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The neuronal soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) complex is essential for synaptic
vesicle exocytosis, but its study has been limited by the neonatal
lethality of murine SNARE knockouts. Here, we describe a viable
mouse line carrying a mutation in the b-isoform of neuronal SNARE
synaptosomal-associated protein of 25 kDa (SNAP-25). The caus-
ative I67T missense mutation results in increased binding affinities
within the SNARE complex, impaired exocytotic vesicle recycling
and granule exocytosis in pancreatic �-cells, and a reduction in the
amplitude of evoked cortical excitatory postsynaptic potentials.
The mice also display ataxia and impaired sensorimotor gating, a
phenotype which has been associated with psychiatric disorders in
humans. These studies therefore provide insights into the role of
the SNARE complex in both diabetes and psychiatric disease.

diabetes � mutagenesis � soluble N-ethylmaleimide-sensitive factor
attachment protein receptor � schizophrenia � exocytosis

Intracellular membrane fusion events within eukaryotic cells are
mediated by proteins of the soluble N-ethylmaleimide-sensitive

factor attachment protein receptor (SNARE) family. The proto-
typic SNARE-mediated fusion event is synaptic vesicle exocytosis,
in which the membrane-associated SNAP-25 and syntaxin-1A
interact with the vesicle-associated membrane protein (VAMP) to
create a stable ternary core complex with 1:1:1 stoichiometry (1).
This interaction has been extensively studied in various systems
including neurons, neuroendocrine chromaffin cells, and pancreatic
�-islet cells, all of which use the neuronal core complex proteins to
regulate secretion (2, 3). In vivo knockout and mutagenesis studies
in invertebrate systems have allowed SNARE function to be
analyzed at the level of the synapse (4), but their scope has been
limited by the failure of these organisms to model higher neuro-
logical functions in which SNARE function is strongly implicated.
A major goal, therefore, has been the generation of a mammalian
model of SNARE dysfunction in which the effects on complex
neurological and behavioral phenotypes can be assessed.

Both Vamp2 and Snap25 knockouts are perinatally lethal in
homozygous mice, and heterozygotes show no apparent phenotype,
so detailed analysis of viable affected individuals has not been
possible (5, 6). The spontaneous mouse mutant coloboma carries a
heterozygous deletion spanning four genes including Snap25 (7),
but its locomotor hyperactivity phenotype is likely to depend on the
additional loss of one or more of the other genes within the deleted
region. Most recently, a viable syntaxin-1a knockout mouse has
been described with subtle defects in long-term potentiation and
fear-memory behavior, although normal synaptic transmission is
unaffected likely because of functional compensation by syn-
taxin-1b (8). Existing mammalian SNARE mutations have there-
fore offered only very limited insights into the consequences of

SNARE dysfunction in an adult system and have yielded no
information about possible involvement of SNARE proteins in
human disease.

Here, we characterize the blind-drunk mouse, which possesses a
mutation in a highly conserved domain of Snap25. We demonstrate
the functional consequences of the mutation at both the molecular
and cellular levels and describe a complex behavioral phenotype in
mutant animals, which includes elements that have been linked to
schizophrenia in humans. This new dominant mutation provides an
opportunity to study the role of SNAP-25 in an adult mammalian
system that would not have been possible by using a gene-knockout
strategy.

Results
Identification of the Blind-Drunk (Bdr) Mutation. The blind-drunk
mouse was originally identified from a large-scale, phenotype-
driven dominant mutagenesis screen (9). Mutants (�/Bdr) are
characterized by a subtle ataxic gait that is first detectable at �4
weeks of age. After an initial genome scan (9), subsequent genetic
mapping reduced the minimal recombinant interval to �12 Mb
between D2Mit106 and 145302160 (see Methods). Publicly available
mouse and human genome sequence data identified Snap25 as the
most promising candidate in this region. Both isoforms, SNAP-25a
and SNAP-25b (10), were sequenced from genomic DNA and a
T-to-C transversion was identified in codon 67 of SNAP-25b,
leading to a nonconservative isoleucine-to-threonine amino acid
substitution. This sequence change was not present in the parental
strains, nor in five other inbred and two outbred mouse strains (data
not shown). Ile-67 is conserved in all known SNAP-25 orthologues
in addition to the paralogue SNAP-23 (11) (Fig. 1A). By using
evidence from a gene-based screen of the Harwell mutant mouse
archive, the probability of there being more than one potentially
functional mutation in our study population of back-cross animals
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can be calculated as 0.00053 (12). However, to confirm that another
mutation was not present in the recombinant interval, all known
exons and intron–exon boundaries from all 39 genes and EST
clones in the region were sequenced, and no other coding or
potential splice-site mutations were discovered (data not shown).

Phenotype of the Bdr Mouse. Blind-drunk mice are grossly normal
in appearance and development, and brain morphology appeared
normal up to 12 months of age by gross histological evaluation and
more detailed examination by immunohistochemistry [supporting
information (SI) Fig. 5A], including quantification of synaptophysin
immunostaining as a measure of synaptic density. In situ hybrid-
ization showed no change in the level or pattern of expression of
Snap25 in the brains of adult mutant mice compared with WT
littermates (SI Fig. 5B), and a survey of SNAP-25, syntaxin-1a, and
VAMP-2 presynaptic proteins by Western blot also revealed no
significant differences in expression when quantified (SI Fig. 5C).

In Silico and in Vitro Modeling Predict Alterations in SNARE Complex
Association in Blind-Drunk Mice. Residue 67 of SNAP-25 is directly
involved in interactions with both syntaxin and VAMP, forming, in
part, one of the layers of the hydrophobic core of the neuronal
SNARE complex (13). In silico modeling of the I67T substitution
predicted the formation of two additional hydrogen bonds within
the SNARE complex: one intramolecular bond involving the
substituted Thr and Asn-188 in the C-terminal coiled-coil homol-
ogy domain and the other between the same Asn-188 and Leu-70
of VAMP (Fig. 1 B and C). Formation of these bonds would be
predicted to reduce free energy within the SNARE complex,
increasing its stability. To confirm this finding in vitro, a quantifiable
dissociation-enhanced, time-resolved lanthanide fluorescent bind-
ing assay (DELFIA) was performed in which cytoplasmic domains
of both syntaxin-1a and VAMP-2 were bound to immobilized
SNAP-25b. As expected, an �2-fold increase in affinity for syntaxin
was seen in SNARE complex assembly with mutant SNAP-25

Fig. 1. Identification and modeling of the blind-drunk mutation. (A) Multiple amino acid sequence alignment, showing part of the highly conserved region within
which the blind-drunk mutation (arrowhead) lies. (B and C) VMD visualization of molecular models of the SNARE complex (PDB ID 1KIL) containing WT (B) and I67T
mutant (C) SNAP-25. Hydrogen bonds (shown in C) between N188 of the SNAP-25 C-terminal coiled-coil homology domain and both SNAP-25 T67 and VAMP L70 were
predicted. (D) Varying amounts of lanthanide-labeled cytoplasmic domains of both syntaxin-1a (Stx1a) and VAMP-2 were added to either immobilized WT or mutant
(I67T) SNAP-25b. The amount of protein bound is plotted as a function of amount of protein added; data are presented as means � SD for three independent
experiments. (E) Representative melting curves of assembled recombinant WT and mutant SNARE complexes containing SNAP-25 variants measured by CD
spectroscopy.
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