events were detected in controls, but null mu-
tants lacked synaptic events at E15, E16, and
E18 (Fig. 2E). Application of a-latrotoxin or
electrical nerve stimulation strongly stimulated
synaptic transmission in control littermates but
caused no response in null mutants, although
their postsynaptic receptors were functional
(Fig. 2, E and F).

Despite the general, complete, and perma-
nent loss of synaptic transmission in the knock-
out mice, their brains were assembled correctly
(Fig. 3). Neuronal proliferation, migration, and
differentiation into specific brain areas were
unaffected. At E12, brains from null mutant and
control littermates were morphologically indis-
tinguishable (Fig. 3, A and B) (/7). At birth,
late-forming brain areas such as the neocortex
appeared identical in null mutant and control
littermates, including a distinctive segregation
of neurons into cortical layers (Fig. 3, C and D).
Furthermore, fiber pathways were targeted cor-
rectly in null mutants: The growth cone marker
GAP-43 showed a normal distribution, includ-
ing marked staining of fiber bundles and syn-
aptic layers (Fig. 3, G and H). Immunolabel-
ing patterns for presynaptic markers were
similar in mutant and control littermates (Fig.
3, I and J). The levels of several synaptic
proteins were also normal in the mutants,
suggesting that neuronal differentiation and
synthesis of synaptic components proceeded
normally (I8). Moreover, synapses were
readily formed in null mutants, being already
present in the neocortex at E16 at the onset of
synaptogenesis (/4). These synapses exhibit-
ed all the signs of synaptic complexes (Fig.
31). The synapses in controls and knockouts
contained the same numbers of total and
docked synaptic vesicles (/9). Other aspects
of the ultrastructure were also indistinguish-
able between mutants and controls (20).

Formation of neuromuscular synapses re-
quires precise navigation of nerve terminals
over large distances. At the neuromuscular
junction, nerve terminals secrete signals such as
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contro| agrin that induce clustering of postsynaptic ace-
tylcholine receptors and acetylcholinesterase
(21, 22). Thus, assembly of receptor and en-
zyme clusters provides a sensitive measure of
pathfinding and synaptogenesis. a-Bungaro-
toxin and acetylcholinesterase staining of dia-
phragm muscles revealed clear receptor and
enzyme clusters in null mutant mice (Fig. 3, E
and F) (23), which suggests that long-range
axonal pathfinding and initial synapse forma-
tion must have occurred.

After initial brain assembly, extensive cell
death of mature neurons was observed in the
null mutants (Fig. 4), occurring first in lower
brain areas that mature and form synapses rel-
atively early (Fig. 4, D through F). For exam-
ple, at E12 the brainstems of null mutant and
control littermates were morphologically simi-
lar (Fig. 3B). Although this area expanded fur-
ther in controls, the neurons disappeared in null

Fig. 4. Massive neurodegeneration after assembly of the neuronal networks. Coronal brain sections of ~ mutants until, at E18, the lower brainstem was
control [(A) through (F)] and null mutant [(A") through (F')] littermates between E14 and birth. The  almost completely lost. Degeneration occurred
asterisks identify locations where degeneration starts. Scale bars, 1 mm. B, brainstem; H, hypothalamus;  |ater in the midbrain and basal forebrain (Fig. 4
P, putamen; T, thalamus; Te, tectum. In (A) to (C), C indicates cortex; in (D} to (F), C indicates cerebellar A through C). Brain areas that develop last,
anlage. ' ?

Fig. 5. Neurons undergo massive apoptosis after initial synap-
togenesis. (A and B) Cell death exhibiting dark indented nuclei
in the thalamus of null mutant mice at E18 stained with
hematoxylin and eosin (A) or methylene blue (B) is shown.
Scale bars, 20 pm. {(C and D) TUNEL staining of the null
mutant hippocampus. Scale bars, 200 pm in (C), 20 wm in (D).
(E, F, and H) Activated macrophage staining in the hippocam-
pus and thalamus at E18 with F4/80 antibody (25). In controls,
activated macrophages were largely restricted to the ventri-
cles (E). In the null mutants, dense staining was observed
throughout the tissue and colocalized with apoptotic cell
bodies (F and H) that were probably engulfed by macrophages
(H). H, hippocampus; FIM, fimbria; Th, thalamus. Scale bars,
200 pm in (E) and (F), 20 wm in (H). (G) Electron micrograph
of an affected neuron in the null mutant thalamus, showing
compacted chromatin inside the nucleus. Scale bar, 3 um.

null
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especially the neocortex, were indistinguishable
from those of controls at birth. The degenera-
tion in the mutant brains exhibited all charac-
teristics of apoptosis: Apoptotic bodies were
readily observed with standard histology (Fig.

5’

A and B). These were positive in TUNEL

staining (Fig. 5, C and D) (24). Apoptotic
bodies contained condensed chromatin (Fig.
5G). A final phase of these degenerations was
accompanied by abundant staining for activated
macrophages (Fig. 5, E, F, and H) (25) and
disintegration of lower brain areas around birth
(Fig. 4).

Thus, a gene deletion that abolishes presyn-

aptic secretion and therewith synaptic transmis-
sion allows an apparently normal initial assem-
bly of the brain. This is quite unlike gene
deletions for developmental factors, which gen-
erally result in some defect in the assembly of
the brain (agenesis) (26). Ablation of muncl§-1
renders the brain synaptically silent, identifying
muncl8-1 as the currently most upstream es-
sential protein in neurotransmitter release. Ax-
ons in the muncl8-1 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 neu-
rons results in Ca®* transients and may be
critical for proper differentiation and pathfind-
ing (27). However, this spontaneous activity
must act by a mechanism that does not re-
quire synaptic neurotransmitter release, be-
cause muncl8-1-deficient neurons differen-
tiate normally, exhibit spontaneous action po-
tentials, and perform apparently normal path-
finding. After synaptic assembly of the brain,
activity-dependent selection is thought to
maintain certain synaptic connections for
adult life, whereas others are discarded (1, 2).
Our data indicate that the neuronal networks
are synaptically assembled and reach the se-
lection stage without synaptic transmission,
but cannot persist without it. When synaptic
transmission is absent in newly established
synaptic connections, these synapses degen-
erate and neurons go into apoptosis. Finally,
our data indicate that the distribution of mem-
brane 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.

N
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A Subclass of Ras Proteins That
Regulate the Degradation of IxB
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Small guanosine triphosphatases, typified by the mammalian Ras proteins, play
major roles in the regulation of numerous cellular pathways. A subclass of
evolutionarily conserved Ras-like proteins was identified, members of which
differ from other Ras proteins in containing amino acids at positions 12 and 61
that are similar to those present in the oncogenic forms of Ras. These proteins,
kB-Ras1 and kB-Ras2, interact with the PEST domains of IkBa and IkB [in-
hibitors of the transcription factor nuctear factor kappa B (NF-kB)] and decrease
their rate of degradation. In cells, kB-Ras proteins are associated only with
NF-kB:IkBB complexes and therefore may provide an explanation for the stower
rate of degradation of IkBB compared with IkBao.

The transcription factor NF-kB plays an impor-
tant role in the expression of a large number of
inducible genes. In unstimulated cells, NF-kB
remains in an inactive form in the cytoplasm
bound to a member of the IkB family of inhib-
itors. Exposure of cells to various stimuli—
including cytokines [such as tumor necrosis
factor (TNF) and interleukin-1 (IL-1)], lipo-
polysaccharides, and ultraviolet light—results
in the activation of signal transduction path-
ways that lead to the phosphorylation and deg-
radation of the IkB proteins. The released NF-
kB then translocates to the nucleus where it
up-regulates the synthesis of genes involved in
immune and inflammatory responses, including
cytokines and adhesion molecules (7).
Another class of proteins that play a very
important role in the transduction of cell surface
signals is small guanosine triphosphatases
(GTPases) such as Ras, Rap, Ral, and Rho (2,
3). The Ras family (H-ras, K-ras, and N-ras)
became the focus of intense interest when it
was discovered that specific mutations in these
proteins were associated with ~30% of all hu-
man tumors, including 50% of colon and 90%
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of pancreatic adenocarcinomas (4, 5). These
mutations, which lock the Ras proteins in a
constitutively active, guanosine triphosphate
(GTP)-bound form, are almost exclusively
confined to three critical positions, 12, 13, and
61 (6). The ability of Ras proteins to transduce
growth-stimulatory signals is dependent on
their localization to the inner side of the plasma
membrane and requires farnesylation of their
COOH-termini (7).

Oncogenic Ras and the Rho GTPases can
activate NF-kB, although the details of the sig-
nal transduction pathways responsible remain to
be identified (8, 9). Ras-activated NF-kB is
proposed to act as an antiapoptotic factor that
helps prevent transformed cells from undergo-
ing p53-independent apoptosis (8). In an attempt
to further explore the regulation of NF-kB sig-
naling, we used yeast two-hybrid interaction
screens with IkB proteins as bait to identify
interacting molecules. In one such screen, using
the COOH-terminal portion of IkBf, IkBRA1
(amino acids 173 to 361), as bait, we isolated a
series of mouse cDNAs (/0), including a Ras-
like protein that we named kB-Rasl (for IkB-
interacting Ras-like protein 1). In yeast, kB-
Rasl specifically interacted with full-length
IkBB and IkBBAL, but not with the IxkB-like
protein Bcl-3, the NF-«kB subunits p50 and p65,
or the transcription factors Myc and Bicoid (17—
13). A full-length human cDNA clone of kB-
Rasl was then isolated, in which the initiator
methionine is preceded by an in-frame stop
codon. Using the sequence of kB-Rasl, we
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searched the expressed sequence tag (EST) da-
tabases and identified a related protein that was
named kB-Ras2. Polymerase chain reaction was
used to isolate the full-length human kB-Ras2
clone, which encodes a protein highly related to
kB-Rasl (71% identity, 85% similarity) (Fig.
1A). In vitro translation of the kB-Ras2 cDNA
produced a protein of about 22 kD, which is
slightly smaller than the human kB-Rasl pro-
tein (Fig. 1B). In addition, a search of Drosoph-
ila EST databases identified a highly conserved
homolog to kB-Ras (40% identity and -68%
similarity to human kB-Rasl; Fig. 1A). This is
of particular interest, considering that homologs
to both components of NF-kB and Ras are
present in Drosophila.

Comparison of the sequences of the mam-
malian kB-Ras] and kB-Ras2 with other small
GTPases reveals their overall similarity, for ex-
ample, 30% identity and 49% similarity to hu-
man K-ras (Fig. 1C) (14, 15). Their assignment
as a distinct subgroup of Ras-like proteins be-
comes apparent when small GTPases are sorted
and classified with a dendrogram (Fig. 1D) (/6).
The major difference between kB-Ras and other
Ras proteins (H-, K-, and N-Ras) is the lack of
COOH-terminal membrane attachment se-
quences (Cys-a-a-X sequences, where “a” is any
aliphatic amino acid and “X” is any amino acid)
and the presence of alanine or leucine at position
13 (instead of glycine) and leucine at position 65
(instead of glutamine) (equivalent to positions
12 and 61, respectively, in H-Ras) (Fig. 1C) (14,
15). The presence of alanine or leucine at posi-
tion 12 and leucine at position 61 locks the
known Ras proteins into a deregulated, active,
GTP-bound conformation and underlies their
oncogenicity (/7, 18). We therefore tested
whether kB-Ras proteins also bound GTP. We
produced COOH-terminal His-tagged kB-Rasl
protein in a bacterial overexpression system and
used the GTP-binding protein Sec4 as a positive
control for a nucleotide-binding assay (/9). The
kB-Rasl protein specifically bound GTP, but
not adenosine triphosphate (ATP) (Fig. 1E). The
expression of kB-Rasl and kB-Ras2 in various
human tissues was examined with multiple tis-
sue Northern (RNA) blot analysis. Both human
kB-Ras1 and kB-Ras2 are widely expressed and
are encoded by mRNAs of 1.6 and 2.5 kb,
respectively (Fig. 1F). The nonoverlapping ex-
pression of the two kB-Ras proteins suggests
that they might have distinct functions in differ-
ent tissues.
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