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Intracellular vesicular trafficking and membrane fusion are important processes for nervous system development and for the function of
neural circuits. Synaptosomal-associated protein 25 kDa (SNAP-25) is a component of neural soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) core complexes that mediate the exocytotic release of neurotransmitters at chemical synapses.
Previous results from mouse mutant models and pharmacological/neurotoxin blockades have demonstrated a critical role for SNAP-25-
containing SNARE complexes in action potential (AP)-dependent release at cholinergic and glutamatergic synapses and for calcium-
triggered catecholamine release from chromaffin cells. To examine whether SNAP-25 participates in the evoked release of other neuro-
transmitters, we investigated the expression and function of SNAP-25 in GABAergic terminals. Patch-clamp recordings in fetal Snap25-null
mutant cortex demonstrated that ablation of SNAP-25 eliminated evoked GABAA receptor-mediated postsynaptic responses while
leaving a low level of spontaneous AP-independent events intact, supporting the involvement of SNAP-25 in the regulated synaptic
transmission of early developing GABAergic neurons. In hippocampal cell cultures of wild-type mice, punctate staining of SNAP-25
colocalized with both GABAergic and glutamatergic synaptic markers, whereas stimulus-evoked vesicular recycling was abolished at
terminals of both transmitter phenotypes in Snap25�/� neurons. Moreover, immunohistochemistry and fluorescence in situ hybridiza-
tion revealed coexpression of SNAP-25, VGAT (vesicular GABA transporter), and GAD65/67 (glutamic acid decarboxylase 65/67) in
interneurons within several regions of the adult brain. Our results thus provide evidence that SNAP-25 is critical for evoked GABA release
during development and is expressed in the presynaptic terminals of mature GABAergic neurons, consistent with its function as a
component of a fundamental core SNARE complex required for stimulus-driven neurotransmission.
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Introduction
Soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) protein complexes are essential in promoting
vesicular fusion for neurotransmission (Sudhof, 2004). Although
the precise mechanisms of SNARE function remain unidentified,

it is recognized that this family of proteins (Fasshauer et al., 1998;
Bock et al., 2001) interact through amphipathic SNARE domains
to create a four-helix bundle that is capable of bridging apposing
membranes before fusion (Sutton et al., 1998). Different SNARE
complexes appear to be involved in virtually all elements of ve-
sicular trafficking, including intracellular transport, constitutive
and stimulus-driven delivery of plasma membrane proteins, as
well as regulated neuroexocytosis (Jahn et al., 2003; Hong, 2005).
In neurons, SNARE complex composition may help distinguish
process outgrowth during development from neurotransmitter
release (Bark and Wilson, 1994; Martinez-Arca et al., 2001;
Washbourne et al., 2002). In addition to acting directly in mem-
brane fusion, SNARE complexes may also provide a scaffold to
recruit accessory proteins that contribute distinct physiological
properties required for various fusion events (Melia et al., 2002;
Nagy et al., 2005).

The predominant neural SNARE complex is composed of
plasma membrane-associated synaptosomal-associated protein
25 kDa (SNAP-25) and syntaxin 1a, and vesicular membrane-
associated synaptobrevin (Sollner et al., 1993). The involvement
of these SNARE proteins in neuroexocytosis has been addressed
using the proteolytic tetanus and botulinum neurotoxins
(BoNTs) that block neurotransmission (for review, see Mon-
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tecucco et al., 2005). In particular, BoNT/A and /E target SNAP-
25, disrupting activity-dependent release of various transmitters
and peptides (Sadoul et al., 1995; Graham et al., 2002). Recently,
we provided genetic evidence that SNAP-25 is critical for evoked
glutamatergic and cholinergic transmission in central neurons
and at neuromuscular junctions (Washbourne et al., 2002), and
for fast calcium-triggered catecholamine release from adrenal
chromaffin cells (Sørensen et al., 2003). Nevertheless, Snap25-
null mutants retained stimulus-independent transmitter secre-
tion (Washbourne et al., 2002; Sørensen et al., 2003), suggesting
that alternative SNARE constituents could promote spontaneous
vesicle fusion and transmitter release. However, it has yet to be
established what importance SNAP-25-independent transmis-
sion might have in neural communication (for example, during
brain development) (Molnar et al., 2002).

Recent evidence suggests that the presynaptic proteins
Munc13-1, RIM1� (Rab3-interacting molecule 1�), and synap-
sin exert different modulatory affects on glutamate and GABA
neurotransmission (Augustin et al., 1999; Schoch et al., 2002;
Gitler et al., 2004) and that these accessory proteins may contrib-
ute to shaping physiological parameters that govern synaptic ac-
tivity. Although SNAP-25 appears to be required for glycine re-
lease from spinal interneurons (Keller et al., 2004), it has been
suggested that SNAP-25 is not expressed by central GABAergic
neurons and that inhibitory transmission may occur without this
neural SNARE protein (Verderio et al., 2004; Frassoni et al.,
2005). Given the implication that calcium-triggered inhibitory
and excitatory neurotransmission could be distinguished presyn-
aptically by interchanging core components of the SNARE com-
plex, we sought to examine whether SNAP-25 is required for
GABA release in Snap25-null mutant fetal brain and whether it is
expressed in developing and adult GABAergic neurons. Our find-
ings indicate that SNAP-25 is critical for GABAergic transmission
and support its role as a primary constituent of SNARE com-
plexes required for stimulus-evoked neuroexocytosis.

Materials and Methods
Electrophysiology. Snap25-null mutant mice were collected through a
timed pregnancy protocol from heterozygous matings wherein pregnant
animals (plug date, d 0) were killed by rapid cervical dislocation and
decapitation. Fetuses were removed sequentially from the uterus, and
tested for movement by a brief pinch to the hindlimb. Because Snap25-
null homozygote mutant animals lack evoked neuromuscular transmis-
sion (Washbourne et al., 2002), fetuses were initially categorized based
on the presence of movement, with subsequent PCR genotyping to con-
firm knock-out animals, and to distinguish between heterozygote and
homozygote wild-type mice that served as control littermates. Pups were
quickly decapitated and their brains were removed and placed in ice-cold
PBS. All procedures were performed in accordance with guidelines of the
University of New Mexico Health Sciences Center Laboratory Animal
Care and Use Committee, and the National Institutes of Health.

Coronal brain slices (350 – 400 �m) were prepared from wild-type and
mutant mice at embryonic day 17.5 (E17.5) as described previously
(Carta et al., 2004), except that ketamine was not used. After a recovery
period of �80 min, slices were transferred to a chamber perfused at rate
of 2 ml/min with artificial CSF (ACSF) equilibrated with 95% O2/5%
CO2 and containing in (mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 1 MgSO4,
26 NaHCO3, 2 CaCl2 and 10 glucose. When indicated, 20 �M bicuculline
methiodide was added to the ACSF to block GABAA receptors. Whole-
cell patch-clamp electrophysiological recordings from visualized cortical
neurons were performed under infrared-differential interference con-
trast microscopy at 32°C, with an Axopatch 200B amplifier (Molecular
Devices, Union City, CA). Patch electrodes had a resistance of 3–5 M�.
For voltage-clamp experiments, patch pipettes were filled with an inter-
nal solution containing the following (in mM): 140 CsCl, 2 MgCl2, 1

CaCl2, 2 Na2-ATP, 10 EGTA, and 10 HEPES, pH 7.3. Current-clamp
experiments (Iholding � 0) were conducted with patch pipettes filled with
an internal solution containing the following (in mM): 135 K-gluconate,
10 MgCl2, 0.1 CaCl2, 2 Na2-ATP, 1 EGTA, and 10 HEPES, pH 7.3. Access
resistance was between 10 and 30 M�; if access resistance changed
�20%, the recording was discarded. Spontaneous postsynaptic currents
(sPSCs) were recorded at a holding potential of �65 mV in the presence
of 10 �M 6-nitro-7-sulfamoylbenzo(f)quinoxaline-2,3-dione (NBQX)
(Axxorra, San Diego, CA), and 100 �M D,L-APV. Miniature PSCs
(mPSCs) were recorded in presence of 500 nM tetrodotoxin (Calbio-
chem, La Jolla, CA), 10 �M NBQX, and 100 �M D,L-APV. Evoked PSCs
(ePSCs) were recorded in presence of NBQX and D,L-APV with 4 mM

QX-314 [(2,6-dimethylphenyl)carbamoylmethyl-triethyl-azanium] in
the internal pipette solution and were elicited with a concentric bipolar
stimulating electrode placed 100 –200 �m from the patched cell. Data
were acquired and analyzed with pClamp-9 (Molecular Devices). Minis
Analysis program (Synaptosoft, Decatur, GA) was used to analyze mP-
SCs. Statistical analyses of pooled data were performed by unpaired Stu-
dent’s t test (Prism 4; GraphPad Software, San Diego, CA). All values
were expressed as mean � SEM.

Protein analysis. For protein analysis, E17.5 mouse brains were re-
moved and immediately immersed in ice-cold PBS. Hippocampi and
cortices were then dissected over ice, homogenized 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, IN), and
processed through differential centrifugation to obtain LP2 protein frac-
tions as described previously (Huttner et al., 1983). Protein concentra-
tions of the protein samples were determined with Micro BCA assay kit
(Pierce, Rockford, IL), and equal amounts of protein were loaded on 12%
SDS-PAGE polyacrylamide gels with subsequent transfer to polyvinyli-
dene difluoride membrane (Bio-Rad, Hercules, CA). Blots were then
probed with the antibodies to the following proteins: synaptophysin (1:
1500; Invitrogen, Carlsbad, CA), vesicular glutamate transporter 1
(VGLUT1) (1:500; Synaptic Systems, Göttingen, Germany), and vesicu-
lar GABA transporter (VGAT) (1:200; Synaptic Systems). Primary anti-
bodies were detected with species-appropriate HRP-conjugated second-
ary IgGs followed by chemiluminescence assay (ECL-Plus; Amersham
Biosciences, Piscataway, NJ) and quantitated on a STORM Phospho-
Imager system (Molecular Dynamics, Sunnyvale, CA). One-way
ANOVA analysis on the data were performed with Bonferroni’s compar-
isons post hoc test (Prism 4). All values are expressed as mean � SEM.

FM 1-43 FX vesicular recycling assay. Hippocampal neurons were iso-
lated from individual E17.5 fetal mice, genotyped as detailed above, and
grown as dispersed mixed cell cultures as described previously (Wash-
bourne et al., 2002). Briefly, hippocampi were microdissected in ice-cold
PBS containing 27 mM glucose, 17.5 mM sucrose, and 15 mM HEPES with
a final pH of 7.4. After incubation with 0.05% trypsin-EDTA (Invitro-
gen) for 10 min at 37°C, the hippocampi were then transferred to Neu-
robasal A media (Invitrogen) supplemented with 10% FBS, 25 �M gluta-
mate, 0.5 mM L-glutamine, and 1% penicillin/streptomycin, and gently
triturated with flame-polished Pasteur pipettes. The dispersed cells were
plated on poly-L-lysine/collagen-coated 12 mm coverslips (four cover-
slips per animal; �50,000 cells/coverslip). For the first 24 h, cultures were
grown in the supplemented medium described above. The medium was
then replaced with Neurobasal A medium containing B27 supplement
(Invitrogen) instead of FBS, and after 5 d in vitro (DIV 5), glutamate was
removed entirely from the culture medium. Every third day beyond this
point, one-third of the medium was removed and replaced with Neuro-
basal A medium containing B27 supplement without glutamate.

To assay uptake of the fixable analog of N-(3-triethyl-
ammoniumpropyl)-4-(4-(dibutylamino)styryl)pyridinium dibromide
(FM1-43FX) dye, coverslips of DIV 12 neurons were briefly washed in
PBS (37°C), and then incubated for 15 min in modified Tyrode’s solution
(150 mM NaCl, 4 mM KCl, 2 mM MgCl, 10 mM glucose, 10 mM HEPES,
and 2 mM CaCl2, pH 7.4). During this incubation and throughout the
duration of the experiment, all buffers were used at 37°C and contained
10 �M CNQX, 25 �M APV, 20 �M bicuculline, and 0.6 �M tetrodotoxin
(TTX) to prevent spontaneous action potential (AP)-dependent neuro-
nal activity. Synaptic vesicles were loaded in the presence of 15 �M FM1-
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43FX dye (Invitrogen) after evoking exocytosis with either high K � (64
mM NaCl, 90 mM KCl, 2 mM MgCl, 10 mM glucose, 10 mM HEPES, and 2
mM CaCl2, pH 7.4) for 90 s or hypertonic sucrose (500 mOsm added to
modified Tyrode’s solution) for 30 s (Sara et al., 2002). Cells were then
immediately washed in modified Tyrode’s solution for 15 min and either
fixed with 4% paraformaldehyde (PFA)/4% sucrose or destained in high
K � solution for 2 min in the absence of dye before washing and fixation.

Fixed cultures were immunostained with either VGAT or VGLUT1
monoclonal antibodies (1:1000; Synaptic Systems) followed by Alexa
647-conjugated anti-mouse secondary antibody (Invitrogen), and then
visualized with a Zeiss (Oberkochen, Germany) LSM 510 META/Axio-
vert 100M laser confocal microscope using a 63� oil differential inter-
ference contrast (DIC) objective [numerical aperture (NA), 1.4]. META
photodetectors were configured to recognize fluorescent emissions
within the spectral range of 556 –716 nm, and the peak emissions of
FM1-43FX (598 nm) and Alexa 647 (663 nm) were captured at 585– 609
and 652– 673 nm, respectively. FM1-43FX fluorescence intensity that
colocalized within the immunoreactive punctate staining of either VGAT
or VGLUT1 was measured by using the mean region of interest (ROI)
intensity function of the LSM 510 bundled software. A ROI corresponds
to a single point of five pixels that overlays the majority of area within
each puncta. Areas of low neurite density were chosen to reduce the
chance of incidental colocalization of the punctate vesicular transporter
stain with nonsynaptic FM1-43FX membrane staining distributed along
neurite fibers. Ten puncta present on no less than three neurites were
measured per field, averaged, and used as a single value for each animal
(n � 5 animals per genotype and experimental condition). After subtrac-
tion of background fluorescence, data were analyzed using one-way
ANOVA with Bonferroni’s post hoc comparisons (Prism 4). All values are
expressed as mean � SEM. Although brightness and contrast was ad-
justed for clarity in images used in figures (Adobe Photoshop 7.0 soft-
ware; Adobe Systems, San Jose, CA), all quantitative analysis was done on
raw data before any manipulation of the image.

Fluorescent immunocytochemistry. After 9 –21 d in culture, E17.5 hip-
pocampal neurons were washed in PBS at 37°C followed by a 5 min
fixation in 4% PFA/sucrose (37°C) in 0.1 M phosphate buffer (PB) at
37°C. A second round of washing in warm PBS was followed by a 5 min
incubation of the coverslips at room temperature in a quenching solution
(0.38% glycine, 0.27% NH4Cl). Finally, the coverslips were stored at 4°C
in PBS containing 0.02% sodium azide.

For tissue collection, adult mice [postnatal day �50 (�P50)] were
anesthetized with pentobarbital (50 �g/g) and perfused transcardially
with 30 ml of 0.1 M PB followed by 30 ml of 4% PFA in 0.1 M PB. Brains
were dissected and then postfixed in 4% PFA/0.1 M PB overnight at 4°C,
followed by immersion in 30% sucrose for 48 h before cryosectioning.
Tissue was then frozen in 30% sucrose/0.1 M PB solution before section-
ing. Thirty-micrometer coronal sections were cut using a sliding
microtome.

Before applying antibodies, both cultured cells and brain sections were
permeabilized and nonspecific antibody interactions were blocked by
incubating in 1% donkey serum, 1% Tween 20, in TBS. Primary antibod-
ies were used at the following dilutions: glutamic acid decarboxylase
65/67 (GAD65/67) rabbit polyclonal antibody (1:200; a generous gift
from Michele Solimena, Dresden University of Technology, Dresden,
Germany), and both mouse monoclonal and rabbit polyclonal antibod-
ies to VGLUT1 and VGAT (1:1000; C1 317D5 and C1 117G4, respec-
tively; Synaptic Systems). For the experiments described, we used the
SNAP-25 monoclonal antibody SMI 81 (1:1000; Sternberger Mono-
clonals, Lutherville, MD). The specificity of this antibody was demon-
strated by its robust reactivity to a single 25 kDa protein band in wild-
type brain, but also through the absence of detectable immunoreactivity
either by Western blot or immunofluorescence in SNAP-25 knock-out
mutant neurons (Fig. 1). These criteria, in our hands, were not satisfac-
torily fulfilled by all SNAP-25 antibodies (data not shown). Coverslips
and sections of fixed culture and tissue samples were then incubated with
Cy3-conjugated affinipure donkey anti-rabbit IgG (H�L) (1:1000; Jack-
son ImmunoResearch Laboratories, West Grove, PA) and Alexa Fluor
488 donkey anti-mouse IgG antibodies (1:200; Invitrogen) as secondary
antibodies for species-appropriate detection of primary antibodies.

Finally, To-Pro-3 iodide (Invitrogen) was used for nuclear
counterstaining.

Images of the immunofluorescent staining were obtained using a Bio-
Rad 2100 Radiance confocal microscope using a 63� oil immersion DIC
objective (NA, 1.4) where x, y pixel corresponds to 0.2 �m per pixel with
a resolution of 1024 � 1024. Under these conditions, our z-axis, or
optical slice, was 0.8 �m. Before viewing double-stained material, we
calibrated the appropriate laser intensity, amplifier gain, and signal offset
settings for each marker with single-stained specimens to prevent satu-
ration of their respective signals. Our confocal settings were optimized to
acquire the linear range of fluorescence signal in our desired regions of
interest, which in some cases may have resulted in slight pixel saturation
in neighboring regions containing higher levels of synaptic density. In
addition, our data were quantitated and collected before any manipula-
tion of brightness or contrast that would compromise the integrity of
pixel intensity. Punctate colocalization of separate color channels was
then isolated and quantitated using comparable threshold-level adjust-
ments (MetaMorph 6.1 software; Universal Imaging, Downingtown,
PA). In short, this analysis did not count individual puncta but, rather,
compared the total pixel number of each stain and calculated the per-
centage or degree of their overlap. Because of differing sizes of punctate
fluorescence between stains, not all pixels overlapped, resulting in per-
centages 	100%. It is important to note the percentages, therefore, do

Figure 1. SMI81 monoclonal antibody shows robust and specific immunoreactivity in both
cultured neurons and Western blots. A, Wild-type E17.5 cultured hippocampal neurons immu-
nostained at 12 DIV using SMI81 monoclonal antibody and viewed by confocal microscopy with
a 63� objective (NA, 1.4; optical slice, 0.81 �m). Probing for SNAP-25 (green; Alexa 488)
resulted in staining that was both continuous throughout the neurites with regular punctate
accumulations, but not appreciably within the soma or around the nucleus (blue; ToPro3). B,
SMI81 showed no apparent immunoreactivity in Snap25-null mutant neuronal cultures. C,
Protein fractions prepared from the cortices of Snap25�/� and wild-type animals at E17.5
(mutant, lane 1; wild type, lane 2; 30 �g) and P24 (wild type, lane 3; 1.0 �g) fractionated on a
12% SDS-PAGE gel, blotted, and probed for SNAP-25. SMI81 immunoreactivity was evident in
wild-type lanes as a single band at �25 kDa with no cross-reactivity in the mutant lane. The
synaptic vesicle protein synaptophysin was used as a loading control.
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not reflect the percentage of synapses that are double positive, but corre-
spond to the total pixel overlap across each field. Each colocalization
value was determined using the average of three fields per animal (n � 3
animals). Statistical analysis of colocalization was performed using one-
way ANOVA with Bonferroni’s post hoc comparisons using Prism 4 soft-
ware. All values were expressed as mean � SEM.

Fluorescence in situ hybridization. Adult mice (�P50) were killed with
isoflurane and decapitated. Brains were quickly removed and quick-
frozen in a beaker of isopentane equilibrated in a dry ice/ethanol slurry
and stored at �70°C until additional processing. Coronal brain sections
(20 �m) were prepared using a cryostat and arranged on slides (Super-
frost Plus; VWR Scientific, West Chester, PA) that were air-dried and
stored frozen at �20°C until use.

Double-labeled fluorescence in situ hybridization (FISH) for SNAP-25
and GAD65/67 mRNA was performed as described in detail previously
(Guzowski et al., 1999; Vazdarjanova et al., 2002; Vazdarjanova and
Guzowski, 2004). Briefly, digoxigenin-labeled SNAP-25 and fluorescein-
labeled GAD65/67 antisense riboprobes were generated from cDNA
plasmids using a commercial transcription kit (MaxiScript; Ambion,
Austin, TX) and premixed RNA labeling nucleotide mixes containing
either digoxigenin- or fluorescein-labeled UTP (Roche Molecular Bio-
chemicals, Palo Alto, CA). Hybridization with the tissue was performed
overnight at 56°C. Then, the digoxigenin-labeled SNAP-25 riboprobe
was detected with anti-digoxigenin-HRP conjugate (Roche Applied Sci-
ence, Indianapolis, IN), amplified with a TSA-biotin kit (PerkinElmer
Life Sciences, Emeryville, CA), and detected with streptavidin-cyanine-3
(Jackson ImmunoResearch Laboratories). Subsequently, the slides were
then treated with 2% H2O2 to quench any residual HRP activity, and the
fluorescein-labeled probe GAD65/67 was detected with an anti-
fluorescein-HRP conjugate (Roche Applied Science) and a TSA-FITC
substrate kit (FITC Direct FISH; PerkinElmer Life Sciences). Nuclei
were counterstained with 4
,6
-diamidino-2-phenylindole (DAPI)
(Invitrogen).

Images were acquired with a Nikon (Melville, NY) TE2000U epifluo-
rescence microscope with a 20� dry objective (NA, 0.75) and captured
using a CoolSNAP-Hq CCD Camera (Roper Scientific, Tucson, AZ).
Images of DAPI (cell nuclei), CY3 (SNAP-25), and FITC (GAD65/67)
were acquired and color-combined using MetaMorph software (Univer-
sal Imaging). The images were analyzed by counting the total number of
GAD65/67-positive neurons and then determining the percentage of
those that were double positive for SNAP-25 fluorescence using Image J
software (made available as freeware through the National Institutes of
Health). Statistical analysis was performed through one-way ANOVA
with Bonferroni’s comparison using Prism 4 software. All values were
expressed as mean percentage � SEM per region.

Results
SNAP-25 is crucial for GABAergic transmission in
fetal neurons
To assess whether SNAP-25 plays a role in GABAergic neuro-
transmission in fetal brain slices, we conducted whole-cell patch-
clamp recording experiments in cortical slices from Snap25-null
mutants (Washbourne et al., 2002) and control E17.5 fetal mice.
This homozygous null mouse mutant does not possess a func-
tional Snap25 gene and allows us to investigate the specific role
that SNAP-25 may play in neurotransmission. Although mice
homozygous for this mutation develop normally during gesta-
tion, these mutants die at birth at least in part because of a lack of
cholinergic transmission to the diaphragm, resulting in respira-
tory failure.

Cortical pyramidal neurons were visualized with infrared mi-
croscopy, and then randomly patched and recorded in the pres-
ence of the NMDA and AMPA receptor antagonists (100 �M

D,L-APV and 10 �M NBQX, respectively) to isolate GABAergic
currents. In these whole-cell, patch-clamp experiments, the ob-
served ePSCs were obtained at a holding potential of �65 mV
evoked by stimulation of 100 –150 pA for 100 �s with a bipolar

electrode positioned near the target cell. As previously, record-
ings from wild-type and heterozygote Snap25-null mutant litter-
mates were indistinguishable and thus used as controls for all
electrophysiological experiments (Washbourne et al., 2002;
Sørensen et al., 2003). As illustrated in Figure 2A, ePSCs were
repeatedly and consistently triggered in control (n � 9) neurons
after stimulation, whereas mutant (n � 8) cells showed an ab-
sence of evoked transmission. Treatment with the selective
GABAA receptor antagonist bicuculline (20 �M) (Fig. 2A, dotted
trace) abolished the ePSCs in control slices, confirming that these
events are mediated by GABAA receptors.

We next examined spontaneous GABAergic transmission by
recording transient inward currents at a holding potential of �65
mV both with and without the administration of TTX. As shown
in Figure 2, B and C, sPSCs observed in SNAP-25-deficient slices
were significantly reduced in both frequency and amplitude
when compared with controls. The frequency was reduced 26-
fold from 1.36 � 0.46 Hz for control neurons to 0.05 � 0.03 Hz
for mutant neurons. The amplitude of sPSCs was reduced sixfold
from 71.0 � 12.0 pA for control neurons to 11.8 � 2.96 pA for
mutant neurons. Recordings were then made after application of
TTX (0.5 �M) to block action potential propagation and isolate
mPSCs. As depicted in Figure 2, D and E, Snap25 mutant neurons
still exhibited detectable levels of TTX-resistant GABAergic
mPSCs. Similar to recordings of sPSCs, there was a significant
reduction in the frequency and amplitude of mPSCs (0.06 � 0.03
Hz; 11.2 � 1.59 pA) from mutant neurons compared with those
recorded from control neurons (0.73 � 0.13 Hz; 57.7 � 10.8 pA).
Interestingly, TTX treatment did not significantly reduce the am-
plitude or frequency of either sPSC or mPSC events in Snap25-
null mutants, whereas neurons from control slices showed a re-
duction in both amplitude (18.7%) and frequency (46%) of
spontaneous activity when action potential propagation is inhib-
ited. This is consistent with the complete loss of AP-dependent,
evoked GABAergic transmission in the absence of SNAP-25, as
reported for glutamatergic and cholinergic synapses (Wash-
bourne et al., 2002). Treatment with bicuculline blocked both
sPSC and mPSC activity in control and mutant slices, demon-
strating that GABAA receptor activation mediated these sponta-
neous events.

The reduced level of GABAergic transmission in SNAP-25-
deficient neurons may have been attributable to decreased
postsynaptic GABA responsiveness, possibly by the downregula-
tion of GABAA receptors. To examine GABAAR receptor func-
tion in Snap25�/� neurons, we recorded inward currents at a
holding potential of �65 mV evoked by exogenous application of
GABA (50 �M) in the presence of TTX (0.5 mM). Snap25-null
mutant slices displayed a robust response that exceeded that of
the control by over eightfold (�10.96 � 1.43 and �1.30 � 0.45
pA/pF, respectively) (Fig. 2F), consistent with a potential up-
regulation of the total available GABAA receptors. These results
suggest that, despite the lack of evoked GABA release in SNAP-
25-deficient mutants, postsynaptic GABAA receptors are present
and capable of responding to GABA transmission in SNAP-25-
deficient fetal brain and that the decreased amplitude of mPSCs
was, therefore, not attributable to overall decreased GABAA re-
ceptor expression.

To examine whether the decrease in evoked and spontaneous
GABAergic activity in Snap25-null mutants resulted from a com-
parable deficit of transmitter-specific synaptic vesicles, we per-
formed Western blot analysis to obtain a quantitative compari-
son of the relative levels of vesicular glutamate and GABA
transport proteins within the synapse. Synaptosome-containing
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LP2 fractions prepared from the cortex
and hippocampus of individual fetal
(E17.5) brains were therefore probed for
VGAT, VGLUT1, and, as a control, the
common protein constituent of synaptic
vesicles, synaptophysin. As shown in Fig-
ure 3A, the intensity of the signals for
VGAT and VGLUT1 transporters was
comparable between the LP2 fraction of
Snap25-null mutant mice and control ex-
tracts. After normalizing the intensities of
VGAT and VGLUT1 to synaptophysin in
the individual samples, no significant dif-
ference was found for the relative signal of
VGAT or VGLUT1 between mutant and
control LP2 fractions ( p � 0.46; one-way
ANOVA), indicating that the expression
of GABA transporters is not specifically af-
fected in SNAP-25 knock-out mutant syn-
apses (Fig. 3B). Together, these findings
suggest that the absence of detectable
evoked GABAergic transmission, as well as
the sixfold decrease in the amplitude of
GABAergic sPSCs, in fetal SNAP-25-
deficient cortex likely result from the in-
ability to form AP-dependent neuroexo-
cytotic machinery rather than the
depletion of GABA-containing synaptic
vesicles or a differential expression or ab-
sence of vesicular GABA transport
proteins.

The VGAT antibody used in these
Western blots detected a higher molecular
weight species that has been reported to
reflect a phosphorylated form of the trans-
porter (Bedet et al., 2000). Compared with
controls, there was a 55% reduction of this
immunoreactive protein species (Fig. 3A,
left panel, asterisk). Although phosphory-
lation of VGAT does not appear to affect
the vesicular packaging of GABA, this
modification may be involved in the traf-
ficking of vesicles and/or the turnover of
the transporter protein (Bedet et al.,
2000). This suggests that a decrease in ex-
pression of phospho-VGAT in mutant
GABAergic synapses could reflect changes
in the availability of the readily releasable
pool of GABAergic vesicles in SNAP-25-
deficient mutants.

Stimulus-evoked vesicular recycling is
blocked in both glutamatergic and
GABAergic synapses of SNAP-25-deficient neurons
Because differences in amplitude and frequency of mPSCs be-
tween mutant and control brains could reflect the vesicular con-
tent or release of transmitter rather than synaptic vesicle fusion
per se, we examined neuroexocytosis more directly by measuring
vesicular recycling using FM1-43 uptake (Brumback et al., 2004).
Affects on stimulus-driven endocytotic uptake of the styryl dye
would provide additional evidence that the absence of AP-
dependent release in SNAP-25-deficient neurons resulted from
the loss of evoked neuroexocytosis and was not attributable to

fusion of empty vesicles. For these experiments, we used the al-
dehyde fixable analog FM1-43FX to stain dispersed neuronal cul-
tures and assess synaptic vesicle recycling at individual glutama-
tergic and GABAergic synapses that were subsequently identified
by immunocytochemistry with antibodies to the respective vesic-
ular transporters, VGLUT1 and VGAT. Although three isoforms
of the vesicular glutamate transporter have been identified, only
VGLUT1 and VGLUT2 are expressed exclusively in glutamater-
gic neurons throughout development (Herzog et al., 2001). Al-
though VGLUT2 expression occurs at high levels in glutamater-

Figure 2. GABAergic transmission could not be evoked in SNAP-25-deficient mutant neurons, although spontaneous currents
persist. A, Whole-cell patch-clamp recordings of field stimulation ePSCs obtained from cortical slices of E17.5 control and Snap25-
null mutant fetuses. GABAergic responses were isolated by recording in the presence of NBQX (10 �M) plus APV (100 �M) to block
glutamatergic transmission. Representative tracings are presented on the left with respective calibrations. The trace (dotted)
obtained after application of 20 �M bicuculline to control slices is superimposed over the recording in the absence of GABAA

receptor inhibition and indicates GABAergic origin of the response. Mutant slices did not show any detectable response to stimu-
lation. B, Recordings of sPSCs in the absence of TTX. C, sPSCs from Snap25-null mutant slices (n � 9) were decreased in frequency
(26.1-fold) and amplitude (6.0-fold) compared with controls (n � 5; ***p 	 0.001). Error bars represent SEM. D, mPSCs recorded
in the presence of TTX (0.5 �M). E, Both the amplitude (5.2-fold) and frequency (12.9-fold) of TTX-resistant mPSCs were decreased
in Snap25-null mutants (n � 3) compared with controls (n � 3; ***p 	 0.001). TTX treatment, however, did not significantly
reduce the frequency or amplitude of mPSCs recorded from SNAP-25-deficient slices (see Results) indicating that action potential-
dependent responses that contribute to the sPSCs of control slices are completely absent in Snap25-null mutants. Error bars
represent SEM. F, Response of Snap25-null mutant (n � 5) and control slices (n � 5) to bath application of GABA (50 �M). Note
that the response to exogenous GABA in Snap25-null mutant slices was more robust than control (8.4-fold; p 	 0.001; n � 8),
suggesting that the decreased amplitude for mIPSCs recorded from mutant slices was not attributable to inherent receptor defects
and that GABAA receptors may be upregulated in SNAP-25-deficient fetal brain.
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gic neurons during the first week after birth, VGLUT1 that is
expressed initially at low levels in the first week postnatally be-
comes the predominant form in the postnatal brain (Nakamura
et al., 2005). In contrast, VGLUT3 is expressed transiently during
development in neurons with various neurotransmitter pheno-
types (Gras et al., 2005). Therefore, we selected an antibody raised
against VGLUT1 that does not cross-react with the two other
isoforms, but allowed us to consistently track glutamatergic cells
beyond DIV 9 –21 for these and the following experiments de-
scribed below.

Hippocampal neurons derived from Snap25�/� mutant and
wild-type E17.5 fetuses were loaded either by depolarization
through application of 90 mM KCl (90 s) or by exposure to hy-
pertonic sucrose (30 s) to induce calcium-independent exocyto-
sis of the readily releasable pool of synaptic vesicles (Rosenmund
and Stevens, 1996). After washing away excess dye, neurons were
fixed with 4% paraformaldehyde and immunostained with anti-
bodies to either VGLUT1 or VGAT to assess the specific uptake in
GABAergic and glutamatergic neurons. As shown in Figure 4,
wild-type cultures showed robust punctate FM dye fluorescent
staining after depolarization that colocalized with the punctate
staining pattern for VGLUT1 (A, B1–B3) and VGAT (D, F1–F3).
In contrast, no FM dye uptake was detectable in SNAP-25 knock-
out neurons at either glutamatergic or GABAergic immunola-
beled synapses (Fig. 4C,G; D1–D3,H1–H3, respectively). Similar

images were obtained for wild-type and mutant neurons after
hypertonic sucrose (data not shown). Quantitation of the fluo-
rescence intensity of FM1-43 dye that colocalized to VGLUT1-
and VGAT-positive terminals in response to either depolariza-
tion (Fig. 4 I) or hypertonic sucrose ( J) confirmed that both
glutamatergic and GABAergic synapses in wild-type neurons
readily endocytosed FM1-43 dye, which could be effectively un-
loaded after a second round of depolarization-triggered exocyto-
sis (e.g., destain in I and J). Importantly, neither VGLUT1- nor
VGAT-containing synapses of SNAP-25-deficient neurons
showed significant uptake above background fluorescence after
high K� or sucrose, demonstrating a complete lack of stimulus
driven-endocytosis and therefore highly compromised neuro-
exocytosis from VGAT-, as well as VGLUT1-containing syn-
apses. Together, these results suggest that the lack of evoked PSCs
and the decrease in mPSC amplitude seen in electrophysiology
recordings reflects a defect in vesicular fusion in Snap25�/� neu-
rons, and is not attributable to an alternative mechanism, such as
the recycling of transmitter-depleted synaptic vesicles.

SNAP-25 is localized to the presynaptic terminals of cultured
fetal GABAergic neurons
To confirm that SNAP-25 is localized in the presynaptic terminal
of fetal GABAergic neurons, we performed immunocytochemi-
cal analysis of dispersed neuronal cultures to compare the expres-
sion of SNAP-25 in GABAergic and glutamatergic synapses. As
described in Materials and Methods, the monocolonal antibody
SMI81 that recognizes an epitope within the N-terminal 31 resi-
dues of SNAP-25 (Washbourne et al., 2002) is highly specific and
shows no detectable staining in SNAP-25 knock-out neurons
(Fig. 1). Transmitter-specific presynaptic terminals and synaptic
contacts were identified using antibodies to the GABA synthetic
enzyme GAD65/67 and to the GABA and glutamate vesicular
transport proteins as described above. To visualize the presynap-
tic localization of these transmitter phenotype specific markers
with SNAP-25, we used hippocampal neurons prepared from
E17.5 mouse fetuses and grown as mixed neuronal and glial cell
cultures for 9 –21 d. These cultures develop extensive processes
and sufficiently fine networks to resolve well defined immunore-
active punctate staining of GABAergic and glutamatergic
synapses.

GABAergic neurons were first identified by dual immunocy-
tochemical staining with antibodies to the GABA-specific
GAD65/67 and SNAP-25. GABAergic neurons express GAD in
two different isoforms, encoded by separate genes. These two
isoforms are expressed in varying proportions, which prompted
the use of a rabbit polyclonal antibody raised against a rat fusion
protein that recognizes common determinants between the two
GAD proteins (Solimena et al., 1993). As shown in Figure 5A–B3,
confocal images of fluorescent immunostaining with the
SNAP-25 monoclonal antibody SMI81 was distributed through-
out neuronal processes, but also showed punctate staining con-
sistent with the localization of SNAP-25 in presynaptic terminals.
In these cultures, immunostaining for GAD65/67 overlapped ex-
tensively with some of these SNAP-25-positive processes. Specif-
ically, colocalization between the punctate staining for
GAD65/67 and SNAP-25 was revealed, suggesting their expres-
sion within the same synapse (Fig. 5A–B3, arrows and inset in
merged image).

To confirm that the observed punctate staining pattern of
SNAP-25 represented presynaptic terminals in GABAergic neu-
rons, we further stained neuronal cultures with antibodies to
SNAP-25 and to the vesicular transporters VGAT and VGLUT1,

Figure 3. Similar levels of synaptic vesicle proteins expressed in SNAP-25-deficient and
control mice. A, Crude synaptic vesicle fraction (LP2; 2.5 �g) prepared from cortex and hip-
pocampus of E17.5 Snap25 � / � and control littermates were fractionated on a 10% SDS-PAGE
gel, blotted, and probed with antibodies to synaptophysin and VGAT, or VGLUT1, as indicated.
B, Three animals per genotype were assayed in duplicate with the mean of each animal’s
repeated values being normalized to the average synaptophysin levels of the control group.
Error bars indicate SEM. One-way ANOVA analysis showed no difference between levels of
immunoreactive VGAT, VGLUT1, and synaptophysin in mutant and control fractions, indicating
that neither the total vesicular content nor specific GABA- or glutamate-containing vesicles are
significantly decreased in SNAP-25-deficient neurons. The slower migrating species (indicated
by an asterisk) recognized by VGAT antibodies likely reflects phosphorylated VGAT (see Results).
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as described above, to distinguish GABAer-
gic and glutamatergic presynaptic termi-
nals, respectively. As with GAD65/67, im-
munostaining for the two transporters,
VGAT and VGLUT1, resulted in a punctate
pattern, consistent with synaptic localiza-
tion of these vesicular proteins (Fig. 5C–
F3). In comparison, SNAP-25 staining in
many fibers appeared to be less punctate
and more continuous with neurites, which
is likely to represent plasma membrane as-
sociation of this target membrane-
associated SNARE (t-SNARE) in fasciculat-
ing axons as well as its accumulation in
presynaptic terminals (Garcia et al., 1995).
Importantly, however, the immunoreactive
punctate staining for either transporter co-
incided with focal immunoreactivity for
SNAP-25 (Fig. 5C–F3, arrows and digitally
magnified inset), indicating that SNAP-25
is expressed in both terminals with GABA-
and glutamate-containing vesicles. As
shown in Figure 5I, there was no difference
in the extent of colocalization between
these two transporters with SNAP-25, sug-
gesting that the SNARE protein expression
occurs comparably in GABAergic and glu-
tamatergic terminals. Interestingly, the
level of colocalization for VGAT and
SNAP-25 immunoreactivity remained re-
markably constant throughout 21 d of cul-
ture, indicating a persistent expression of
this SNARE protein by GABAergic
neurons.

Although these results indicated that
SNAP-25 expression occurs in both gluta-
matergic and GABAergic fetal hippocam-
pal presynaptic terminals, a recent study
has shown that, in neonatal brainstem,
GABAergic/glycinergic synapses tran-
siently express glutamate transporters and
are capable of eliciting glutamatergic trans-
mission (Gillespie et al., 2005). Although
perhaps specific to certain developmental
transitions in neuronal circuitry, such a
combined neurotransmitter phenotype in
hippocampal cells might complicate any as-
signment of neurotransmitter phenotype
to SNAP-25-expressing neurons. There-
fore, to confirm that cultured hippocampal
neurons did not simultaneously express
both VGLUT1 and VGAT within the same
terminal, we immunostained with antibod-
ies to both transporters. In contrast to the
colocalization seen with either of the two
transporters and SNAP-25, the punctate
pattern obtained for VGAT and VGLUT1
dual staining revealed little or no colocal-
ization of the transporters themselves, even
within fasciculated bundles of both GABAergic and glutamater-
gic fibers (Fig. 5G,H; quantitated in I). This suggests that
GABAergic and glutamatergic synapses are distinct in these cul-
tured hippocampal neurons, and that few if any terminals con-

tain substantial amounts of both GABAergic and glutamatergic
vesicles. Quantitating the pixel overlap of the images confirmed
that there was minimal (	5%) colocalization of the two vesicular
transporters. This nonoverlapping pattern was found even at the

Figure 4. Vesicular recycling within both glutamatergic and GABAergic terminals requires SNAP-25. Hippocampal neurons
prepared from both Snap25�/� (KO) and control (WT) E17.5 mice grown for 12 d in culture (DIV 12) were loaded with in the
presence of 15 �M FM1-43FX by application of either high K � or hypertonic sucrose buffer as described in Materials and
Methods; control wild-type neurons were also destained by applying a subsequent 90 s exposure to 90 mM K � to demonstrate
exocytotic release and washout of the endocytosed FM dye. After fixation, and immunostaining with either VGLUT1 or VGAT to
distinguish dye uptake at glutamatergic or GABAergic synapses, the neurons were viewed by laser confocal microscopy. Repre-
sentative confocal fluorescent images are shown in A–H, with A, C, E, and G on the left depicting merged images of FM1-43 dye
fluorescence and transporter immunostaining taken at 63� (optical slice, 0.81 �m; scale bar, 50 �m). The panels on the right
(B1–B3, D1–D3, F1–F3, H1–H3) are series of separated color and merged images of the areas outlined in the low-power
images (white box) that were digitally magnified 7� (Adobe Photoshop; scale bar, 7 �m). Insets in the far right merged panels
are further digitally enlarged images of the puncta indicated by white arrowheads. Note that FM1-43 dye (green in all panels) is
taken up readily by wild-type neurons with equal and consistent colocalization in both glutamatergic (red, B1–B3) and GABAer-
gic (red, F1–F3); whereas in SNAP-25-deficient terminals, there is no detectable FM1-43 dye uptake regardless of their neuro-
transmitter phenotype (VGLUT, red, D1–D3; VGAT, red H1–H3), consistent with of the lack of stimulus-evoked vesicular recy-
cling in these mutant neurons. I shows the quantitative data of FM1-43 dye intensity over immunoreactive puncta obtained for
each transporter after high K � stimulation. Note that levels of FM1-43 dye fluorescence in loaded wild-type terminals were
highly significant ( p 	 0.001) compared with both destained control synapses and to knock-out mutant synapses, which did
not differ from background fluorescence. J compares the relative amount of FM1-43 fluorescence between wild-type and control
neurons in a similar series of experiments using hyperosmotic sucrose to promote exocytosis. As in I, although wild-type neurons
showed robust vesicular recycling, no detectable fluorescence was observed over VGLUT- or VGAT-immunoreactive puncta of
Snap25�/� mutant neurons, indicating that there was no loading of a readily releasable pool of synaptic vesicles at either
glutamatergic or GABAergic terminals in these neurons. Error bars indicate SEM.
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earliest time point analyzed (DIV 9). Overall, the colocalization
of the transporters with SNAP-25, but not between each other,
indicate that these two distinct neurotransmitter phenotypes are
expressed in cultured hippocampal neurons and that SNAP-25 is
present in the presynaptic terminals of both developing GABAer-
gic and glutamatergic neurons.

Mature GABAergic neurons express SNAP-25
The previous results demonstrated that SNAP-25 expression is
required for synaptic transmission in fetal GABAergic neurons.
We performed additional evaluation of SNAP-25 expression by
mature GABAergic neurons by using immunocytochemistry and

FISH to examine protein and mRNA ex-
pression in adult mouse brain. We exam-
ined SNAP-25 accumulation in synaptic
terminals of GABAergic and glutamatergic
neurons in adult mice, by performing flu-
orescent immunohistochemistry with the
same SNAP-25, VGAT, and VGLUT1 an-
tibody combinations used above for colo-
calization studies in cultured neurons. In
coronal sections of hippocampus, we ob-
served marked differences in the distribu-
tion of glutamatergic and GABAergic syn-
apses, with VGLUT1 immunoreactivity
found primarily in the stratum oriens and
stratum radiatum layers and VGAT stain-
ing mainly localized to the stratum pyra-
midale layer. Despite the overall anatomi-
cal segregation of these terminals, VGAT-
and VGLUT1-positive staining was inter-
spersed at the borders of these hippocam-
pal layers, consistent with the intermin-
gling of excitatory and inhibitory synapses.
Quantification of the pixel overlap of the
punctate immunostaining for the trans-
porters with SNAP-25 detected with the
mAb SMI81 showed comparable colocal-
ization between SNAP-25 and VGLUT1
(53%) or for SNAP-25 and VGAT (47%)
(Fig. 6A–D,G). In contrast, little or no
pixel colocalization was found after
costaining for VGLUT1 and VGAT (Fig.
6E–G), consistent with separate and dis-
tinct GABAergic and glutamatergic synap-
tic terminals. To further assess the colocal-
ization of SNAP-25 with punctate staining
that could represent glutamatergic or
GABAergic synaptic boutons, we selected
a minimal size for pixel clusters of the im-
munostainning for the vesicular trans-
porters before evaluating their colocaliza-
tion with SNAP-25. This indicated that
�95% of clustered pixels representing ei-
ther VGAT- or VGLUT1-positive termi-
nals overlapped with SNAP-25 reactivity
(see supplemental Fig. 1, available at
www.jneurosci.org as supplemental
material).

As shown in Figure 7, A and B, immu-
nofluorescent staining revealed a rich
abundance of GABAergic synapses
within the ventral posteriolateral (VPL)

nucleus of the thalamus, which likely represents afferent pro-
jections from the reticular nucleus. Within this region,
SNAP-25 immunoreactivity was also widespread, and its co-
localization with VGAT was consistent and robust through-
out. In addition, punctate staining for VGLUT1 found in the
VPL also overlapped with SNAP-25 immunoreactivity, con-
sistent with colocalization of SNAP-25 with these interspersed
glutamatergic terminals (Fig. 7C,D). Overlapping punctate
staining reflecting colocalized expression of VGAT/SNAP-25
was also observed throughout the cortex and caudate–puta-
men (data not shown). As seen in immunostaining of fetal
neuronal cultures, the punctate colocalized staining of VGAT

Figure 5. Immunostaining of cultured hippocampal neurons reveals SNAP-25 colocalization with GAD65/67, VGAT, and
VGLUT1 in presynaptic terminals. Hippocampal neurons prepared from E17.5 mouse fetuses were cultured, probed with antibod-
ies to the indicated proteins, and viewed by confocal microscopy as described in Materials and Methods. A–H are representative
confocal fluorescent images of stained neurons at DIV 15. A, C, E, and G are merged images of dual staining taken at 63� (optical
slice, 0.81 �m; scale bar, 50 �m). B1–B3, D1–D3, F1–F3, and H1–H3 are series of separated color and merged images at higher
digital magnification of the areas outlined in the low-power images (scale bar, 20 �m). Insets in the far right merged panels are
digitally enlarged images of the puncta indicated by white arrows. Note that dual immunostaining for SNAP-25 (green), and
GAD65/67 (red; A, B1–B3), VGAT (red; C, D1–D3), and VGLUT1 (red; E, F1–F3) show marked colocalization (yellow in merged
images) of punctate fluorescence for transmitter-specific proteins with SNAP-25, consistent with expression of the SNARE protein
in GABAergic and glutamatergic terminals (and see I ). Arrowheads indicate punctate staining of SNAP-25 that is not colocalized
with transmitter-specific antibodies indicating accumulation of SNAP-25 outside terminals of the indicated transmitter pheno-
type. G, H, Dual staining for transporters VGLUT1 (green) and VGAT (red) show little or no colocalization. I summarizes quantita-
tive data of colocalized punctate staining from dual-stained cultures at DIV 9, 12, 15, and 21 obtained using MetaMorph software
(***p 	 0.001). Error bars indicate SEM.
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and VGLUT1 with SNAP-25, coupled
with the nonoverlapping pattern of the
two transporters, indicated that
SNAP-25 is translocated to presynaptic
terminals of both glutamatergic and
GABAergic neurons in the adult CNS.

Because comparable levels of pixel
overlap were found in both glutamatergic
and GABAergic synapses, we used FISH
analysis to examine the colocalized expres-
sion of SNAP-25 and GAD65/67 mRNAs.
FISH analysis of multiple, differently la-
beled probes provides a complementary
method with increased resolution and
clarity, because it allows for cell-by-cell
comparison and avoids the ambiguity
found when probing for protein expres-
sion in overlapping and interspersed syn-
aptic connections. Therefore, we used a
double-label FITC and Cy3 amplification
(Guzowski et al., 1999; Vazdarjanova et al.,
2002; Vazdarjanova and Guzowski, 2004)
of fluorescein-labeled GAD65/67 and
digoxigenin-labeled SNAP-25 antisense
riboprobes to identify cells coexpressing
both mRNAs in four separate anatomical
regions. For these experiments, a mixture
of both GAD65 and GAD67 fluorescein-
labeled riboprobes were transcribed sepa-
rately, and equal amounts of the two
probes were pooled before hybridization.
As shown in Figure 8A, GAD65/67 was
readily detected in neurons dispersed
throughout layers I–V of cortex, consis-
tent with the distribution of GABAergic
interneurons and the prominent hybrid-
ization for SNAP-25 mRNA within these
neurons. In hippocampus, a similar
colocalization of double-labeled
GAD65/67 and SNAP-25-positive neu-
rons was found with GABAergic neurons
throughout the stratum oriens, stratum
pyramidale, and stratum radiatum of the
CA1–CA3 regions (Fig. 8B). As shown in
Figure 8C, a striking pattern was also ob-
served in thalamus where GAD65/67-
positive neurons that are distinctly parti-
tioned within the thalamic reticular
nucleus also exhibited robust expression
of SNAP-25 mRNA (Fig. 8C). In contrast,
throughout neighboring regions, such as the VPL nucleus and the
internal capsule, SNAP-25 mRNA was clearly detected in the
absence of GAD65/67 hybridization, consistent with the pro-
duction of this t-SNARE in glutamatergic neurons. Similarly,
neurons within the caudate–putamen hybridized with both
SNAP-25 and GAD65/67 probes (Fig. 8 D). Quantitative anal-
ysis of the FISH images revealed that virtually all GAD65/67-
positive neurons were also SNAP-25 positive throughout all
four brain regions (Fig. 8 E).

Discussion
SNAP-25 is a critical component of the neural SNARE complex
that contributes to the calcium-triggered exocytosis of neuro-

transmitter by facilitating membrane fusion between synaptic
vesicles and the presynaptic plasma membrane. Numerous stud-
ies have implicated the involvement of SNAP-25 and neural
SNARE complex in the release of a wide range of neurotransmit-
ters. Here, we provide electrophysiological evidence from SNAP-
25-deficient mutant and wild-type mice that extends the reper-
toire of this t-SNARE to a role in GABAergic transmission.
Moreover, we observed SNAP-25 localization in the presynaptic
terminals of GABAergic neurons throughout maturation, infer-
ring that GABAergic function is dependent on SNARE-mediated
neurotransmission throughout development.

Interestingly, in contrast to the evidence presented here, it has
been reported recently that maturation of GABAergic neurons

Figure 6. SNAP-25 immunoreactivity colocalizes with VGAT in the CA1 pyramidal layer of the adult hippocampus. Thirty
micrometer coronal sections of adult mice (�60 d of age) were coimmunostained with antibodies to SNAP-25 and either vesicular
transporters VGAT or VGLUT1, and as a control for specificity coimmunostained with anti-VGLUT1 and VGAT antibodies. After
nuclear counterstaining with ToPro3 (blue), the sections were imaged by laser confocal microscopy as described in Materials and
Methods. A, C, and E on the right are images taken using a 63� objective (optical slice, 0.81 �m), and the series of panels on the
left (B1–B3, D1–D3, F1–F3) show separate channel and merged images of the boxed areas with overlapping red and green
pixels depicted as yellow after digital magnification to 420�. A, B, SNAP-25 (green) colocalizes with VGAT (red) within the
stratum pyramidale (S.P.) layer of the CA1 region. C, D, VGLUT1 immunoreactivity (red) localized to the stratum oriens (S.O.) and
stratum radiatum (S. R.), also colocalizes with SNAP-25 (green). E, F, Nonoverlapping immunoreactivity for VGLUT1 (green) and
VGAT (red) seen throughout the hippocampus. Note that, although the patterns of immunostaining for the two transporters are
predominantly located in different layers of the hippocampus (E), in regions in which VGAT- and VGLUT1-immunoreactive puncta
are interspersed, such as the border of the stratum oriens and pyramidale (boxed area in E; magnified in F ), there is virtually no
colocalization of these transporters. G, VGLUT1 and VGAT colocalize to a similar extent with SNAP-25. The proportion of pixel
overlap in representative immunofluorescent images for transporters VGLUT1 and VGAT with SNAP-25 (VGLUT1/SNAP-25 and
VGAT/SNAP-25, respectively) and between the two transporters (VGLUT1 and VGAT) was quantified using MetaMorph software.
The histogram represents average values (error bars indicate SEM) obtained from 12 images taken from three animals (***p 	
0.001). Scale bar: (in A) A, C, E, 20 �m; B, D, F, 3.0 �m.
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may be accompanied by a decrease in detectable SNAP-25 ex-
pression and an increase in resistance of GABA transmission and
vesicular cycling to BoNT/A and BoNT/E. These observations
have been interpreted to indicate that SNAP-25 does not partic-
ipate in the SNARE complexes responsible for GABAergic trans-
mission (Verderio et al., 2004; Frassoni et al., 2005). The activity
of Clostridium neurotoxins in blocking transmitter release, how-
ever, varies greatly depending on the serotype of toxin, as well as
the susceptibility of different neurons to the surface binding and
activation of the holotoxin (Purkiss et al., 2001) (for review, see
Montecucco et al., 2004). The spatial orientation, grouping, and
organization of specialized gangliosides within a lipid raft have
been shown to alter the plasma membrane binding affinity of
botulinum neurotoxins (Yowler et al., 2002). Differential vulner-
ability to toxins, therefore, can depend on the regulated expres-
sion of gangliosides that act as neuron-specific, toxin coreceptors
(Vyas et al., 2001). For example, although BoNT/A effectively
binds to and blocks transmitter release at peripheral cholinergic
synapses (Black and Dolly, 1987), there is considerable variability
in the binding and uptake of neurotoxins into neurons across
different anatomical regions in the adult rat brain (Williams et al.,
1983; Black and Dolly, 1987). Thus, the inability to detect SNAP-
25-mediated GABA release, when assayed by neurotoxin sensi-
tivity, could be attributable to changes in cell surface receptors
during the maturation of inhibitory neurons, which result in
decreased binding and increased resistance to BoNT/A and
BoNT/E intoxication. Use of Snap25-null mutants in which the
expression of this SNARE protein is uniformly ablated in all neu-
rons, therefore, circumvents possible variability in toxin efficacy.
Nevertheless, because the mutants do not survive birth, func-
tional studies of integrated neuronal connectivity are limited to
the developing fetal brain.

As did Frassoni et al. (2005), we observed SNAP-25 immuno-
reactivity in cultured GABAergic neurons after 9 –10 d in culture.

However, in contrast to their observation
of decreasing coexpression in GAD-
positive neurons over several days in cul-
ture, we found no change in the extent of
colocalization of SNAP-25 with immuno-
reactive GAD65/67 and VGAT (or of com-
parable levels of VGLUT1 for glutamater-
gic neurons) in hippocampal neurons
cultured for up to 21 d. Similarly, we show
extensive coexpression of SNAP-25 with
GAD65/67 and VGAT, which define
GABAergic neurons, within several ana-
tomically distinct regions of the adult
mouse brain. Based on these results, we
propose that GABAergic neurons main-
tain SNAP-25 expression for stimulus-
driven GABA release throughout synaptic
maturation.

Although all inhibitory neurons that
we examined expressed SNAP-25 mRNA,
there were differences in the level of hy-
bridization distinguished by fluorescent
intensity among different subpopulations
of GABAergic neurons, consistent with the
differential expression of this t-SNARE
across brain regions (Oyler et al., 1989).
Interestingly, regional differences have
also been detected in the expression of
SNAP-25 isoforms, generated through

alternative splicing (Bark et al., 1995; Boschert et al., 1996).
This indicates that the expression of SNAP-25 may be coupled
with distinct physiological properties of neurotransmission in
different neurons. The two SNAP-25 isoforms have been
shown to significantly affect the recruitment of catecholamin-
ergic vesicles into the readily releasable pool of chromaffin
cells (Sørensen et al., 2003). Additional studies will examine
the possibility that regulated expression of SNAP-25 and its
isoforms may confer differences that suit the differing require-
ments of transmission by various GABAergic interneurons
and projection neurons.

The absence of stimulus-evoked GABA postsynaptic re-
sponses in SNAP-25-deficient fetal brain indicates the role of
SNAP-25-containing SNARE complexes mediating AP-
dependent GABAergic synaptic transmission. This is further
supported by FM1-43 dye uptake experiments that demon-
strated the lack of evoked vesicular recycling at both glutama-
tergic and GABAergic terminals in SNAP-25 knock-out mu-
tant neuronal cultures. Moreover, recent ongoing studies have
shown that the expression of SNAP-25 transgenes is able to
rescue and restore both evoked GABAergic and glutamatergic
transmission to Snap25-null mutant neurons in culture (I. D.
Martinez and J. B. Sørensen, personal communication). The
observation of spontaneous GABAergic mPSC activity is,
however, also consistent with the AP-independent release of
other transmitters previously seen in this mutant (Wash-
bourne et al., 2002). The amplitude and frequency of these
spontaneous events, however, appears to vary considerably
between transmitter systems. For example, although both the
frequency and amplitude of GABAergic mPSCs recorded in
mutant cortex were significantly reduced when compared
with controls, cholinergic miniature endplate potentials at
mutant neuromuscular junctions were found to have in-
creased frequency and amplitude (Washbourne et al., 2002).

Figure 7. Colocalization of SNAP-25 and VGAT immunoreactivity occurs in the thalamus. Confocal images of immunofluores-
cent staining for SNAP-25 (green), VGAT (red), and VGLUT1 (red) in 30 �m sections of �P60 wild-type mice were obtained as
described in Materials and Methods. A, B1–B4, SNAP-25 and VGAT immunostaining within the VPL of the thalamus. The separate
color channel and merged images illustrate the extensively overlapping punctate pattern of robust immunoreactivity observed for
VGAT and SNAP-25 (arrows) in this region; consistent cocompartmentalization of SNAP-25 and the GABA transporter within
presynaptic terminals of GABAergic neurons. The arrowhead indicates an example of colocalized punctate stained structure after
5� digital enlargement in far upper right corner. C, D1–D4, In contrast, VGLUT1 staining was scarce within the VPL, although
small regions with prominent immunoreactivity were evident. Immunofluorescent staining for the glutamate transporter within
these patches also appeared punctate and overlapped with SNAP-25 immunostaining, again reflecting the expression of SNAP-25
in glutamatergic presynaptic terminals. A, C, Magnification, 20�; scale bar, 50 �m. B, D, Magnification, 63�; scale bar, 20 �m.
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This contrasts with the comparable glu-
tamatergic mEPSCs recorded from cor-
tex of mutant and control fetal brain,
and the similar level of the slow, non-
Ca 2�-triggered component of catechol-
amine secretion of mutant chromaffin
cells that is thought to represent the slow
release from an unprimed pool of secre-
tory granules (Sørensen et al., 2003). In-
terestingly, mEPSCs recorded from cul-
tured hippocampal neurons occur at
significantly lower frequency, but main-
tain the same amplitude as control mEP-
SCs This does suggest, however, that al-
though quantal release of transmitter
does occur in the absence of SNAP-25,
presumably promoted by other SNARE
complexes, changes in presynaptic and
postsynaptic properties of these sponta-
neous events can be influenced by the
loss of evoked transmission.

The reason for the decreased frequency
of mPSCs in both mutant GABAergic and
mutant glutamatergic neurons is not clear.
It has been shown that in fetal Snap25-null
mutants, calbindin- and calretinin-
positive populations of GABAergic neu-
rons are generated and migrate appropri-
ately within the cortex (Molnar et al.,
2002). However, the possibility remains
that mutant neurons may exhibit alter-
ations in activity-dependent synaptic re-
finement, resulting in less efficient forma-
tion of functional synapses, thereby
causing a decreased mPSC frequency.

The decreased amplitude of GABAergic
mPSCs in SNAP-25-deficient brain slices
was not accompanied by a corresponding
decrease in either VGAT expression or a
decrease in the overall GABAA receptor re-
sponsivity. In fact, application of exoge-
nous GABA elicited a markedly higher
level of receptor activation in mutant slices
compared with controls, suggesting up-
regulation of GABAA receptors in re-
sponse to the lack of evoked GABAergic
transmission. The reduced amplitude re-
corded from these spontaneous events
nevertheless may reflect deficits in filling, trafficking, and/or tar-
geting of GABA-containing synaptic vesicles. For example, the
amplitude of mIPSCs can be dependent on the efficient uptake
and conversion of extracellular glutamate to GABA (Mathews
and Diamond, 2003). The abolition of evoked glutamatergic
transmission in Snap25-null mutants could lead to decreased
availability of glutamate within the synaptic cleft, thus diminish-
ing the uptake of this amino acid by GABAergic neurons. Im-
paired glutamatergic release may therefore depress GABA syn-
thesis and contribute to a decreased quantal content of
GABAergic vesicles. In addition, reuptake of GABA appears to be
regulated by the interaction of syntaxin 1a with the GABA trans-
porter 1 (GAT1) (Wang et al., 2003). In the absence of SNAP-25,
syntaxin 1a that is no longer recruited into SNARE complexes
may be available to interact and downregulate GAT1, thereby

leading to decreased GABA reuptake and repackaging into
GABAergic vesicles. Decreased levels of phospho-VGAT, in ad-
dition to the decreased mPSC frequency discussed above, may
further reflect alterations in the trafficking and turnover of a pool
of GABA-containing vesicles that are compromised in SNAP-25-
deficient terminals.

Identifying proteins that mediate the release of different neu-
rotransmitters provides a means to differentiate between those
proteins that are central to the basic mechanisms of neuroexocy-
tosis from those that are modulatory and shape the physiological
characteristics of transmitter-specific synapses. Demonstration
of the expression of SNAP-25 in GABA-containing terminals and
the dependence on this SNARE protein for GABAergic transmis-
sion therefore support an essential role for SNAP-25 in a univer-
sal neural SNARE complex necessary for calcium-triggered re-

Figure 8. Adult GABAergic neurons express both SNAP-25 and GAD65/67 mRNA in several brain regions. FISH of SNAP-25 and
GAD65/67 cRNA probes, followed by nuclear counterstaining with DAPI (blue), was performed on 30 �m coronal brain sections of
�P60 wild-type mice as described in Materials and Methods. Sections were visualized using a wide-field fluorescent microscope
and imaged with MetaMorph software. A–D, Fluorescent images of hybridization for SNAP-25 (red) and GAD65/67 (green), and
ToPro3 staining in selected brain regions in separate color channels, and a color merged micrograph (far right). A, Primary motor
cortex (layers I–V). B, Hippocampal CA1 region (SO, stratums oriens; SP, stratums pyramidale; SR, stratums radiatum, and SL,
lacunosum molecular). C, Thalamus (RT, reticular nucleus; ic, internal capsule). D, Caudate–putamen. GAD65/67-positive nuclei
throughout these selected anatomical regions display robust expression and colocalization with SNAP-25 mRNA (white arrows,
digitally enlarged in white box in upper far right corner of the merged image). Images were taken with a 20� objective. Scale bar:
A–D, 50 �m. E, Quantitation of colocalized GAD65/67 and SNAP-25 hybridization with 20� magnification. The fraction of
GAD65/67-positive cells with overlapping SNAP-25 hybridization, determined using ImageJ software, demonstrates that nearly
all cells expressing GAD65/67 mRNA coexpressed SNAP-25 mRNA in each brain region assayed. Error bars indicate SEM. Statistical
analysis was performed by one-way ANOVA with Bonferroni’s post hoc comparisons.
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lease within diverse neurotransmitter systems. However,
although SNAP-25 is a key element for evoked transmitter re-
lease, the inclusion of its developmentally regulated isoforms into
neural SNARE complexes also affects the release properties of
neurosecretion (Sørensen et al., 2003; Nagy et al., 2005) and may
participate in short-term plasticity and maturation of excitatory
synaptic transmission (Bark et al., 2004). This suggests that
SNAP-25 can serve a pivotal role, both as a fundamental constit-
uent and as a modulatory component of the presynaptic mem-
brane fusion machinery underlying neurotransmission.
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