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Axon outgrowth during development and neurotransmitter release depends on exocytotic
mechanisms, although what protein machinery is common to or differentiates these processes
remains unclear. Here we show that the neural t-SNARE (target-membrane-associated-soluble N-
ethylmaleimide fusion protein attachment protein (SNAP) receptor) SNAP-25 is not required for
nerve growth or stimulus-independent neurotransmitter release, but is essential for evoked synaptic
transmission at neuromuscular junctions and central synapses. These results demonstrate that the
development of neurotransmission requires the recruitment of a specialized SNARE core complex to

meet the demands of regulated exocytosis.

In neurons, vesicular transport and fusion are not only required
for the concerted release of neurotransmitter at the active zones,
but also for the delivery and insertion of material for building
neuronal processes essential for establishing the multitude of
connections within neural circuits. Whereas synaptic transmis-
sion is accomplished through action potential (AP)-driven neu-
roexocytosis, neurotransmitter is also released spontaneously,
independent of action potentials both by mature neurons!, at
growth cones” and throughout axons?® of developing neurons.
Studies of vesicle trafficking have led to the identification of pro-
teins required for the fusion of synaptic vesicles with the plas-
ma membrane. In particular, a well-characterized core complex
is comprised of SNAP-25, syntaxin and VAMP/synaptobrevin,
termed t- and v-SNARE:s to signify their location on target plas-
ma membrane and vesicle membranes*. While this core com-
plex is likely to provide a framework for a variety of protein
interactions involved in assembly, fusion and recycling of synap-
tic vesicles (for review, see ref. 5), in vitro evidence indicates that
the complex can promote fusion between lipid vesicles®. Evi-
dence that clostridium neurotoxins abolish synaptic transmis-
sion by selectively cleaving these proteins has clearly established
the critical importance of these neural SNARE proteins in stim-
ulus-driven neurotransmitter release’.

It remains unclear whether the same core protein machin-
ery is used for different neuron-specific vesicular fusion events,
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or if their distinct functions rely on the recruitment of selective
accessory proteins. The large number of SNARE family mem-
bers® suggests that related but distinct SNAREs could contribute
to the specificity of distinct membrane fusion events that occur
in developing and mature synapses. However, support for such
diversified roles for SNARE proteins in neuroexocytosis has been
controversial. In invertebrates, mutations or neurotoxins that
ablate neural SNARE expression and evoked synaptic responses
do not affect synapse formation, but can lead to impairment of
spontaneous synaptic activity’~'2. In contrast, clostridium neu-
rotoxins, which target these SNAREs, have been reported to
effectively abolish both evoked and AP-independent synaptic
transmission in vertebrate neurons'3. Furthermore, constitutive
exocytosis in developing axons is insensitive to tetanus toxin
(TeNT), which cleaves VAMP-2, but is inhibited by botulinum
neurotoxins (BoNT) A and E that target SNAP-25 (ref. 14).
Other studies have reported that antisense and BoNT blockade
of SNAP-25 expression inhibit neurite outgrowth!>-17. These
findings advocate the involvement of an alternative v-SNARE,
such as Ti-VAMP'8, in membrane fusion for axon elongation,
but raise the possibility that SNAP-25 could have a common role
in all forms of neuroexocytosis.

Here we examined the involvement of SNAP-25 in neuronal
exocytosis by generating Snap25 null mutant mice. Our results
show that this mutant’s nervous system develops normally
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ik Fig. 1. The Snap25~ mutation abolishes expression of SNAP-
a - 14.5kb > 25 protein. (a) Targeting construct was generated from a
sl Ns'il_T'sn Avil EcoRl Xnol Pstl genomic clone containing exons 5 and 6 in which the region
Endogenous 1 4 L {} — containing both exon 5a and 5b defined by Nsil and Avrll sites
Snap25 gene Exonsalb  / Bxon® > Pove . was replaced by PGKneo. The 3" flanking Xhol/Pst| fragment
o EeR Psﬂ::.f ' 12.5 kb Fragment me__.-' was used in Southern blots to distinguish the 10-kb Pstl frag-
. - EcoRI ] ment of the disrupted Snap25 gene, compared to the endoge-
;::gg:mg @HE l — nous 12.5-kb fragrﬁ\ent. (b)PSougthern blotpanalysis and genoriic
PCR distinguish the phenotypes of fetuses within a representa-
) s EcoRl  Pstl pooo Xhol Pstl tive litter by restriction fragment length and SNAP-25 PCR
Disrupted - PGKneo : {} T product comparison to IL-B1, another chromosome 2 gene
Snap25 gene < Bxon® —3p Probe ? (top). Western blot analysis demonstrates the lack of SNAP-
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in utero, despite the lack of this component of the neuronal
SNARE complex. Moreover, we find that axonal outgrowth, tar-
geting of synaptic contacts, and AP-independent, spontaneous
transmitter release can occur, although AP-dependent release is
completely abolished. Our results suggest that the vesicular
fusions necessary for membrane addition, neurite outgrowth and
for stimulus-independent synaptic activity proceed by mecha-
nisms distinct from those used in Ca*-triggered synaptic trans-
mission.

REsSULTS

Fetal development of SNAP-25-deficient mice
SNAP-25-deficient mice were generated by gene targeting using a
vector that replaced the alternatively spliced exons 5a and 5b
(ref. 19), and the 5 portion of the downstream intron with a PGK-
neo” gene cassette (Fig. 1a, and Supplementary methods, available
on the Nature Neuroscience web site). Exons 5a/5b encode residues
Gluse—Argy, that are required for direct interaction with syntaxin
1 (ref. 20) and contribute to the four barrel helix formed in the
ternary SNARE core complex?!. These exons also encode alternative
motifs of four conserved cysteine residues that are sites of palmi-
toylation?? that can provide an intrinsic membrane anchor?*»** and
have a direct role in recycling the core complex components after
membrane fusion and neurotransmitter secretion?>.

Mice heterozygous for the Snap25 mutation were robust, fer-
tile and phenotypically indistinguishable from wild-type litter-
mates. In contrast, no homozygous mutants were obtained from
heterozygote crosses, consistent with an embryonic lethal phe-
notype. At early stages of fetal development (embryonic day (E)
10.5 and 13.5), the homozygous mutants were indistinguishable
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25 protein using N-terminal and C-terminal antibodies to
SNAP-25 (bottom). (c) The characteristic gross morphology
Snap25~"- fetuses at EI7.5-18.5 distinguishes the mutants
from normal littermates. In addition to their immobile stature,
the mutant fetuses are smaller than normal littermates
(Snap25*'*, 1.270 g; Snap25*-, 1.264 g; Snap25~-, 1.I151 g
n =3, 3, 2, respectively, from one EI8.5 litter). (d) RNA analy-
sis by RT-PCR demonstrates a lack of SNAP-25 expression,
confirming that the exon 5a/5b deletion results in a null muta-
tion. The low level (1-2% wild type) of truncated transcript
(broken arrow) corresponds to an exon 5-less transcript.

at a gross morphological level, and at E17.5-18.5 the
mutants were recovered at the expected Mendelian ratio
(0.248, 0.502, 0.248 homozygote mutant, heterozygote
and wild-type, respectively; n = 205). At this stage,
homozygous mutant fetuses were readily distinguished
by their characteristic tucked position, smaller size
(Fig. 1¢), and failed to exhibit either spontaneous move-
ment or sensorimotor reflexes in response to mechani-
cal stimuli. Despite the clear loss of neuromuscular
function, E18.5 mutants had a beating heart and all
internal organs appeared intact and appropriately located. How-
ever, the mutants often had an external blotchy appearance, sug-
gesting an underlying vascular abnormality of the skin. These
hyperemic blotches likely correlate with numerous dilated vas-
cular channels found in the subcutaneous soft tissue of the
Snap25~- fetuses (Fig. 3d, arrowhead). Examination of mutant
diaphragms (see below) showed that while muscle fibers are
innervated by the respiratory phrenic nerve, they failed to exhib-
it stimulus-evoked contraction, suggesting that the lethality at
birth is a consequence of respiratory failure.

Western blot analysis of brain proteins showed a dose-depen-
dent loss of SNAP-25 protein in heterozygote and homozygote
mutants (Figs. 1b and 2b). Comparable results were obtained
both with a polyclonal antibody to the C-terminal peptide
sequence and a monoclonal antibody SMI-81 that detects an epi-
tope within the N-terminal 31 residues (P.W., data not shown).
Based on the genomic sequence, abnormal splicing of exon 4 to
6 in the absence of exon 5 should lead to a shift in open reading
frame with termination after one codon into exon 6, and trans-
lation of a 55 residue, 6.326-kD polypeptide. SNAP-25 mRNA,
however, was not detectable by northern blots of mutant total
brain RNA (data not shown) and reverse transcriptase-poly-
merase chain reaction (RT-PCR) analysis, within the linear range
of amplification, revealed only low amounts of slightly shorter
SNAP-25 transcripts corresponding to 1-2% of that found in
wild type (Fig. 1d). After excessive amplification (35 cycles), these
transcripts were mapped with restriction enzymes and found to
be consistent with an exon 4/6 spliced RNA (data not shown).
Western blot analysis of low molecular weight proteins using the
N-terminal MAb, however, failed to detect a SNAP-25 polypep-
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Fig. 2. Brain structure and synaptic protein levels appear normal in
Snap25~"~ mice. (a) Parasagittal sections of cortex and hippocampus
stained with hematoxylin and eosin shows normal morphology of
Snap25~"~ mutant brain. (b) Western blot analysis of EI7.5 forebrain
shows no dramatic differences in levels of expression of synaptic pro-
teins. Only 2 samples of Snap25~"~ proteins were probed with antibod-
ies to synaptophysin, GAP-43 and B-tubulin. Importantly, SNAP-23, the
non-neuronal homolog of SNAP-25, is not significantly induced in the
Snap25 null mutant brain.

tide of [b kD, confirming that neither the abnormally spliced
mRNA nor the truncated polypeptide accumulate to a signifi-
cant level in mutant fetal brain. Based on these observations, we
conclude that the Snap25 exon5a/5b deletion results in a null
mutation, which we designate Snap25-.

Brain development proceeds normally

Major brain structures including the hippocampus and neocor-
tex were morphologically normal in Snap25~/~ embryos com-
pared with wild-type and Snap25*/~ embryos (Fig. 2a). A survey
of presynaptic proteins revealed no detectable difference in the
expression among wild-type, heterozygote and homozygous
mutants (Fig. 2b). There was also no apparent change in the level
of SNAP-23, the non-neuronal homolog of SNAP-25 (ref. 26).
Because SNAP-23 is expressed at much lower levels than SNAP-
25 in neurons?’, we cannot entirely exclude the possibility of a
small increase of SNAP-23 among neuronal cell populations that
could be obscured by the contribution of non-neuronal cells of
the developing brain. These data indicate that the Snap25 loss-
of-function mutation does not result in major compensatory
changes in expression of other proteins that are prominent medi-
ators of presynaptic function.

Histological examination of hematoxylin- and eosin- or cre-
syl-violet-stained paraffin sections taken from E17.5 and E18.5
Snap25-/~ brains showed no evidence for appreciable cellular
deficits. Comparable cell densities were observed in neocortex of
mutant and wild-type fetuses (Fig. 3a and b) and the dien-
cephalon and brainstem of the mutants (Fig. 3¢) showed no
apparent cellular or architectural defects. Moreover, tyrosine
hydroxylase immunocytochemistry (Fig. 3¢, inset), a marker for
mature catecholaminergic neurons, demonstrated a normal pat-
tern of immunoreactivity in the Snap25~/~ brainstem. This dif-
fers from the marked cell loss reported for munci8-1/nsec-1
mutants®® and suggests that the lack of SNAP-25 results in a more
subtle phenotype, possibly acting downstream of muncl8-1 medi-
ated function(s) in neurotransmitter release. This is likely due to
the persistence of spontaneous release of neurotransmitter in
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SNAP-25 deficient embryos (see below) that is entirely abolished
in the muncl8-1 mutant.

Spontaneous but not stimulus-driven release at NM|Js

The normal appearance of fetal brain development in SNAP-25
mutants suggested that processes that accompany neuronal differ-
entiation, especially initial neurite formation and outgrowth, and
possibly initial synapse formation, may occur without SNAP-25-
mediated neuroexocytosis. To examine this question, we first eval-
uated the neuromuscular junction synapse in sifu in the fetal
diaphragm. Fluorescent immunohistochemistry of whole-mount
preparations stained with syntaxin 1a antibodies (Fig. 4a) demon-
strated phrenic nerve innervation of the diaphragm in Snap25~-
late-stage (E17.5-18.5) fetuses. Fluorescently labeled 0 -bungaro-
toxin (0-Bgt) also readily distinguished acetylcholine receptor
(AChR) clusters in the muscle that closely matched the pattern of
syntaxin-positive fibers and colocalized with axon terminals (Fig.
4a, inset). However, the overall pattern of synaptic sites seen with

Fig. 3. Histopathological examination of SNAP-25-deficient fetuses.
The neocortex (a, b), hippocampus, thalamus, and midbrain (c) are nor-
mally developed in E19 null mutant mice as compared to Snap25*- lit-
termate controls. The midbrain of the Snap25~~ mutant fetus is well
populated by tyrosine hydroxylase immunoreactive neurons (c, inset).
(d, €) The dermis of knockout mice contains large ectatic vascular chan-
nels (arrowhead, anterior chest wall) not found in Snap25*"~ or wild-
type (data not shown) fetuses. In addition, the subcutaneous
musculature (arrows) is sparse and disorganized in mutant mice.
(a—e) Hematoxylin and eosin; (c, inset) anti-tyrosine hydroxylase DAB
stain. Scale bars, 50 Um (a, b, d, e, inset c), 250 pm (c).
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Fig. 4. The NM] is formed in Snap25 mutants, but does not
show ACh release. (a) Diaphragms from E17.5-18.5 fetuses
were stained with Oregon-Green-labeled 0-bungarotoxin
(0-Bgt) and a rabbit polyclonal to syntaxin |a. Note the more
diffuse pattern of axons (red) and stained endplates (green)
in Snap25~~ compared with heterozygote (Snap25*") con-
trols. Scale bar, 200 pm. Inset below shows an overlay of
Snap25~'~ mutant neuromuscular junctions to demonstrate
colocalization (yellow) of axon terminals with clustered
AchRs. Scale bar, 20 pm. (b) Paraffin sections of E19 fetuses
stained with hematoxylin and eosin demonstrate that
diaphragms (arrowheads) and intercostal muscles (arrows)
of Snap25~'~ mice (left) are thin and contain fewer myofibers
than wild-type littermates (Snap25*/*, right). The anterior
attachment of the diaphragm to the thoracic wall (top) is
markedly abnormal in the mutant fetus. Higher magnification .
of the mid-portion of the same diaphragms (bottom) shows
the decrease in the number of myofibers and thickness of the |
structure. Scale bars, 100 pm (top), 250 pm (bottom). |
(c) Intracellular recordings of responses from diaphragm
muscle following a 0.2-ms suprathreshold stimulus to the /-
phrenic nerve illustrate the complete lack of evoked
response at mutant NMJs. (d) Recordings of spontaneous
events in the presence of 600 nM TTX demonstrate C
increased frequency of mEPPs in Snap25~~ NM]s. (e) Traces

of representative mEPPs show increased amplitude of these
spontaneous synaptic events in Snap25 mutants.

both syntaxin and a-Bgt staining of AChR clusters appeared more
dispersed in Snap25~~ mutants compared to the dense midline
localization in heterozygote or wild-type littermates. Histological
examination of diaphragm cross-sections showed that in contrast to
the multilayered, highly packed muscle of normal diaphragms (Fig.
4b), the muscle fibers of the Snap25-~ diaphragms were less numer-
ous comprising approximately one-half the thickness of normal
diaphragms. This suggests that the decreased number of muscle
fibers may correlate with the more disarrayed appearance of inner-
vation and localization of synaptic sites. In addition, the intercostal
muscles (Fig. 4b, arrows) and anterior chestwall musculature (Fig.
3d, arrow) of Snap25~'~ embryos were also thin and disorganized.

To compare synaptic transmission in SNAP-25-deficient and
normal NMJs, evoked and spontaneous AP-independent post-
synaptic responses were recorded. Phrenic nerve stimulation of
Snap25** and Snap25*'~ diaphragms invariably produced evoked
endplate potentials (EPPs; Fig. 4c) and muscle contraction (3/3
and 13/13 diaphragms, respectively). In contrast, diaphragms
from SNAP-25-deficient mice showed neither EPPs nor evoked
contraction (0/16 diaphragms). Mutant diaphragms, however,
contracted vigorously after application of 1 mM carbachol, indi-
cating that nicotinic receptors detected by a-Bgt are functional
(Snap257=, 6/6 5 Snap25*-, 6/6).

Unexpectedly, spontaneous miniature endplate potential
(mEPP) activity was consistently recorded in Snap25~/~ mutant
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diaphragms (Fig. 4d and e). While the mean frequencies were com-
parable, the frequency distributions of mEPPs obtained from indi-
vidual fetuses showed considerably greater variability in Snap25-~
diaphragms than those from normal littermates (p < 0.05, Lev-
ene’s F-test; Table 1). The mean amplitude of mEPPs was more
than twofold greater in Snap25~/~ diaphragms, whereas the decay
of the mEPPS was not significantly different (p < 0.005 and
p > 0.05, Mann—Whitney test, respectively). Consistent with acetyl-
choline release drawn from an accessible pool of vesicles?, the fre-
quency of mEPPs in mutant diaphragms could be increased further
by application of a-latrotoxin, although the response to the toxin
was variable among preparations (data not shown).

These data established that for the NMJ, axons were able to
establish synapses in vivo that exhibit spontaneous AP-inde-
pendent neurotransmitter release through a SNAP-25 inde-
pendent secretory event, but that this mechanism was incapable
of supporting evoked responses. The difference observed in the
amplitude of TTX-resistant mEPPs is not likely dictated by a
structural property of the muscle, as individual mutant and
control myotubes had comparable diameters (Fig. 4b). An ini-
tial characterization of mutant NMJs has revealed larger end-
plate diameters and markedly lower levels of acetylcholinesterase
(R. Silva, L.D.P., M.C.W., unpublished observations), which
could contribute to the greater mEPP amplitude. In contrast,
the increased frequency of mEPPs seen at mutant NM]Js strong-
ly suggests a presynaptic site of action that may reflect stock-
piling of vesicles in terminals that lack a mechanism for evoked
synaptic transmission.

Table |I. Action potential-independent, spontaneous responses in diaphragm of normal and mutant mice.

Amplitude (mV)

Decay T (ms)

Frequency (s™')

normal mutant normal mutant normal mutant
mean * s.e.m. 1.87 £0.33 4.66 £ 1.07 24.60 £ 3.68 35.12+430 0.016 +0.0041 0.094 £ 0.047
Mann—Whitney p = 0.0047 p =0.053 p=0.377
Levene p=0.178 p=0.372 p =0.008
mEPPs were recorded in diaphragms of normal (n = 3 +/+; 7 +/-) and homozygote Snap25~7~ mutants (n = 11) E17.5-18.5 fetuses. Data are given as

means * s.e.m. A Kolmogorov—Smirnov test indicated that amplitude and frequencies were not consistent with a normal distribution. The Mann—Whitney test
was used to compare medians and the Levene test, to compare variances of data from normal and mutant diaphragms.
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Neurite outgrowth and synaptic function in CNS

To investigate neurotransmission in central nervous system neu-
rons, hippocampal and cortical cultures were prepared from
E17.5-18.5 fetuses. Immunofluorescent staining for NMDA recep-
tor subunit NR1 and synapsin showed that mutant neurons exhib-
ited considerable neurite outgrowth after seven days in culture
(7 days in vitro; d.i.v.), comparable to cultures derived from nor-
mal littermates (Fig. 5a, and data not shown). Merged images
demonstrate colocalized punctate staining consistent with synap-
tic contacts formed between pre- and postsynaptic terminals. Elec-
tron microscopy also revealed abundant but immature synapses
on processes of both Snap25~/~ and normal cultured neurons
(Fig. 5b). Mutant neurons at DIV 8-10, however, showed a loss
of VAMP-2 positive processes seen at d.i.v. 57 that was followed
by further apparent degeneration (data not shown), and prohib-
ited analysis of more mature synaptic contacts. This was not pre-
vented by addition of either 25 UM glutamate or 0.25 pM AMPA
to promote synaptic activity or 25 mM KCI to maintain the cells in
a depolarized state, suggesting that SNAP-25-deficient neurons
may be unable to provide sufficient secretion of neurotrophic or
other factors. Electron micrographs showed the presence of imma-

Fig. 6. Spontaneous, AP-independent neurotransmission, constitutive
exo-/endocytosis, but not evoked neuroexocytosis in Snap25~~ neu-
rons. (a) Cultured hippocampal neurons at 7 d.i.v. and cortical neurons
in E18.5 brain slices from homozygote mutants display mEPSCs. Top
two traces show voltage-clamped, whole-cell patch recordings of
mEPSCs from heterozygote and homozygous mutant neurons; average
mEPSCs (Snap25*", n = 86 events; Snap25~7-, n = 6l events) are
depicted to the left. Third trace (a-Ltx) demonstrates the stimulation of
mEPSCs from Snap25~~ neurons by 3 nM a-latrotoxin. Bottom set of
traces shows recordings of mEPSCs (asterisks) from E18.5 cortical
slices of Snap25** (n = 23 events, 92's, 9.1 % 0.58 pA) and Snap25~-
neurons (n = 14 events, 52 s, 9.2 £ 1.06 pA). (b) Hippocampal cultures
were assayed at 7 d.i.v. by incubating with a synaptotagmin lumenal PAb
(red) and subsequent fixation and staining for total synaptotagmin |
(green). SNAP-25 null mutant neurons retain constitutive exocytosis
seen after 60 min, but do not exhibit depolarization-driven exocytosis
(8 min, 55 mM KClI). Scale bar, 10 pm.
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Fig. 5. Snap25~ central neurons exhibit normal synaptic morphology
both in culture and in vivo. (a) Hippocampal cells were stained for NMDA
receptor subunit (NR1, red) and synapsin (green) at 7 d.i.v. The merged
confocal images (overlay) demonstrate colocalization of the postsynaptic
NRI with presynaptic synapsin as yellow punctate staining corresponding
to putative synapses. Electron micrographs of hippocampal neurons
obtained from E18.5 brain cultured for 7 d.i.v. (b) and from EI8.5 cortex
(c) demonstrate immature synapses in both normal (+/- or +/+) and
homozygous null mutants (—/-) with accumulations of synaptic vesicles
(arrows) and parallel opposed synaptic membranes. S, soma;
D, Dendrite; b, bouton; ds, desmosome; mt, mitochondria; nu, nucleus;
er, rough endoplasmic reticulum. Scale bars, 20 pm (a); 200 nm (b, c).

ture synapses in E18.5 Snap25~/~ fetal cortex (Fig. 5¢), demon-
strating that synapse formation also occurs without SNAP-25
in vivo.

Whole-cell patch clamping of SNAP-25-deficient hippocampal
neurons revealed spontaneous miniature excitatory postsynaptic
currents (mEPSCs) in the presence of TTX (Fig. 6a). Whereas the
amplitude of mEPSCs in Snap25~~ neurons did not differ from
Snap25+- cultures (Snap25~-, 6.5 + 1.4 pA, n = 12; Snap25*'-,
9.0 £3.0 pA, n=7; p > 0. 35, Student’s ¢-test), the frequency of
these events was on average lower in mutant neurons, although
there was some variability between individual neurons (Snap25+/-,
22+ 1.2 Hz, n = 7; Snap257'-,0.22 + 0.04 Hz, n = 13; p = 0.04;
Student’s t-test), consistent with a decreased number of functional
synaptic contacts between mutant neurons. The frequency of
mEPSCs from Snap25~~ neurons was stimulated dramatically by
O-latrotoxin that accelerates the rate of spontaneous synaptic vesi-
cle fusion events®’. Moreover, application of glutamate agonists
showed that postsynaptic responses were unaffected in SNAP-25-
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deficient neurons (100 Um kainate, Snap25~/-, 13 + 3 pA/pF;
Snap25*/=, Snap25*/*, 21 + 4 pA/pF, n = 8; 100 UM NMDA/
10 UM glycine, Snap25~-, 16 + 5 pA/pF; Snap25+-, Snap25+/+,
16 £ 3 pA/pFE, n = 9). mEPSCs were also recorded from cortical
slices of Snap25~'~ E18.5 embryos (Fig. 6a, bottom traces) indi-
cating that, as mutant NMJs, immature CNS synapses formed
in vivo and seen in situ at the ultrastructural level are functional.

To determine whether Snap25~'~ central synapses were able
to exhibit stimulus-evoked neuroexocytosis, we assessed coupled
exocytosis/endocytosis using antibodies to the luminal domain
of synaptotagmin I (syt-ecto Abs) to label synaptic vesicle mem-
brane fusion®!. Endocytosis was clearly detectable in Snap25+/~
neurons after KCl depolarization-evoked exocytosis (8 min,
55 mM KCI; Fig. 6b, upper panels), as well as after prolonged
exposure to the antibody to measure membrane recycling in the
absence of depolarization (60 min). Labeling Snap25~/~ neurons
for 60 minutes in the absence of depolarization revealed consti-
tutive vesicle cycling (Fig. 6b, lower panels), comparable to het-
erozygote (Fig. 6b, upper panels), and wild-type neurons (data
not shown). In contrast, Snap25_/ ~neurons failed to exhibit KCI
depolarization-dependent uptake of syt-ecto Abs, suggesting that
there was a block in regulated exocytosis required for stimulus-
dependent neurotransmission.

DiscussioN
Our findings for a selective role for SNAP-25 in evoked,
Ca**-triggered neurotransmission raises several questions about
the mechanisms, molecular components and composition of
SNARE core complexes that orchestrate vesicular transport and
fusion at different stages of neuronal development. In their clas-
sic study of synaptic transmission at the neuromuscular junc-
tion, del Castillo and Katz®? used a statistical argument to
demonstrate that the unit that underlies evoked release is identical
to the unit of spontaneous release. They used the term all-or-
none quantal unit to describe this basic element of synaptic trans-
mission. At least in the case of the NMJ, there is considerable
evidence to associate the structure of the quantal unit with the
synaptic vesicle (for example, see ref. 33). There is, however, less
evidence to inexorably associate the mechanism of evoked quan-
tal release with the mechanism of spontaneous quantal release.
Here we have described a mutation of the presynaptic machin-
ery in which the probability of evoked release is essentially zero
and yet spontaneous quantal release occurs. This provides strong
evidence that evoked release and spontaneous quantal release do
not necessarily proceed by a similar mechanism. Such a mecha-
nistic change may reflect the need for different SNARE complexes
to recruit a collection of accessory proteins to provide the nec-
essary trigger and barriers to promote membrane fusion in
response to stimulus-driven localized high [Ca?"]; that under-
lies synaptic transmission for mature nervous system function.
Previous studies using botulinum neurotoxins and antisense
oligonucleotide inhibition implicated the involvement of SNAP-
25 in the exocytotic machinery mediating constitutive vesicular
fusion for neurite extension!>~17, as well as for AP-independent
exocytosis'# and neurotransmitter release!®. Our results clearly
show, however, that SNAP-25 null mutant neurons are able to
develop neurite processes in culture and to effectively extend axons
to their targets in vivo, both at the periphery to form NMJs
(Fig. 4), and centrally within the brain (Figs. 2 and 3, Z.M.,
J. Small, J.M., C. Blakemore and M.C.W., unpublished data). One
explanation for the apparent discrepancy between the neurotox-
in and genetic experiments is that fragments produced by BoNT/A
or E may exert a dominant negative effect on constitutive exocy-
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tosis by blocking vesicular fusion directly** or by sequestering
components of the fusion machinery into non-functional com-
plexes. For example, C-terminal truncated forms of SNAP-25 gen-
erated by neurotoxin cleavage are able to form a ternary complex
with syntaxin and VAMP but are unable to promote fusion®>3
which could interfere with assembly and recycling of components
needed for constitutive exocytosis and neurite outgrowth.

Another possibility is that compensation by either SNAP-23,
or perhaps another mechanistically related protein, could occur
in response to the null mutation but not by acute blocks imposed
by BoNT or antisense oligonucleotides. The lack of a substantial
increase in SNAP-23 expression argues against an upregulatory
response at least for this SNAP-25 homolog. In addition, it is
unlikely that compensation could support only axonal outgrowth,
initial targeting and synapse formation, and AP-independent
release, but not be applied to stimulus-driven synaptic trans-
mission. Taken together, these observations suggest that a more
generalized exocytotic core complex mediates vesicle fusion before
the commitment of fusion machinery to confer AP-dependent
release of neurotransmitter. Although both innervation and
AChR clusters are more widely distributed in the diaphragms of
the mutants, they form functional synapses, indicating that AP-
independent release mechanisms may be sufficient to provide
neural-derived signal(s) for the initial refinement and pattern-
ing of neuromuscular synapses®”-38,

The deficits produced by the SNAP-25 null mutation can be
considered in view of mutations of other known presynaptic pro-
teins, for example the phenotypes produced by targeted muta-
tion of nsecl/muncl18 (ref. 28) and synaptotagmin®®. Munc18-1
interacts with syntaxin 1a in its ‘closed’ conformation*’, which
is thought to stabilize the structure of syntaxin and promote an
initial stage in assembly of exocytotic machinery before forma-
tion of the ternary complex with SNAP-25 and VAMP?, Munc18-
1-deficient mutants, which, like Snap25 mutants, are immobile
and die at birth, lack both AP-independent and evoked release
mechanisms, and despite apparently normal initial morpholog-
ical development and formation of axonal pathways exhibit pro-
found neuronal loss in several brain regions®®. This suggests that,
in the absence of munc18-1, syntaxin la (or the closely related
syntaxin 2 or 3) may be unable to be recruited into an initial and
perhaps general step in assembly of the core complexes capable of
mediating either AP-dependent or AP-independent neurotrans-
mitter release. SNAP-25-deficient neurons, on the other hand,
can assemble synaptic machinery necessary for spontaneous
release, but fail to develop stimulus-evoked release, indicating
that the core complex assembled without SNAP-25 is not
equipped for mature regulated exocytosis. In contrast, synapto-
tagmin I seems to be required late in the exocytotic process at a
point immediately before membrane fusion where it likely serves
as a calcium sensor®. Synaptotagmin I null mutants are initially
viable at birth, exhibit neuromuscular responses, but ultimately
fail to perform coordinated behaviors such as suckling. Synap-
totagmin deficient neurons show a specific deficit in the syn-
chronous, fast Ca?*-dependent component of evoked
transmission that presumably underlies such complex activities,
while retaining the slow component, as well as spontaneous
synaptic activity®. SNAP-25 has been shown to interact directly
with synaptotagmin®!, and therefore, in addition to being cen-
tral in forming a core SNARE complex, may serve in the recruit-
ment of this calcium sensor to the site of membrane fusion. Thus,
each of these mutations appears to dissect a different point in the
developmental specialization and temporal order of molecular
events required for neurotransmission.
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Because axonal outgrowth proceeds in the absence of
SNAP-25 or munc18-1 (ref. 28) and is resistant to TeNT'4, pre-
cluding the involvement of VAMP-2, we suggest that SNARE
complexes responsible for constitutive membrane fusion required
for the construction of axon processes involve non-neuronal and
more generalized members of the SNAP-25, syntaxin and VAMP
gene families. Similarly, the utilization of more generalized
SNARE components may also underlie AP-independent sponta-
neous secretion in which the position of SNAP-25 may be held
by a homologous SNARE, possibly SNAP-23. The diversity of the
composition of the SNARE complex thus may reflect the need to
distinguish ongoing vesicle fusion for axonal outgrowth and
spontaneous neurotransmitter release from the fusion machinery
that is equipped and likely to trigger synaptic exocytosis. For
example, spontaneous neurotransmitter release could provide
for specific signaling in the morphological development of post-
synaptic dendrite spines and in synaptic plasticity*.

Our results provide genetic evidence that the neuronal SNARE
protein SNAP-25, a constituent of the exocytosis complex pre-
sent in mature presynaptic nerve terminals, is specifically respon-
sible for evoked synaptic transmission, but is not essential for
AP-independent, spontaneous release of neurotransmitter or
process outgrowth and axonal elongation during neural devel-
opment. Recently, it was reported that cultured neurons from
synaptobrevin/VAMP-2 null mutant mice also exhibit sponta-
neous synaptic transmission (although at much reduced fre-
quency) in the absence of evoked responses®3. It was suggested
that such Ca’*-independent spontaneous activity from neurons,
which must establish and maintain synapses i1 vivo, could reflect
exocytosis in the absence of SNARE complexes. Whereas our
results indicate AP-independent activity may not be comparably
reduced at synapses formed in situ, these studies underscore the
need to define the molecular mechanism that drives membrane
fusion for spontaneous neurosecretion, and to establish what role
this may have in synapse formation and, ultimately, for activity-
dependent neurotransmission. Together with other mutants tar-
geting presynaptic proteins, SNAP-25-deficient mice will provide
an important means to resolve the complex protein assemblies
required for these different acts of neuroexocytosis in develop-
ment and in mature nervous system function.

METHODS

Mutant mice. The Snap25 null mutation was generated by targeted gene
replacement in embryo stem cells using standard positive-negative selec-
tion procedures*!. SNAP-25 coding sequence was disrupted in the gene
targeting construct (p4.2) by replacing both exons 5a and 5b with PGK-
neo (for details and genotyping, see Fig. 1a and Supplementary meth-
ods). For the studies reported, littermates at E17.5-18.5, judged by the
morning of the plug, were obtained from mice backcrossed onto a
C57BL/6] background for 4-5 generations. Studies were done in accor-
dance with guidelines of the University of New Mexico HSC Laboratory
Animal Care and Use Committee and the NIH.

Western blotting and RT-PCR. Fetal brain extracts were prepared by
homogenization in 0.32 M sucrose, 20 mM Tris pH 7.4, 1 mM DTT, 1%
Nonidet P-40 and protease inhibitors (Complete Minitablet, Boehringer-
Mannheim, Indianapolis, Indiana). The detergent extracts were cen-
trifuged, and protein concentration of the solubilized protein was
determined with Micro BCA assay kit (Pierce, Rockford, Illinois). Equal
amounts of protein were loaded on polyacrylamide gels, transferred to
nitrocellulose and probed with the antibodies to the following proteins:
SNAP-25 C-terminus and N-terminus (Sternberger Monoclonals,
Lutherville, Maryland), VAMP-2 (gift from C. Montecucco, Univ. of
Padova, Italy), syntaxin 1 (Sigma, St. Louis, Missouri), synaptotagmin 1
(Wako, Richmond, Virginia), synapsin 1 (Synaptic Systems, Gottingen,
Germany), Muncl18-1, Doc-2 (BD Transduction Laboratories, Lexing-
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ton, Kentucky), synaptophysin, GAP-43 (Boehringer-Mannheim), SNAP-
23 (gift from A. Klip, The Hospital for Sick Children, Toronto, Ontario)
and B-tubulin (Chemicon, Temecula, California). Primary antibodies
were detected with either anti-mouse ?°I-labeled IgG, or anti-rabbit
HRP conjugated IgG followed by chemiluminescence assay (ECL-Plus,
Amersham Pharmacia, Piscataway, New Jersey) and quantitated on a
STORM Phospholmager system (Molecular Dynamics, Sunnyvale, Cal-
ifornia). RT-PCR was done on RNA extracted with guanidinium thio-
cyanate and phenol:chloroform using the Titan RT-PCR 1 tube system
(Boehringer-Mannheim) with 3?P-dCTP added as a tracer, and primers
to the start and stop codons of SNAP-25 coding sequence. Amplification
was limited to 22 cycles to be in the linear range of the reaction and the
products were electrophoresed in 8% polyacrylamide gels and visualized
by phosphoimaging.

Histology, immunohistochemistry and electron microscopy. Fetal brains
were dissected and fixed by immersion in 4% paraformaldehyde/0.1 M
phosphate buffer, pH 7.4 for 24 h. Whole embryos were fixed in 10%
formalin. Brains or whole fetuses were paraffin embedded, sectioned at
8 pm and stained with hematoxylin and eosin, cresyl violet, or tyrosine
hydroxylase antibodies (Boehringer-Mannheim). Diaphragms were fixed
by immersing in 2% paraformaldehyde/0.1 M phosphate buffer for 1 h,
and permeablized with 1% Triton X-100 (ref. 45). AChRs were visual-
ized by staining with Oregon green labeled 0-bungarotoxin (Molecular
Probes, Eugene, Oregon) and axons with rabbit anti-syntaxin 1 (gift C.
Montecucco, Univ. of Padova, Italy). Vesicle cycling was assayed essen-
tially as described previously'“. Briefly, cortical neuronal cultures were
either incubated with anti-synaptotagmin antibody, syt-ecto Ab (gift
from P. De Camilli, Yale University) as indicated before fixation or fixed
directly with 4% paraformaldehyde and 4% sucrose for 20 min at 37°C.
Cells were treated with 0.2% Triton-X-100, 4% normal donkey and goat
serums, washed with PBS, and incubated with secondary antibodies con-
jugated to FITC or Cy3 (Jackson Immunochemicals, West Grove, Penn-
sylvania) for fluorescence microscopy. For dual-fluorescent confocal
microscopy, neuron cultures were fixed with methanol and stained with
monoclonal antibodies to NMDA receptor subunit 1 (PharMingen, San
Diego, California) and polyclonal antibodies to synapsin (Chemicon),
visualized with Cy3 and Cy2-labeled secondary antibodies, respectively,
and viewed using an Olympus Fluroview IX70 confocal microscope. Con-
focal images were displayed using Adobe Photoshop.

For electron microscopy of synapses, brains obtained from E18.5 fetus-
es were fixed in 2% paraformaldehyde/2% glutaraldehyde, and cortical
cells were fixed with 3% glutaraldehyde. Further fixation with OsO,, and
uranyl acetate staining were performed by standard techniques. (See Sup-
plementary methods for details.)

Electrophysiology. Postsynaptic responses from dissected diaphragms
were recorded at room temperature as described*®. For evoked respons-
es, a 0.2-ms suprathreshold stimulus was applied to the phrenic nerve
using a suction electrode, while mEPPs were recorded in 600 nM TTX
without phrenic nerve stimulation. mEPP amplitudes were linearly
adjusted to E,, = =75 mV before comparing data from different cells.
Decay time constants were only calculated where the mEPP decay could
be clearly fit by a single exponential curve. No differences were seen
between homozygous wild-type and heterozygous genotypes, and the
data were pooled as normal NM]J responses.

Vibratome coronal sections from E18.5 embryos were pre-incu-
bated for 45 min at 37°C in Krebs bicarbonate buffer containing 0.5
mM Ca?* and 10 mM Mg?* equilibrated with O,/CO, (95:5) and then
in standard Krebs bicarbonate buffer for 30—60 min as described*’.
Cortical neurons were visualized with infrared differential interfer-
ence contrast using an Olympus BX50WI microscope. In all cases,
neuronal currents were measured in the whole-cell patch-clamp con-
figuration as described*?. (See Supplementary methods for details.)
The internal solution contained 4 mM NaCl, 0.4 mM CaCl,, 5 mM
EGTA,10 mM HEPES, 140 mM K-gluconate, pH 7.25 280 mOsm.
Membrane potential was clamped at —-60 or =70 mV. mEPSCs were
recorded in the presence of 300-600 nM TTX and analyzed with the
Minis Analysis program (Synaptosoft, Decatur, Georgia). Cultured
neurons were prepared from E17.5-18.5 fetuses as previously
described*® (see Supplementary methods).
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